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Abstract 
In the present dissertation, hydroxyapatite-based and composite materials have been rationally 

designed, synthesized, characterized and applied to processes of environmental concern, namely wastewater 
remediation (as sorbents) and electrochemical CO2 reduction reaction (as electrocatalysts). 

Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) belongs to the family of calcium phosphates. It is characterized 
by biocompatibility, marked water insolubility, thermal and chemical stability, and structural flexibility; in 

addition, the surface of the material is highly functionalized, with co-presence of acid and basic moieties 
conferring to HAP surface amphoteric properties. The combination of the unique features herein listed have 

led scientists to investigate on the application of HAP in several fields, from biomedical to catalytical uses, 
with promising results. 

In this PhD project, pristine and composite HAP materials have been synthesized according to an 

optimized wet co-precipitation route. The structural and morphological features of the obtained samples 
have been investigated by a wide set of proper physical-chemical techniques: elemental analyses, N2 

adsorption/desorption isotherms, XRD, TEM (and STEM) imaging, TEM/EDX mapping, transmittance FT-IR 
and Raman spectroscopies, and XPS. Since adsorption onto materials’ surface is crucial in both sorption and 

catalytic applications, a special attention has been devoted to surface properties. Indeed, the number and 
interaction strength of the acid/basic surface sites of the samples have been thoroughly determined by 
combining zeta potential measurements, gas-solid calorimetric/volumetric titrations, and liquid-solid 

volumetric titrations, thus assessing the amphoteric nature of HAP-based surfaces. 

At first, pristine stoichiometric HAP has been studied as sorbent for the remediation of inorganic 

pollution in wastewater. Five different sites of the HAP surface may be involved in the metal ion trapping 
process: two inequivalent Ca sites by ion exchange mechanisms and some surface groups (mainly phosphate 

and hydroxyl groups) by adsorption. The ability of HAP in removing from aqueous solutions five target heavy 
metal cations (namely Pb(II), Cu(II), Cr(III), Co(II) and Ni(II)), alone or in combination, has been assessed 

performing batch sorption tests (industrial-like set-up) and by means of the collection of adsorption 
isotherms in a broad concentration range. The modelling of experimental data obtained from sorption tests 
allowed to quantitatively assess HAP sorption capacity and to disclose a specific trend of affinity of HAP 

towards target cations, namely Pb(II) > Cu(II) > Cr(III) > Co(II) > Ni(II). Leaching test, performed contacting 
metal-loaded samples with freshwater, confirmed the almost total retention of these pollutants by HAP (Ni(II) 

being the sole exception), therefore ensuring no secondary pollution issues. 
An insight on the adsorption mechanisms of these cations onto HAP surface have been gained by the 

further physical/chemical investigations carried out on metal-loaded samples. Liquid-phase 
microcalorimetric experiments allowed to directly measure the energetics of cations’ adsorption phenomena 

onto HAP. The application of a microcalorimetric approach to cations’ adsorption onto HAP does not only 
corroborate the information collected from the characterization of metal-loaded samples. Indeed, comparing 
the energetic contributions of several cations, it has been possible to demonstrate, for instance, that the 

metal ionic radius was not the only parameter directing the adsorption mechanism onto HAP. Indeed, several 
other parameters such as the cation speciation, the pH of the solution, and the solubility of the phosphate 

salts of the metal under study all partake in directing the adsorption process.  
Finally, two case studies assessed the applicability of stoichiometric HAP as sorbent in the remediation 

of simulated wastewaters from mining and electrical industries in which several hazardous metal species (Ni 
and Co) may be present at different ratio and under different conditions (e.g. pH). 

Since wastewater pollution is usually a complex issue and inorganic pollutants like heavy metal cations 
may be found in co-presence with organic hazardous species (e.g. dyes, pesticides…), the design of proper 
sorbents for the simultaneous removal of both classes of compounds is of paramount importance for 
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environmental protection. Although HAP is an ideal sorbent for inorganic cations, it does not display the same 
affinity towards organic species; carbon-based materials (e.g. activated carbons) are instead the benchmark 

sorbents in this field. With the aim of developing novel dual-nature sorbent, HAP/C composites have been 
designed and tested in the simultaneous remediation of organic and inorganic pollution.  

After screening diverse carbonaceous scaffolds, the choice fell on a biomass derived mesoporous 
carbon, which ensured an eco-friendly nature and a large surface area of the resulting composites. HAP/C 

composites demonstrated to effectively possess a dual nature, combining both HAP and activated carbon 
adsorption capacities and therefore simultaneously removing benchmark organic and inorganic pollutants 
(methylene blue and Cu(II), respectively) from simulated wastewaters. Consistently with structural and 

morphological characterization, experimental results indicate that a carbon content of ca. 8 wt.% in 
composites guarantees optimal removal performances. Moreover, leaching tests demonstrated that 

retention features of both moieties are retained as well: HAP/C composites do not suffer from secondary 
pollution problems. 

Beyond being exploited as sorbent, an exploratory study has been performed with the aim to benefit 
from HAP peculiar sorption properties in the field of electrochemical detection of hazardous species: in this 
specific case, the detection of trace amounts of heavy metal cations in waterbodies by square wave anodic 

stripping voltammetry (SWASV). HAP/C composites have been implemented as modifiers in self-standing and 
mechanically stable electrodes. After optimizing the electrochemical setup, operative conditions and 

electroanalytical parameters, best sensing performances were delivered by HAP/C-modified electrodes 
where composite’s carbon content was ca. 8 wt.%, achieving linear response ranges and limits of detection 

in the range of units of µM (i.e. ppb) for benchmark pollutants like Cu(II) and Pb(II). 
However, as to allow the hydroxyapatitic moiety of the composite to exert its preconcentration assist, 

the typical SWASV analytical procedure had to be modified, with the addition of a preconcentration step 

prior to the reductive one. Despite the beneficial effect exerted by HAP towards cations adsorption and thus 
electrode sensitivity, the incorporation of HAP in the electrodes resulted in a strict dependence of the 
analytical signal on their exposure time to the polluted solution. Moreover, the permanent modification of 

the electrode surface (i.e. permanent retention of pollutants by the HAP moiety of the composite) cannot be 
excluded when electrodes are contacted for long time with solutions containing high concentration of heavy 

metal species. These shortcomings may limit the applicability of the HAP/C-modified electrodes to 
moderately polluted effluents where long “acquisition” time can be afforded, and a continuous in-line 

monitoring is not mandatory. 

At last, during my 6 months stay at University of California Irvine (UCI), hosted by Prof. Plamen Atanassov 

group, HAP has been applied as dopant in CO2RR electrocatalysts. The rationale behind HAP doping of Cu-
based electrocatalysts stems from the peculiar ability of HAP phosphate (basic) surface groups to adsorb CO2 
in a bent configuration, thus destabilizing the molecule (i.e. breaking its linearity). Since CO2 configurational 

stability is deemed to be the main contributor to the large overpotential associated with CO2 electrochemical 
reduction, HAP doping aims to ease the process by acting as a reservoir of destabilized CO2 molecules, ideally  

maximizing the production of high added-value C2+ compounds under moderate cathodic potentials.  
Composite electrocatalysts, composed by a carbonaceous support (a N-doped 3D assembly of graphene 

nanosheets), an active phase (copper nanoparticles, ø ≈ 25 nm) and HAP (as dopant) have been synthesized. 
Structural and morphological characterizations indicate that both doped and undoped catalysts exhibited 

large surface area and pore volume, ensuring optimal mass diffusion and reagents/products transfer under 
reaction conditions. On the other hand, TEM/EDX mapping and XPS analyses disclosed that a satisfactory 
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dispersion of both copper nanoparticles and HAP onto the support have been achieved, realizing the close 
contact between active phase and dopant that was envisaged by design. 

When tested in a lab scale CO2 electrolyzer (i.e. an electrochemical flow-cell), doped and undoped 
catalysts achieved promising performances. First of all, both electrocatalysts displayed a faradic efficiency 

(FE) towards CO2RR ≥ 80% throughout the whole potential range under investigation (from ca. 0 to ca. -1 V 
vs RHE – IR corrected), minimizing parasitic Hydrogen Evolution Reaction (HER). 

 The undoped catalyst generated almost selectively ethylene under moderate cathodic potential (FE ≈ 
92% at ≈ -0.1 V vs RHE) while, applying increasingly cathodic potentials, ethylene faradic efficiency decreases 
(FE ≈ 20% at ≈ -0.8 V vs RHE) in favor of formate (FE ≈ 55% at ≈ -0.8 V vs RHE). On the other hand, the results 

obtained testing doped electrocatalysts demonstrate that HAP doping actually altered CO2RR product 
distribution. HAP doped catalysts yielded small quantities of C2+ products (acetone and acetate, total FE ≈ 

30% at ≈ -0.1 V vs RHE) under the application of slightly cathodic potentials while boosting formate 
production at large cathodic potentials (FE ≈ 70% at ≈ -0.8 V vs RHE) at the expenses of ethylene, which 

completely disappears at E ≈ -0.8 V vs RHE. This peculiar behavior of the doped electrocatalyst has been 
attributed to HAP sorption properties as well: in particular, the presence of acid sites (Ca2+ and hydroxyl group 

vacancies δOH-) onto HAP surface has been deemed to stabilize the first reaction intermediate (the radical 

anion CO2
●-) in O-bound configuration, thus favoring the reaction pathway leading to formate at the expenses 

of ethylene and all C2+ products in general. 
Although the doped electrocatalyst was designed aiming to increment the production of C2+ compound 

through the exploitation of HAP surface basic sites, the experimental results suggest that acid sites are 
instead playing an active role in the process. Despite this unexpected outcome, acid/base doping was proven 

to be a useful tool in directing the selectivity of electrochemical CO2RR processes.  

Overall, the present study demonstrates that the unique features of HAP make it a versatile material 

which may be applied for the protection of the environment at 360 degrees, from water to air remediation, 
as pristine and/or composite material, as sorbent and/or catalysts’ dopant. 

 
Graphical abstract  
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Chapter 1: Introduction to hydroxyapatite: chemical and physical 

properties 

The family of apatites is composed by minerals characterized by the general formula Me10(XO4)6Y2, 
where generally: 

• “Me” represents a divalent cation (Ca2+, Mg2+, Sr2+, Pb2+…), which could, with a slight variation 
of the material stoichiometry, be replaced by mono- (Na+, Li+, K+…) and/or trivalent (Cr3+, La3+, 
Al3+…) cations; 

• “XO4” is usually a trivalent anionic tetrahedron, such as PO4
3-, VO4

3- or AsO4
3-. As for cations, 

substitution with different valence anions is possible, especially in the case of bivalent (SO4
2- and 

CO3
2-, among others); 

• “Y” is a monovalent anion, like OH-, Cl- or F-. Even in this case, replacement with divalent anions 
(O2-, CO3

2) is possible as well. 
Amid apatites, calcium phosphates (Me = Ca; X = P) form a specific subgroup characterized by 

biocompatibility, biodegradability and relative natural abundance [1]. Calcium phosphates family itself 
exhibits a broad variety of compounds, characterized by different stoichiometries and, therefore, chemical-
physical properties [2,3]. In the subgroup of calcium orthophosphates,  the most common and naturally 

occurring phases are classified according to their Ca/P atomic ratio: pyrophosphate (Ca2P2O7, CPP, Ca/P = 1), 
octa-calcium phosphate (Ca8H2(PO4)6, OCP,  Ca/P = 1.33), tricalcium phosphate (Ca3(PO4)2, TCP, Ca/P = 1.5), 

hydroxyapatite (Ca10(PO4)6(OH)2, HAP, Ca/P = 1.67) and tetra-calcium phosphate (Ca4(PO4)2O, TTCP, Ca/P = 
2). 

Hydroxyapatite (HAP), the calcium dibasic phosphate with chemical formula Ca10(PO4)6(OH)2, spikes 
among all these compounds thanks to its importance as biomaterial, chemical properties and natural 

availability and/or easy and cheap synthesis. As a matter of fact, HAP is the principal inorganic component of 
mammals’ hard tissue [1–3], namely bones and teeth, conferring them (in combination with collagen) 
peculiar hardness and strength. Because of optimal biocompatibility and bioavailability,  it finds large 

application in the biomedical field [4], from bone filling/repair applications [5] to the coating processes of 
metal prothesis [6]. Moreover, the unique and tunable composition and physical/chemical features of HAP 

stimulated a growing interest by the scientific community towards the material, resulting in its application in 
heterogeneous and environmental catalysis [7–11], wastewater remediation [11–17], sensing devices [18–

21], chromatography [22], protein delivery medium [23] and drug releasing agent [24]. 

1.1 Synthesis, structure and physical properties of HAP 

1.1.1 HAP synthesis 

Literature presents a wide variety of HAP synthetic routes [8,11,25]. Interestingly, HAP can be obtained 
from low cost and readily available biological resources (mainly Ca-based minerals [26]) and even from 

mineral wastes, such as eggshells, mussel shells and animal bones [11,27,28]. Despite this possibility, a big 
share of the literature reports on the use of low-cost pure chemicals and of wastes of industrial activity [29] 

as precursors of HAP; the reasons behind this choice lie in the differences between natural resources-derived 
HAP and proper synthetic HAP. Indeed, because of the precursors’ nature, HAP obtained from waste exhibit 
lower atomic purity, higher structural defectiveness and lower surface area/porosity [11], thus impacting on 

the material performances. 
  However, pure chemicals employed in HAP synthesis are characterized by natural abundancy and 

cheapness as well, branding even synthetic HAP as an environment-friendly material. Typically, Ca(NO3)2, 
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Ca(OH)2, CaO and other calcium phosphates are used as Ca2+ precursors, whilst P2O5, H3PO4, (NH4)2HPO4 and 
(NH4)H2PO4 are generally employed as PO4

3- precursors [8]. 

Starting from pure chemicals, three different methods can be identified for the synthesis of HAP 
powders: (i) dry methods, (ii) wet methods, (iii) alternative energy input methods. Table 1 briefly summarize 

the most common variants of such methods, also presenting specific strengths and weaknesses. 

1.1.2 HAP composition 

Due to a unique compositional and structural flexibility, HAP can bare a remarkable number of defects 

and/or cationic/anionic substitutions without substantially altering its lattice. Physical and chemical 
properties are on the other hand affected by such modifications, making HAP a tunable material in terms of 

experimental performances.  
Standing to its chemical formula, HAP presents a Ca/P atomic ratio equal to ca. 1.67. However, HAP 

exhibits a peculiar compositional flexibility, which allows to obtain highly non-stoichiometric HAP compounds 

without significant alteration of the pristine crystallographic structure. In such structures, electrical charges 
balance is guaranteed by defects like (i) Ca2+ and/or OH- vacancies and (ii) introduction of protons. These 

defect bearing ability and intrinsic compositional flexibility make more accurate to denote HAP with the 
chemical formula Ca10-x(HPO4)x(PO4)6-x(OH)2-x [30] with 0 < x < 1.  

Literature demonstrate that it is possible to synthesize monophasic HAP with Ca/P ratio ranging from 
1.5 to ca. 1.7 [31,32].  Interestingly, Ca/P ratio has been proven to determine bulk and especially surface 

[11,15,33,34] properties of HAP.  
Apart from alterations of Ca/P ratio caused by Ca2+ defectiveness, replacement of the former cations 

and/or anions of HAP can take place under specific synthetic conditions or by means of ion-exchange 

processes (see paragraph 1.2.2.1), thus altering surface and bulk properties of the material as well.  
Among all the possible substitutions, insertion of carbonate CO3

2- groups into the lattice is surely the 

most commonly observed compositional variation. Such anionic substitution yield compounds belonging to 
the family of carboapatites, exhibiting the general chemical formula Ca10[(PO4)6-x-y(HPO4)x(CO3)y][(OH)2-

(x+y)(CO3)x+y] [33]. Since HAP possessed two distinct anionic sites, CO3
2- ions can locate in two different 

positions, substituting PO4
3- groups (B-type carbonate) or OH- ones (A-type carbonate). The different valence 

of the anions normally implies contemporary substitution on both sites but Ca2+ defects as well as proton 
insertion (as presented in the paragraph above) could act as charge balancing agents, thus yielding HAPs with 
preferential A or B-type carbonatation [15,33]. 

Further details about HAP compositional flexibility will be discussed in paragraph 1.2. 
 

1.1.3 HAP structure and morphology 

HAP crystallizes in the hexagonal system, according to the space group P63/m geometry [35,36], and 

presents the following crystallographic parameters: a, b = 9.418 Ǻ, c = 6.881 Ǻ, α,β = 90°, γ = 120° (JCPDS No. 
9-432) [35]. It is noteworthy that HAP unit cell comprises 10 Ca atoms in two crystallographically different Ca 

sites, namely Ca(I) (4 atoms) and Ca(II) (6 atoms). HAP formula could be rearranged as Ca(I)4Ca(II)6(PO4)6(OH)2, 

to take into account this crystallographic feature.  The presence of two nonequivalent sites plays an 

important role in terms of ion-exchange capability, with consequences on material functionality and catalytic 
performance of Me-doped HAPs.  

HAP structure can be described as a three-dimensional network of hexagonally packed tetrahedral PO4
3− 

ions, where P5+ ions stand in the center of the polygon, whose top corners are occupied by oxygen atoms. 
These anions are ordered in columns in the HAP lattice, delimiting two types of unconnected channels (Figure 

1, from reference [37]). The first channel is characterized by a diameter of ca. 2.5 Å. It is surrounded by Ca2+ 



10 

 

ions in coordination with 9 oxygen atoms belonging to tetrahedral PO4
3− ions; the lattice position of such Ca2+ 

ions is referred to as columnar Ca(I) site. The second channel presents a larger diameter (ca. 3.5 to 4 Å). It is 

bordered by Ca2+ ions, arranged in a triangular 
configuration in coordination 7 (six oxygen atoms 

from phosphate groups, one from hydroxyl group). 
These sites are usually referred to as screw-axis Ca(II) 

sites. Charge balance in the lattice is guaranteed by 
OH- groups, hosted in the channels with alternating 
orientations. Hydroxyl ions are located in the center of 

type II channels (almost on the triangle plane of 
calcium), packed in columns perpendicular to the unit 

cell face, thus oriented along the c-axis. The large 
dimension of these channels, together with the slight 

mobility of OH- groups (at high temperature) and the 
possibility of H hopping (at RT), accounts for the 
uniaxial ionic conductivity exhibited by HAP; the topic 

is discussed in detail in paragraph 1.1.4.  
From a morphological point of view, HAP tends to crystallize in needle/rod-like shape in absence of specific 

synthetic conditions [1,38]. Needles/rods obtained are elongated along the c-axis, thus evidencing natural 
epitaxial growth on 00z crystal planes [8,17]. However, by means of hydrothermal, emulsion and template-

based synthetic routes, HAP can be shaped into conventional/hollow spheres [39], platelets [40] and flower-
like [28] morphologies among others.   

 Depending on synthetic procedure and thermal history, HAP powders exhibit specific surface area 
ranging from  5 to 100 m2g-1 [1,38]. Porosity is likewise influenced; HAP are moderately mesoporous materials 
[1,38], with a negligible microporous contribution unless when very specific synthetic procedures are 

adopted to develop microporosity [41]. 

1.1.4 HAP physical properties 

From the physical point of view, water insolubility and thermal/chemical stability justify academic and 
industrial interest towards liquid and gas phase catalytic/environmental applications of HAP even if, to date, 
its exploitation in such processes are still limited. At the same time, together with biological features, 

mechanical properties of HAP-based composites underpin the material implementation in the medical field. 
Utilization of HAP in electrical/electrochemical applications is a relatively recent field of research: the 

electrical insulating properties and mono-axial ionic conductivity of HAP are being exploited in energy 
storage, delivery and generation and electro/photocatalytic processes. 

HAP is characterized by a marked water insolubility [42] at ambient temperature and in neutral pH (Kps ≈ 
4.7·10-59). However, the solubility of the material depends upon solution ionic strength [42], temperature 
(HAP indeed presents inverse solubility [43]) as well as solution pH. Indeed, according to Le Châtelier 

principle, acid/base neutralization between PO4
3- and OH- with H+ could drive the dissolution reaction 

(Equation 1) towards the products: 

( ) ( )  ↔ 10  +  6  +  2                                                                                        ≈ 4.7 × 10  

+  ↔                                                                                                                                                                  = 14 
 +  ↔  +   ↔  +  ↔  +         =  1.65; =  6.80; =  9.85  

Equation 1 

Figure 1: Schematic depiction of HAP unit cell structure. From 
reference (Brunton et. al, 2013) 
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The peculiar dissolution equilibria of HAP with the associated release of phosphate species impart to HAP 
unique solid-state buffering features. As a result of its surface flexibility and partial dissolution, the pH at the 

liquid interface of HAP is buffered at the pHPZC of the material, reported in literature to range from ca. 4 to 
ca. 6 [44–46]. The difficulties in determining an exact pHPZC for HAP are addressable to the amphoteric nature 

of its surface (further discussed in section 1.2), which generally impacts on the reliability of these measures. 

Besides being stable under a wide pH range, HAP shows remarkable thermal stability. Such stability is 

dependent upon several factors, mainly synthetic conditions, thermal history and Ca/P ratio, with the latter 
being the most important. Literature reports indeed that stoichiometric HAP preserves its lattice structure, 
without decomposition phenomena and/or segregation of new phases when thermally treated up to 1450°C 

for 3 h [47]. In the case of non-stoichiometric HAP, segregation of CaO (for over-stoichiometric materials, i.e. 
Ca/P > 1.67) or Ca3(PO4)2 (for sub-stoichiometric materials, i.e. 1.5 < Ca/P < 1.67) takes place in the 

temperature range between 700 and 1100°C [31,48]. Influence of synthetic conditions and thermal history 
on HAP thermal stability reflect on mass losses associated to thermal treatment. Removal of chemisorbed 

water and/or decomposition of carbonates [49,50] are the main contribution to the phenomenon.   
Despite unavoidable thermal sintering, HAP has proven to be able to undergo both temperature cycles 

and long-lasting high temperature treatments, thus resulting an effective heterogeneous catalyst and/or 

active phase support [11].  For example, HAP have been exploited as acid-base catalyst in biodiesel 
production, exhibiting good catalytic activity and recyclability while producing a fuel which completely fulfill 

the ASTM standards required for biodiesel [51]. In the same field of application, HAP has even been employed 
as active phase support for CaO-CeO2 nanoparticles, giving a yield of biodiesel production above 80% [52]. 

Another successful application of HAP as heterogenous catalyst falls in the field of VOCs oxidation: indeed, 
Sun et al. [53] demonstrated that HAP is active in formaldehyde oxidation at room temperature, indicating 

the material as a candidate for replacing the precious metal-based catalyst currently in use for this process. 
Moreover, HAP was proven to oxidize other common VOCs, such as toluene, ethyl acetate and iso-propanol, 
in a relatively low temperature range (400 to 500°C) [54]. 

Mechanical properties of HAP monoliths and/or thin layers are strictly dependent on porosity and 
especially on the nature of the organic/inorganic binder added to the material. Relatively high bending and 

compression strengths could be obtained for HAP-based composites [55,56]. 

Due to its ceramic nature, HAP is an electrical insulator (σ ≈ 10-9 S m-1 at RT [57]) and, as previously 
anticipated, a modest monoaxial ionic conductor. Whilst mechanism of conduction in HAP is still unclear, 

literature univocally agrees on an ionic conduction based on ions hopping along the c-axis channels [57]. 
Ca(II) and PO4

3- ions are not thought to contribute to conduction: protons (at T < 200°C, activation energy in 

the range of ≈ 0.4 eV) and OH- ions (at T > 700°C, activation energy in the range of ≈ 2 eV) determine the 
conductivity of the material [57], together with synthetic method and thermal history (i.e. content of surface 
and bulk water molecules). Such thermal activated ionic conductivity and electrical insulating properties at 

RT are paving the way for new and innovative applications of HAP-based and/or doped materials in 
electrochemical field, i.e. as ionic conductor in solid oxide fuel cells [58–61] as well as dopant/charge 

separator in electro/photocatalysis [62,63]. 
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Table 1: Common synthetic routes to HAP powders (adapted from [25])  

 Method 
Synthesis 

temperature 

 
Particle size 

 

Degree of 
crystallinity 

Phase 
purity 

Particle 
morphology 

Size 
distribution 

Cost References 

(i) Dry methods 
Solid state 1000 to 1250°C > 2 µm High Low Diverse Wide Low [25] 

Ball milling RT 15-150 nm Low High Diverse Wide Low [64–68] 

(ii) Wet methods 

Co-precipitation RT to ≈ 100°C > 0.1 µm Variable Variable Diverse Variable Low [25] 

Hydrothermal 150 to 400°C > 50 nm High High Needle-like Wide High [25] 

Emulsion RT 5 nm to 1 µm Low Variable Needle-like Narrow High [25] 

Sol-Gel 300 to 900°C 10-200 nm High High Diverse Wide Variable [69–75] 

Hydrolysis RT to 90°C 0.1 x 5 µm Variable High Needle-like Wide Low [76–78] 

(iii) Alternative 

energy input 

methods 

Microwave-assisted - 100x25 nm High High Diverse Narrow Variable [25] 

Electrospinning - 75x40 nm - - - - Low [25] 

Flux cooling 500°C 20x2 µm High - Hexagonal - Variable [25] 

Combustion 170 to 500°C 0.450 µm Variable High Diverse Wide Low [25] 

Electrospraying - 10x30 µm - - Fibers Variable Variable [25] 
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1.2 Chemical features and surface properties of HAP 
HAP exhibits a complex and highly functionalized surface, imparting to the material most of its peculiar 

properties, namely amphoteric nature and connected surface reactivity [11,33]. Moreover, thanks to the 
marked structural and compositional flexibility, the material presents a unique chemical reactivity. Indeed, 

adsorption processes efficiently take place at its surface according not only to a single but several 
mechanisms [11,79], according to the adsorbate nature and operational conditions (i.e. chemical 

environment) [15,17,79,80]. The same structural flexibility, together with the development of finely 
controlled synthetic routes, allows to tune HAP surface properties simply modifying the Ca/P ratio [15,34,81]. 
As example, when considering a wet co-precipitation synthetic route, fine tuning of Ca/P ratio of the resulting 

HAP is achieved varying precipitation pH, Ca/P ratio of precursors’ solutions and/or synthesis temperature 
[31,34]. 

Herein the origin and nature of HAP surface reactivity will be discussed and a brief introduction to its 
enhanced adsorption properties will be reported.  

1.2.1 Surface acidity-basicity 

Since containing both acid and basic sites in a single crystal lattice unit, HAP surface exhibits several 
different functional groups to whom the peculiar amphoteric nature of the material is ascribable. Moreover, 

these sites display a great variety in terms of nature and interaction strength. Summing to these feature the 
high surface functionalization degree and heterogeneous distribution of acid/basic moieties, HAP possesses 

a noticeable potential for reactions requiring bifunctional solid catalysts containing both antagonist 
functionalities [33] (for example, Guerbet reaction [33,34]).  

Depending on their nature, HAP surface functional groups (Figure 2) can be classified as [33]: 

• Lewis acid sites: Ca2+ and OH- vacancies (vOH, δ+) 

• Lewis basic sites: Ca2+ vacancies (vCa, δ-) 

• Brønsted acid sites: HPO4
2- 

• Brønsted basic sites: O2- (PO4
3-), OH- 

 
Figure 2: Model of HAP surface and identification of acid/basic functional groups. Adapted from reference (Silvester et al. 

2014) 

As discussed in the previous section, stoichiometry tunability (in terms of Ca/P ratio) and 
compositional flexibility are typical of HAP and are strictly connected with its surface acid/basic behavior. 
Deficient HAP (x > 0, Ca/P down to 1.50, paragraph 1.1.2) act as solid acid catalyst while for stoichiometric 

HAP (x = 0, Ca/P ca. 1.67) basic features are dominating [8,11,33,81]. Apart from the variations of the Ca/P 
ratio, surface acid/basic properties are also affected by cation (Ca(II) replacement with other alkaline earth 

species like Sr2+, Mg2+, Na+, K+, etc) or anion (OH- and/or PO4
3- replacement with F-, Cl-, CO3

2-, etc) substitution. 
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Moreover, natural or induced HAP defectiveness could imply the insertion of protons in the lattice, with the 
formation of HPO4

2- or (postulated) -OH2
+ functionalities, altering the surface reactivity as well. The plethora 

of possible Ca/P ratio, composition and synthetic route (affecting other fundamental parameters such as 
specific surface area and morphology) accounts for the variety of acid/base titration results reported in 

literature [8,33] as well as for the wide range of the disclosed pHPZC of HAP powders [44–46,82]. 
Carbonatation is by far the most common ionic substitution detected in both natural and synthetic 

HAPs and its effect on both stoichiometry, morphology and surface reactivity has been deeply studied [33], 
applying surface screening techniques such as NH3-TPD, CO2-TPD and probe molecule assisted XPS.  

Further studies focused on strength and nature of basic sites [83], by gas-phase titrations with CO2 

and C2H2 coupled with in-situ FT-IR and DRIFT spectroscopy.  Often, acid/base surface characterization has 
been corroborated by test reactions like Guerbet one or isopropanol decomposition [33,34], confirming both 

the amphoteric nature and the tunability of HAP’s surface properties. 
It must be pointed out that the majority of literature report on the determination of both number, 

nature and interaction strength of acid/basic sites using gas-solid techniques, while no liquid-solid 
characterizations are available to date. This lack of data does not allow to correlate performances of HAP in 
liquid phase (as catalyst or as sorbent) to the effective number of effective surface sites.  

1.2.2 Adsorption capacity 

Considering the importance of adsorption properties for candidate materials in the fields of 

environmental remediation and heterogeous catalysis, this brief insight on HAP adsorption capacity will fully 
justify both academic and industrial interest towards calcium apatite-based compounds. 

1.2.2.1 Removal of inorganic species from aqueous solution 

Thanks to its structural/compositional flexibility and surface reactivity, HAP has proven to efficiently 

adsorb and retain both cations and anions from aqueous solutions [11]. 

Literature reports HAP to be able to trap several metal cationic species, such as Cr, Pb, Cd, Ni, Zn, Al, 

Cu, Fe, Co, Mn and Fe [12,14–17,79,80,84,85], which are present in water in the form of cations. Different 
yields of removal are associated with different cations, according (i) the specific features of the HAP reported 
in the study and (ii) the affinity of the specific cation to HAP surface. 

Considerations about point (i) stem from the plethora of synthetic methods available to obtain HAP. 
As a matter of fact, literature reports HAP materials with extremely variable surface area, porosity, degree 

of crystallinity, compositional purity and Ca/P ratio, thus making it difficult to compare results obtained by 
different research groups.  All the above mentioned structural/morphological parameters are indeed proven 

to play a major role on metal removal performances [11]. In particular, higher surface area (and porosity) 
results to positively impact on HAP performance, whereas degree of crystallinity presents an inverse 

relationship with the cations removal efficiency [86]. It is important to stress that crystallinity and surface 
area are strictly connected, presenting nonetheless an inverse proportionality.  

On the other hand, compositional purity effects on cations trapping efficiency are more complex to 

rationalize. Taking as example carbonated HAP (most common compositional modification in synthetic HAP, 
as previously discussed in paragraph 1.1.2), such anionic substitution alter Ca/P ratio while causing a 

modification of the surface properties at the same time. In this specific case, it has been reported [15] that 
carbonates functional groups affect the metal removing efficiency depending on the affinity of the adsorbate 

towards the latter and/or hydroxyl and phosphate groups. To date, no systematic study on how Ca/P ratio of 
pure HAP influence metal adsorption properties has been reported. 
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Focusing on studies in which a single batch of synthetic HAP has been tested for the removal of 
different cations, in single or multi-metal aqueous solutions [15–17,79,80,87], it is possible to shed light on 

point (ii). 

In several studies, HAP exhibited preferential adsorption towards some cations over other, 

highlighting the fact that affinity between these species and HAP surface should be dictated by cations’ 
valence and ionic radius (thus, charge density), electronegativity and speciation [11]. Obviously, operational 

parameters such as temperature, concentration, ionic strength and pH of the metal containing solution, 
stirring and contact time are not less important in determining the yield (and mechanism) of removal of metal 
species [16,17,46,79,80].  

As discussed above, the pronounced heterogeneity of HAP surface allows the material to interact 
with adsorbates through several and distinct mechanisms. Thus, depending on the specific features of HAP 

surface and on the metal cation under study, adsorption can be exerted according to three main mechanisms: 
(i) ion-exchange, (ii) dissolution-precipitation and (iii) surface complexation. 

(i) Ion-exchange: 

Allowed by the compositional flexibility of HAP, this mechanism assume the replacement of a Ca2+ 
ion with a divalent cation, according to Equation 2 [86]. 

( ) ( )   →  

Equation 2 

Ion-exchange mechanisms occur for metal cations with an ionic 

radius similar to that of Ca2+ (ca. 0.99 nm) [79]. Solution pH also plays a 
role in defining the mechanism’s efficiency. Indeed, several studies 

reported that acidic pH hinder ion-exchange processes [84], inasmuch 
pH values lower than pHPZC of HAP (generally ranging from 4 to 6) will 

cause electrostatic repulsion between sorbent surface and adsorbate 
[46].  

It has to be stressed that, since adsorption is a phenomenon 
taking place at the surface, only surface exposed Ca2+ sites are supposed 
to be reactive in this kind of process. Moreover, due to the defect-

bearing nature of HAP, the ion-exchange mechanism has proven to be effective even towards mono- and 
trivalent cations [79], with the lattice rearranging as to achieve a new charge-balanced configuration. 

The presence of nonequivalent Ca(I) and Ca(II) sites complicates a thorough determination of sites’ 
occupation [11] which is fundamental in assessing the coordination of the newly-entered metallic species. 

Since Me-doped HAP are often exploited in catalytic processes [8,9,11], ascertain the sitting of metal species 
if fundamental to correlate catalyst structure to catalytic performances.   

Figure 3: Schematic of ion-exchange 
mechanism (Ca2+ orange, Men+ blue). From 
reference (Campisi et. al, 2018) 
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(ii) Dissolution-precipitation: 

This mechanism takes place for metal cations which 

are able to form phosphate-based salts that result more stable 
than HAP itself (i.e. less soluble). In this case, HAP behaves 

more like a reactant than a sorbent: its dissolution supplies the 
media with phosphate ions which allows for the precipitation 

of metal cations present in the solution. The process is coupled 
with the formation of a new phase, normally with an apatitic 
structure.  

The phenomenon can be described by the following 
equations: 

( ) ( ) + 14  →  10  6 2  

10  10   6 2  →   14  

Equation 3 

Among all the metal species trapped by HAP, Pb2+ distinguished itself for being trapped according to 
the present mechanism, with the formation of a crystalline lead-phosphate phase, namely hydroxyl 

pyromorphite, Pb10(PO4)6(OH)2 [15–17,79,80]. 

(iii) Surface complexation: 

The high degree of functionalization render HAP surface 
complexation one of the main trapping mechanisms exerted by the 

material toward metal cations. As reviewed in paragraph 1.2.1, HAP 
presents an amphoteric surface, which exposes Lewis and Brønsted 
basic features, such as  Ca2+ vacancies and O2- (from PO4

3- 

functionalities) and OH-, respectively. In the case of carboapatites, PO4
3- 

and/or OH- are partially replaced by CO3
2-. In both situations, basic 

groups exert a complexing action towards the cations present in the 
contacting solution, thus immobilizing them onto HAP surface. As a 

matter of fact, surface complexation can be regarded as the first step of any adsorption process, thus playing 
a key role in both catalytic and sorption performance of the material. 

1.2.2.2 Removal of organic pollutants from aqueous solution  

Thanks to the possibility to participate in hydrogen bonds and the natural complexing ability of its 

surface functional groups, HAP has been reported to adsorb a long list of organic pollutants among which are 
counted dyes [88], benzene nitro-derivatives [89] and phenolic compounds [90]. Mechanisms of trapping of 

such molecules are primary surface complexation, hydrogen bonding and physical adsorption. 
However, in the field of organic pollution remediation HAP-based materials are outperformed by 

carbonaceous materials, with the latter benefitting of higher surface area and π -π interaction ability, coming 
on top of large availability and low-cost [91]. From the point of view of environmental remediation of water 
streams, HAP-based and carbonaceous material can be actually considered complementary sorbent 

materials, both displaying low-cost, large natural availability and eco-friendly nature.   

Figure 4: Schematic of dissolution-precipitation 
mechanism. From reference (Campisi et. al, 2018). 

Figure 5: Schematic of surface 
complexation onto HAP surface.  
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1.2.2.3 CO2 adsorption onto HAP surface 

CO2 is the major contributor to global warming, being release in huge daily amount from fossil fuel 
consuming anthropogenic activities. Concurrently with the strive for the development of renewable energy 

technologies, CO2 storage and conversion became a relevant topic in the last decades.  
Various sorbent materials have been tested for CO2 storage, with high surface area and basic ones (i.e. 

CaO, Li4SiO4 and Li2ZrO3) standing out as the most promising [92]. CO2 molecule is indeed a Lewis acid, 

exhibiting a partial δ+ at the carbon atom and partial δ- on both O atoms, thus able to be strongly chemisorbed 
by basic functionalities.  

Calcium phosphates compounds, including HAP, have been reported to effectively adsorb and retain 

CO2 [93] when implemented as filter in a chimney-like configuration, where simulated combustion gas is 
continuously flowed. In such experiments, amorphous calcium phosphate was able to achieve complete 

removal of CO2 in the stream after 2 hours and then maintaining a 100% process efficiency for long operation 
time. However, XRPD analyses revealed the presence of crystalline CaCO3 on the exhaust material, thus 

highlighting a structural modification. On the other hand, HAP exhibited slightly lower but still outstanding 
performances, immobilizing ca. 15.9 gCO2 gHAP

-1 while retaining its crystalline structure and notwithstanding 
the ca. 16-fold lower surface area in comparison with its amorphous counterpart.  

Cheng et al. [94] were among the first to evaluate CO2 adsorption capacity of HAP, reporting quantitative 
results from CO2 adsorption isotherms. Cycling multiple CO2 adsorption and desorption stages, reversibility 

of CO2 adsorption was assessed to correlate with Ca/P ratio of HAP, i.e. with the acid/basic surface sites ratio. 
More specifically, the reversibility of the adsorption processes resulted to be strictly connected with the 

number of surface PO4
3- groups (quantitatively determined by FT-IR), which were then supposed to act as 

reversible CO2 adsorption sites. Ca-OH surface groups were instead deemed to cause irreversible CO2 

adsorption, with the formation of type A surface carbonates and physisorbed water (Figure 6). 

 
Figure 6: Mechanism of irreversible CO2 adsorption on Ca-OH surface group of HAP. From reference (Cheng et. al, 1998) 

A thorough study of CO2 adsorption sites present on HAP surface was 
performed by Diallo-Garcia et al. [95]. The authors used CO2 as Lewis acid 

probe molecule to shed light on the nature of HAP surface basic groups, 
following the adsorption process by in-situ FT-IR. The investigation 

revealed the presence of three possible CO2 adsorption sites on HAP 
surface, namely the PO4

3- and Ca-OH basic moieties and Ca2+ acidic 

functionalities (Figure 7).  
 

As reported in Figure 8, CO2 adsorption onto HAP surface generates peculiar FT-IR signals, related to 
physisorbed (2352 cm-1) and chemisorbed CO2. The two basic moieties present on HAP surface, phosphate 
and hydroxyl groups, give raise to two distinct surface features: (POx)s-carbonates (1485-1385 and 1370-1345 

cm-1) and hydrogencarbonates (HCO groups, ranging from 1758 to 1180 cm-1, stretching/bending modes), 
respectively. As indicated in Figure 6, hydrogencarbonates are formed upon CO2 adsorption onto Ca-OH 

groups and has to be referred to as an unstable intermediate towards type A surface carbonates. Indeed, 
with increasing contact time, physisorbed CO2 signal decrease in correlation with an increase in surface type 

A carbonates and physisorbed water, thus confirming the irreversible nature of CO2 adsorption on Ca-OH 

Figure 7: Schematics of CO2 adsorption 
on HAP surface. From reference (Diallo-
Garcia et. al, 2014) 
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sites (Figure 6). It is noteworthy that even Ca2+ acidic sites can collaborate in hydrogencarbonates formation 

and stabilization, by means of Lewis acid-type interaction with the partial δ- of CO2 oxygen atoms (Figure 7). 
 

 
On the other hand, (POx)s-carbonates signal seems to be altered only by CO2 partial pressure and upon 

degassing it disappears first, confirming both interaction weakness and reversibility of CO2 adsorption on 
phosphate sites. Dissociation of phosphate groups and formation of stable carbonates result impossible on 

such sites, confining CO2 to a relatively stable surface-bond and bent configuration.   

If CO2 storage capacity of HAP is interesting to limit CO2 emissions, way larger interest stems from the 

possibility to implement HAP (and phosphate chemistry in general) as dopant/active phase supports in 
catalysts performing CO2 valorization processes. Indeed, the selective and reversible adsorption of CO2 in 
bent configuration operated by phosphate groups could boost such processes, lowering interphase diffusion 

limitations and the overall activation energy of the process, that is normally penalized by the extreme stability 
of the linear configuration of CO2 itself [96]. 

To date, the only application of HAP as co-catalyst/dopant has been reported by Chong et al., where 
HAP has been successfully employed on Pt/TiO2 photocatalysts for photo/electrochemical CO2 reduction, 

leading to satisfactory results in terms of lowering of the activation energy of the process [63]. 
  

Figure 8: a) FT-IR spectra registered

after adsorption of incremental doses of CO2

(0.5, 2.3, and 6.8 μmol at Peq = 133 Pa) onto 

HAP surface; b) Assignment of FT-IR in the 

from 1800 to 1150 cm−1 for HAP after CO2

adsorption; c) Influence of the time of 

exposure to CO2 (Peq = 133 Pa) on the FT-IR 

signal of physisorbed CO2 and on d) full 

carbonate region spectra. From reference 

(Diallo-Garcia et al., 2014). 
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Chapter 2: Synthesis and characterization of HAP for the removal of 

polluting metal species from wastewater 

2.1 Metal pollution in waterbodies and its remediation: state of art 

Water is a key factor for human, animal and plant life and it is regarded as one of the most important 
resources even from an industrial and economical point of view. Notwithstanding the wide abundancy at the 
earth’s surface (estimated volume of 1.4 billion of km3), less than 1% of such water can be classified as ready 

for use freshwater [97]. Population growth, in concomitancy with industrialization and gentrification, calls 
for an increase in freshwater demand and, at the same time, to a ramping pollution of water streams. 

Municipal and industrial waste discharges often suffer from low capacity, outdated and inefficient 
wastewater treatment units, behaving as bottlenecks in the anthropogenically modified water cycle. Indeed, 

time consuming processes for wastewater remediation lead to water scarcity. On the other hand, faster 
processes generally lack efficiency in removing polluting species, thus may cause the release of harmful 
compounds in the environment. Such pollution impacts on plants, animal and human health by means of 

pollutants’ bioaccumulation through the food chain.   

 Among the polluting species that can be found in industrial and municipal water streams, heavy 

metals are an unavoidable issue that modern society must face. The main pollution sources are related to 
anthropogenic activities such as mining, smelters, cement/metal/electrical/chemical industries, fossil fuel 

combustion and pesticide/antibiotic use [98,99]; amid these pollution sources, metal processing and mining 
are the main contributors (concurring to ca. the 48% of the total release of contaminants in Europe [98]). 

Although the definition is still under debate, the term “heavy metals” applies to the group of 
elements with a density higher than 4 g cm-3 and/or an atomic molar mass comprised between 63.5 and 
200.6 g mol-1, including both metals and metalloids [98–101]. According to this definition, species like As, Cd, 

Co, Cr, Cu, Hg, Mn, Ni, Pb, Sn, V, and Zn fall into the heavy metals group. 
 The vast majority of heavy metal species is naturally present on the earth’s crust in detectable 

concentration, both in water and soil. Some of these species, in determined speciation and oxidation states, 
are even biologically essential (i.e. Cu(II) and Cr(III), as micronutrients [102]). However, increased 

concentration of these elements, caused by pollution emission from anthropogenic activities, has been 
proven to impact on human health [103]. Non-essential species (for example Pb(II) and Hg(II)) are instead 

toxic to living organisms even at concentrations as low as µg L-1 (so, in the range of ppb). Heavy metals usually 
dispose of a rich speciation, reactivity and enhanced tendency to form complexes/coordination compounds, 
features imparted by their electronic shell. So, mobile forms of these elements can easily form in nature and 
spread to the environment through several media [98,99]. Moreover, heavy metals are bioavailable but non-

biodegradable [98,99]. Thus, after entering in a living organism, they persist without being metabolized. So, 
they propagate through the food chain and, when ingested, they give rise to the phenomenon of 

bioaccumulation, which could cause several diseases. As a matter of fact, acute poisoning from heavy metals 
is rarely detected while chronic assumption of small doses of heavy metals generally results in bone 

degeneration and damage of both soft tissues, organs and blood [99]. 

 Since this dissertation will focus on principally five heavy metal species (Cr(III), Cu(II), Ni(II), Co(II) and 

Pb(II)), Table 2 shows their anthropogenic sources, legislation limits in drinking and irrigation water, lethal 
doses and diseases arising from their long-term assumption. Table 3 reports instead on pollution of such 
species in some industrialized zones, highlighting the issue of concomitant presence of multiple harmful 

elements. 
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Table 2: Anthropogenic sources, maximum concentration levels, human assumptions and correlated diseases for selected heavy metal 
species (adapted from references Vareda et al. 2019, Burakov et al. 2018 and Wadhawan et al. 2020).  

Heavy 

metal 

species 

Pollution sources 

MCLa 

PTWId 
Diseases correlated 

with chronic 

assumption 

Drinking 

waterb 

Irrigation 

waterc 

Co Primary metallurgical 
processes 

Electroplating industries 
Paint industries 
Nuclear power plants 

Battery manufacturing 
Mining 

N.S. N.S. N.S. Skeletal deformities 
Diarrhea 

Hypertension 
Pulmonary issues 
Paralysis 

Cr Primary metallurgical 

processes 
Electroplating & coating 

industries 
Mining 

50 µg L-1 100 µg L-1 - Headache 

Nausea 
Diarrhea 

Carcinogenic 

Cu Battery manufacturing 
Corrosion of household 

plumbing 
Electrical industry 

Fertilizers 
Mining 

2000 µg L-1 200 µg L-1 0.5 mg kg-1
BW Liver damage 

Wilson’s disease 

Insomnia 

Ni Nickel plating industries 

Primary metallurgical 
processes 
Battery manufacturing 

7 µg L-1 200 µg L-1 - Dermatitis 

Chronic asthma 
Carcinogenic 

Pb Plumbing fixtures 

Cable coverings 
Ceramics & glasses 

Battery manufacturing 
Paint industries 

Oil (additive) 
Mining 

10 µg L-1 5000 µg L-1 0.025 mg kg-1
BW Cerebral disorder 

(Saturnism) 
Renal, circulatory 

and nervous 
disorders 

a Maximum Concentration Limit; 
b From reference [104] 
c From reference [105] 
d Provisional Tolerable Weekly Intake for humans [106] 

As it can be seen from Table 2, legal limits for Co(II) pollution are still not defined by WHO, FAO and/or 
national organization since its presence in wastewater is a quite recent issue, mainly correlated to its novel 
and large application in the energy storage field (e.g. as lithium battery dopant [107,108]). Relatively high 

concentrations of Pb(II) in irrigation water are instead allowed on the basis of its scarce mobility, solubility 
and bioavailability in soils, where it tends to  bind with organic and colloidal matter [98]. 
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Table 3: Relative water concentration of selected heavy metals in polluted sites exhibiting different pollution sources (adapted from 
reference Vareda et al. 2019). 

Source nature Specific site 
Relative water concentrationa  

Co Cr Cu Ni Pb 

Mines 
Iberian Pyrite Belt, Spain  - 7.78 111.35 1955 160.70 

Yiyang, China - 13.20 0.05 85.71 3.00 

Industrial sites 

Electroplating wastewater, 

XXX 
- 35.9 3.2 1.3 8.6 

Dehli industrial area, India - Up to 319 Up to 48 Up to 40 Up to 326 

Rivers in 
industrial area 

Khoshk river, Iran - 11.00 0.03 28.57 13.00 

Yamuna river, India - 39.66 8.82 392.59 111.21 
a Expressed as ratio between metal species in waterbodies and the same metal legal limit in drinking water. 

 Probably because of the absence of strict legal limits, Co(II) species concentration in wastewaters is 
not reported in the vast majority of up to date review papers (Table 3), notwithstanding extensively research 

has been recently conducted on the topic [109]. However, since its increasing exploitation as dopant in Li-
based batteries and other electrical applications, Co(II) concentration is expected to raise in battery 

manufacturing and electrical industries effluents, probably in combination with another common dopant as 
Ni [107]. 

 Data reported in Table 2 and Table 3 underline (i) the strict legislation that industrial and municipal 
water remediation facilities are subjected to, (ii) the hazardousness of chronic heavy metal species 
assumption, even at low concentration and (iii) the widespread nature of the problem, exacerbated by the 

remarkable mobility of these pollutants and their persistency in living organisms. 

 To preserve environment equilibria and human and animal health, wastewater must be treated 

before being discharged. Several methods for heavy metal remediation have been proposed, studied and 
applied in the last decade [98,101]. Their suitability depends on a plethora of factors, with efficiency of 

removal, operation time and cost, industrial feasibility/scalability and secondary pollution issues being the 
most important. 

 The most common physical-chemical technologies applied to wastewater remediation are chemical 
precipitation, flocculation/coagulation, membrane filtration (category including reverse osmosis, 
nanofiltration and ultrafiltration, in decreasing order of performances), ion-exchange, electrochemical 

methods (electrodialysis and electrodeposition) and adsorption [98,99,101]. The main advantages and 
drawbacks of all these techniques are briefly summarized in Table 4. 
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Table 4: Comparison of strengths and weaknesses of the most common techniques employed in heavy metal remediation of 
wastewaters (adapted from reference Vareda et al. 2019). 

Process Advantages Drawbacks 

Chemical precipitation Low cost 
Zero energy consumption 

Simple design and operation 
Safe operation 

High consumption of precipitant 
agent 

Production of high volume of 
sludge with high disposal cost 
Stringent disposal standards for 

sludge itself 

Flocculation/coagulation Fast settling of suspensions 
Improved sludge settling 

Sludge production with related 
disposal expenses 

Membrane filtration Small space requirement 

High efficiency 
Tunable selectivity 

High operation cost 

Membrane fouling 
High pressures and energy 

consumption required to achieve 
high efficiencies 

Ion-exchange No sludge production 
High removal capacity 

Fast kinetics 
Selectivity 

All-purpose resins do not exist 
High cost of the resins 

Resins regeneration 
Treatment of regeneration 

solution (secondary pollution 
risk) 

Electrochemical methods Selectivity 

High efficiency 
No sludge production 

High costs in terms of electrical 

power consumption 
Not cost effective for non-
precious metals  

Adsorption Simple design and operation 

Low operational cost 
High efficiency 

Low-cost adsorbents available 
Can be selective 

Efficient sorbents could be 

expensive  
Disposal/regeneration of the 

“exhausted” sorbent 

 
 A thorough analysis of the pros and cons of the processes highlight that low-cost unit operations (i.e. 

chemical precipitation, flocculation/coagulation) are prone to generate remarkable quantity of sludges, 
whose disposal costs hinder the economical sustainability of the process, besides opening to the possibility 

of secondary pollution. Faster, cleaner and more efficient and selective techniques (based on filtration and 
or electrochemical techniques) are on the other hand expensive in terms of energy consumption and/or 

installation costs.  
 Adsorption stands out among all remediation methods since it is characterized by low capital and 

operational costs, limited space occupation, flexibility, high volume treatment capability and an overall 
simple design of process. In the adsorption process, pollutant dissolved in the aqueous phase are confined 
on a solid (sorbent) surface by means of physisorption (Van der Waals and coulombic forces) and/or 

chemisorption (creation of a new chemical bond, covalent or ionic). The efficiency of the process is tightly 
related to the sorbent properties, in addition to operational conditions (i.e. pH, solution’s ionic strength, 
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stirring, temperature, concentration of polluting agent, volume to solid ratio, co-presence of pollutants, etc.). 
With the appropriate adsorbent, efficient removal of heavy metal species with fast kinetics can be achieved. 

More than 3000 papers on heavy metal removal by different sorbents have been published in 2018 
[98]; several materials of both natural and synthetic origin proved to be potentially adequate for industrial 

remediation applications [98,99,101,110,111]. Despite differences in testing conditions, literature agrees on 
some physical/chemical properties as fundamental for a sorbent to be efficient: high surface area, high 

degree of surface functionalization and thermal and chemical stability. In addition to these “technical” 
features, economical and industrial evaluations ask for low-cost, availability, non-toxicity and 
reusability/recyclability of the spent sorbent [98,99]. 

For the above mentioned reasons, the main conventional sorbents such as activated carbon and metal 
oxides/hydroxides (expensive, difficult to reuse/recycle and often subjected to secondary pollution issues) 

have been gradually put aside in favor to novel low-cost nanostructured materials, derived from renewable 
resources: zeolites, nanostructured allotropes of carbon clays/inorganics, chitosan and bio-derived polymers 

[99]. 
Hydroxyapatite belongs to the family of these emerging and environmentally sustainable materials. It 

possesses all the common physical/chemical features requested for an optimal sorbent, as previously 

reported in paragraph 1.2.2.1, together with the possibility to be synthesized from Ca-rich wastes from the 
food industry. HAP performances in wastewater remediation are outstanding: HAP can adsorb some 

hazardous cationic species like Cr, Pb, Cd, Ni, Zn, Al, Cu, Fe, Co, Mn, and Fe [16,79,80], with efficiencies that 
depend on both HAP characteristics and operational conditions. Some authors reported an almost total 

retention of pollutants by metal-loaded HAP when tested for leaching in water and/or more aggressive 
solutions [79]. Although this permanent confinement of hazardous species could be seen as optimal in terms 

of secondary pollution risks, it hinders the regeneration of the sorbent, posing serious threat to its application 
at industrial level. Exploitation of the metal-loaded HAP as catalyst in reaction of environmental concern 
[9,11] could overcome the problem, creating the HAP valorization cycle that our group has been working to 

validate in the last years and that will be illustrated in the Final Summary of this dissertation (Section 5). 
Interestingly, when studying multi-metal polluted solutions, some authors reported preferential 

adsorption onto HAP surface of some cations over other. Several factors affect removal efficiency and 
competitive effects: (i) higher affinity of specific species towards HAP surface [16,79,80], (ii) HAP degree of 

crystallinity [86] and (iii) elemental composition (both in terms of Ca/P atomic ratio and carbonate 
substitution [15]). Besides efficiencies of removal, adsorption mechanisms are determined by sorbent-

sorbate interaction as well. Cations’ electronegativity and especially charge density (i.e. ionic radius and 
valence) are reported in literature to address the metal uptake towards a specific mechanism [11,79]. 
However, literature is not consistent in pairing metal species and uptake mechanism onto HAP surface, 

highlighting that the underpinnings of the phenomena are complex and not fully understood. No proper 
volumetric and thermodynamic studies, respectively aimed to a full comprehension of the removal efficiency 

and the energetics of cations trapping, are reported to date. 
In this chapter the synthesis and structural, morphological, compositional and surface characterization 

of stoichiometric HAP will be reported. Then, efficiencies, competitive effects and mechanism of uptake of 
target heavy metals onto HAP surface have been investigated by means of both volumetric (i.e. batch 

adsorption tests and collection of adsorption isotherms) and thermodynamic (i.e. liquid phase 
microcalorimetry) techniques, shedding light on the adsorption phenomena, mainly in terms of uptake 
mechanism, energetics and overall sorption performance. Leaching tests results are presented as well. Then, 

two specific case studies, in which stoichiometric HAP will be applied to the remediation of complex 
simulated industrial effluents will be presented and discussed. Finally, HAP performances in heavy metal 
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remediation and the new insights provided by this multi-disciplinary approach to the topic will be wrapped 
up in the conclusion section. 
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2.2 Physical-chemical characterization of synthetic hydroxyapatite 
Stoichiometric HAP has been synthesized according to a wet co-precipitation method, starting from 

Ca(NO3)2·4H2O and (NH4)2HPO4 solutions as Ca(II) and PO4
3- precursors, respectively. Details of the synthetic 

route are reported in section 8.1.1. This optimized synthesis returns ca. 4.19 g of stoichiometric HAP per 

batch, with an almost quantitatively reaction yield (> 99%). 
Synthetic HAP has been structurally, morphologically and compositionally characterized by means of 

ICP/AES for Ca/P atomic ratio determination, nitrogen adsorption-desorption isotherms (N2 ads/des), 
scanning transmission electron microscopy coupled with energy-dispersive X-ray probe (STEM/EDX), 
synchrotron X-ray powder diffraction (XRPD), Fourier Transform Infrared Spectroscopy (FT-IR) and zeta-

potential measurements (for the determination of HAP’s point of zero charge, pHPZC). Since chemical stability 
is paramount for a material to be considered a reliable sorbent, synthetic HAP (hereinafter referred to as 

pristine or as prepared HAP) has been subjected to harsh conditions (immerged in an aqueous solution at pH 
3 by HNO3 for 24 h) and then comparatively investigated.  

Surface features of as prepared HAP (i.e. acid and basic sites) were investigated by means of state-
of-art gas-solid techniques (collection of calorimetric/volumetric adsorption isotherms) and novel liquid-solid 

titrations (according to the Liquid Recirculation Chromatographic Method [112]). 

Instrumental and procedural details of these analyses can be found in the Experimental Section, 
paragraphs 8.2.1 and 8.2.4, respectively. 

2.2.1 Structural, morphological and compositional characterization 

Ca/P ratio of synthetic HAP has been measured by ICP/AES on solutions of mineralized sample. HAP 

exhibited stoichiometric Ca/P ratio (Table 5), which is consistent with the ratio of the synthetic conditions 
(i.e. concentration ratio between precursors’ solutions). 

N2 adsorption/desorption isotherms of synthetic HAP are presented in Figure 9a. According to IUPAC 

classification, HAP exhibits a type IV isotherm, which is typical of mesoporous materials. Limited uptake of 
N2 at high p/p0 indicates scarce macroporosity. The presence of a hysteresis loop is associated with capillary 

condensation in mesopores; always according to IUPAC classification, its shape belongs to type H2. Such loop 
is particularly difficult to interpret and generally attributed, rather over-simplifying, to 

condensation/evaporation processes occurring in bottle-shaped pores [113]. Specific surface area of HAP has 
been evaluated applying the 3-parameters BET model equation (Figure 9b) to the low-pressure region of the 
adsorption branch and stood around 85 m2 g-1 (Table 5). Mean pore radius, pore volume (Table 5) and pore 

size distribution (Figure 9c) have been calculated by means of B.J.H. model. HAP confirmed its mesoporous 
nature, showing a mean pore radius of ca. 4 nm with a pore size distribution almost fully centered in the 2 to 

10 nm region. 
After exposure to acidic environment, Ca/P atomic ratio of HAP increases to an over-stoichiometric 

value of ca. 1.72 (Table 5). Such a variation could be ascribable to (i) preferential dissolution, inducing Ca and 
PO4

3- defectiveness and/or ionic substitutions or (ii) decomposition of HAP with formation of new phases 

and/or highly defective amorphous segregation. On the other hand, morphological features of the material 
appear not to be altered; the surface area value is indeed comparable to that of pristine HAP while only a 
small decrease in mean pore radius and pore volume are detected (Table 5), probably ascribable to a 

moderate pore collapse. N2 adsorption/desorption isotherms, BET interpolation and pore size distribution 
for HAP after exposure to acidic environment are available in the Supplementary Material (paragraph 10.1.1, 

Figure 78).  
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Table 5: Compositional and morphological features of HAP: as prepared and after the exposure to an acidic aqueous solution. 

Sample 
Ca/P ratio Surface areab Mean pore radiusc Pore volumec 

atom/atom m2 g-1 nm cm3 g-1 

As prepared HAP 1.662 d ± 0.039 85.05d ± 1.49 4.26d ± 0.06 0.219d ± 0.004 

Post-stability test HAPa 1.715 84.98 3.99 0.190 
a Sample exposed to acidic conditions (pH 3) by HNO3 for 24 h 
b Evaluated according to 3-parameter BET model. 
c Evaluated according to B.J.H. model.  

 d Average values from different HAP batches. 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 
 

 
 

 
TEM micrographs of HAP disclose a needle-shape morphology (Figure 10a), with crystallites 

dimension ranging from 40 to 200 nm in length and from 6 to 8 nm in width. Crystallite domains appear to 
be stacked one upon another along their length, following a head-to-tail arrangement. Further investigation 

by high resolution TEM (Figure 10b) reveal that crystallites elongated along the c-axis: indeed, the 0.81 nm 
spacing between crystal lattices can be address to (100) planes of hexagonal HAP. The diffraction pattern 
reported in Figure 10c proves the polycrystalline nature of the material: several diffraction rings are 

displayed, all indexed as crystallographic planes of HAP. EDX analysis (available in the Supplementary 
Material, Figure 79), performed on selected area, indicates the presence of solely Ca, P and O, thus confirming 

the phase purity of synthetic HAP. Ca/P ratio from EDX analysis has not been reported since the method does 
not qualify as quantitative. 

 In Figure 10d, the synchrotron radiation XRPD pattern of HAP is reported together with the final 
Rietveld refinement, calculated according to the P63/m space groups structure of HAP. The refinement 

confirmed the phase purity of the sample. Moreover, the absence (within the experimental resolution) of 
amorphous material has been checked by analyzing mechanical mixtures of TiO2 (with known rutile/anatase 
ratio) + HAP, applying the principles of PDF analysis (patterns reported in the Supplementary Material, Figure 

Figure 9: N2 adsorption/desorption analysis 

results on synthetic HAP sample. a) Adsorption 

and desorption isotherms; b) fitting of the low-

pressure portion isotherm by 3-parameters 

B.E.T. equation (0.05 < p/p0 < 0.4); c) total pore 

volume (full markers) and pore volume 

distribution, according to B.J.H. model. 
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80b). In fact, PDF/G(r) (analysis of diffraction data in the actual interatomic distances space) allows to detect 
possible positional disorder [114] as well as symmetry decreases in respect to the average structure [115], 

both contributions determined by the presence of amorphous phases. Data have been fitted against the 
hexagonal model of HAP and results in the 1–10 Å ranges are graphically reported in Figure 10e. Fits at higher 

r values is graphically reported in the Supplementary Material (Figure 80d). Most important contributions to 
the PDF peaks in the 1.5–5 Å range are indicated in the figure. Only a small peak around 2 Å was not assigned 

(labelled with an asterisk). To sum up, the correspondence between collected and fitted pattern extended 
down to very low r values points to the absence (or negligible presence) of amorphous phases, which would 
cause discrepancies between experimental and fitted peaks [116]. HAP crystallographic structure is not 

affected by exposure to acidic environment: no alterations in cell constants, atomic positions, and apd values 
(Supplementary Material, Figure 80a and c) are evidenced. 

 
Figure 10: Morphology and structure of synthetic HAP sample. a) Representative TEM micrograph of HAP; b) high resolution TEM 
micrograph of two nanocrystal domains with the c-axis parallel and perpendicular to the image plane, respectively; c) Selected Area 
Electron Diffraction (SAED) pattern indexed to the hexagonal HAP phase; d) Synchrotron XRPD pattern, measured (black crosses) and 
calculated (red line) profiles with residuals (blue line); inset highlights the high angle (2θ) regions patterns of the sample; e) G(r) 
refinement using the real space Rietveld method, observed (black crosses), calculated (red line), and residual (blue line). 
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Further confirmation comes from refinement of cell parameters, performed on both pristine and acid 
environment exposed HAP. Refined parameters are reported in the Supporting Material, Table 32. Synthetic 

HAP exhibits slightly smaller unit cell’s dimensions and volume in respect to theoretical calculations for 
hexagonal (P63/m) HAP. After exposure to acidic environment, cell parameters are slightly increased, slightly 

overcoming theoretical values. The minimal discrepancy (ca. 0.3%) from theoretical and calculated unit cell’s 
dimension can be accounted as intrinsic computational error.  

Transmission FT-IR spectra of pristine HAP and after exposure to acidic conditions are reported in 
Figure 11a. As typical of apatites, IR spectra presents contributions in three main regions. The broad band 
with maximum between 3300 and 3500 cm−1 is generated by O-H stretching modes of water molecules, both 

adsorbed on surface and constitutive. The sharp band at ca. 3570 cm−1 is instead assigned to the O-H 
stretching mode of structural hydroxyl groups. Contributions in the low energy region (from 500 to ca. 1100 

cm-1) are addressed to phosphate groups fundamental vibrational modes. The bands in the region comprised 
between 1350 and 1600 cm-1 are ascribable to partial carbonatation, the most common compositional 

impurity found in synthetic HAP. As prepared HAP exhibits minima and negligible contributions for both A-
type and B-type carbonates, suggesting that the material can be considered compositionally pure, as 
indicated by Ca/P atomic ratio, TEM/EDX analyses and XRPD refinements. Conversely, exposure to acidic 

environment causes an increase in the carbonatation degree of HAP, as clearly detectable from Figure 11a. 
This carbonatation effect could be due to partial dissolution of HAP under acidic conditions and partial 

replacement of structural phosphate and hydroxyl groups by carbonates originated by the CO2 dissolved in 
solution. Magnification in Figure 11b highlights an almost equivalent intensity of contribution from both bulk 

A and B-type carbonates species [83], thus suggesting simultaneous substitution of phosphate and hydroxyl 
groups. PO4

3- replacement by CO3
2- could explain the increase in Ca/P ratio in HAP subjected to acidic 

treatment. 

 

Figure 11: a) FT-IR spectra comparison between as prepared HAP and post-acid solution exposure; b) carbonate region (1600 to 
1350 cm-1) magnification. 

Finally, zeta-potential measurement of pristine HAP allowed to assess the pHPZC of the material. As 
reported in Figure 12, pHPZC of synthetic stoichiometric HAP is ca. 5, in accordance with the values reported 
in literature for synthetic stoichiometric HAP [44,46]. However, the determination of pHPZC of an amphoteric 

material is always associated with a relevant error, stemming from the dual nature of the material’s surface. 
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The pHPZC here reported can thus be considered a first and rough evaluation of the surface 
properties/reactivity in aqueous solution, while more rigorous approaches for the proper quantification of 

the number and interaction strength of acid/basic HAP surface sites will be carried out by ad-hoc techniques 
(paragraph 2.2.2). 

 

Figure 12: Zeta-potential determination vs. pH for pristine HAP  

In conclusion, the material obtained by co-precipitation is a strictly stoichiometric HAP and it presents 

phase and compositional purity. The material is nanostructured (nano-needles elongated along the c-axis), 
thus exhibiting high surface area despite the high crystallinity degree. HAP resulted structurally and 
morphologically stable under harsh conditions (aqueous solution at pH 3 by HNO3) for relatively long 

exposure time (24 h); slight increase in Ca/P atomic ratio in the post-treated material could be ascribed to an 
increased carbonatation degree. 

2.2.2 Investigation of surface acid and basic sites 

Since adsorption takes place at solids’ interface, identification, quantification and determination of 
the strength of surface acid/basic groups of HAP are of paramount importance. Indeed, such evaluations 

allow to correlate sorption ability with material’s properties.  

A thorough investigation of sites’ strength distribution is achievable only by coupling an isothermal 

titration of acid/basic surface sites with an in-situ monitoring of the evolved adsorption heat. Such technique 
falls under the name of gas-solid acid/basic calorimetric/volumetric titration. In collaboration with Institute 

of Research on Catalysis and the Environment of Lyon (IRCELYON), surface acidity and basicity of HAP have 
been titrated in gas phase at 80°C, using NH3 and SO2 as acidity and basicity probes, respectively. Details 
about used instruments and experimental procedure can be found in paragraph 8.2.4.3.  

The choice of ammonia has been straightforward: indeed, NH3 has been widely reported in literature 
as gas phase basic probe for surfaces titration [117]. Typical ammonia interactions with a reactive surface 

are: (i) H-bonding to surface oxygen atoms, (ii) proton transfer from surface O-H groups and (iii) coordination 

to electron-deficient metal atoms (i.e. metal centers exhibiting a partial δ+). Thus, NH3 is a reliable probe for 
both Brønsted and Lewis acid sites.  

Sulphur dioxide is a less common but effective probe molecule as well. The reason behind the choice 
of SO2 instead of more common CO2 was dictated by the risk of reactive formation of stable surface 

carbonates onto HAP surface [83], thus misrepresenting the effective number of basic sites. SO2 can 
coordinate to O2- and -OH groups forming sulfite and hydrogen sulfite species, respectively. Strong acidic 
character allows SO2 to probe almost all basic sites present on a surface, regardless their strength.  
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The collection of two consecutive adsorption isotherms separated by a desorption step allows not 
only the measurement of total acid/basic sites (I adsorption run) but even the absolute and percentage 

quantification of weak and strong sites (II adsorption run and difference between runs, respectively). Number 
of acid/basic sites where calculated from experimental data interpolation at Peq = 0.2 torr. Numerical results 

of gas phase titrations are reported in Table 6, while the probes’ adsorption isotherms are shown in Figure 
13a. The whole data registered by the instrument are available in the Supporting Material (Figure 81 and 

Figure 82).  

Table 6: Gas phase quantification of surface acid and basic sites of synthetic HAP. Acidity probe: NH3, basicity probe: SO2. Isotherms 
collected at 80°C. 

Sample Site type 
Acidic sites Basic sites Acid/Basic 

meq g-1 meq g-1 Ratio 

HAP 
Total 0.290 0.221 1.31 

Stronga 0.099 (34%)b 0.174 (78%)b 0.57 
  a Obtained by I and II run difference between nAds values at Peq = 0.2 torr. 
b Percentage of strong sites on total. 

 Simultaneous presence of both acid and basic sites proves the amphoteric nature of HAP surface 

(Figure 13a). Acid to basic sites ratio (last column in Table 6) indicates that a major number of total acidic 
sites than basic, which contrast with what expected for a stoichiometric HAP [11,33]. On the other hand, 

when considering strong sites (i.e. the number of sites obtained from the difference between those titrated 
in the first and second adsorption run), the ratio is reversed, indicating that the percentage of strongly 

interacting basic sites is larger than the acidic one (second entry in Table 6). It is however important to stress 
out that the number of surface sites volumetrically determined by gas-solid techniques can be affected by 
relevant errors in the fact that the extent of the surface which is actually investigable is limited by probe 

molecules condensation issues. Moreover, condensation of the two probes, NH3 and SO2, occurs at way 
different partial pressure, heavily affecting the acid/basic ratio previously discussed. 

The most reliable and interesting results we can obtain from this gas-solid technique is instead 
associated with the calorimetric analysis, which allows to have an insight on surface sites’ interaction 

strength. 
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Figure 13: a) Adsorption isotherm, collected at 80°C, of NH3 and SO2 probe molecules onto HAP surface; b) Trends of differential heat 
of adsorption (QDiff) versus amount of probe molecule adsorbed (nAds); c) Acid/basic sites’ energy distribution; d) Integral heat of 
adsorption (QInt) as a function of nAds. 

 Figure 13b shows the differential heat of adsorption (QDIff) as function of the amount of adsorbed 
probe molecules. NH3 adsorption at zero coverage (nAds = 0, bare HAP surface) returns an initial QDiff value of 

ca. 140 kJ mol-1, which drops steeply, evidencing a small population of strong acid sites. An energetic plateau 
is reached around 80 kJ mol-1, corresponding to the presence of homogeneous medium-strength acid site. 

After the plateau, the strength of the acid sites drops stepwise down to ca. 30 kJ mol-1, indicating a 
heterogeneous distribution of low-energy acid sites. Conversely, SO2 adsorption generates a higher initial 
QDiff value (ca. 180 kJ mol-1). A first narrow plateau is displayed at 160 kJ mol-1, followed by a more 

pronounced one at ca. 140 kJ mol-1: such trend reveals the presence of detectable amounts of very strong 

and strong basic sites, respectively. For higher surface coverages (nAds > 200 µmol gHAP
-1), heat released 

decreases stepwise (heterogeneous distribution of medium-strong interacting sites). The value of 60 kJ mol-

1, obtained at the end of titration, suggest that a wide number of weak basic sites have not been titrated 
(experimental limitations), impacting on acid to basic sites ratio as discussed above. 

 Derivative of curves represented in Figure 13b yields the energy spectra of HAP surface reported in 
Figure 13c. The spectra show that the HAP possesses a strong basic sites population (adsorption heats in the 

range between 120 and 140 kJ mol-1) coupled with a smaller population of very strong basic sites (ca. 160 kJ 
mol-1). Concerning the acid sites, the related spectrum reveals a medium-strength site population around 60-



32 

 

80 kJ mol-1. Increasing trend at the low energy endpoint suggest a second population of weak acid sites, 
exhibiting adsorption heats < 40 kJ mol-1. 

 Summing up all the heat evolved from all the probe adsorbed to HAP surface at determined titration 
points, the integral heat of adsorption (QInt) can be plotted as a function of the probes adsorbed amount, nAds 

(Figure 13d). For extremely low surface coverages, HAP acid and basic sites could be considered homogenous, 
since QInt vs nAds curves result to be properly fitted by lines. The slope of such lines is representative of sites’ 

interaction strength and indeed returns the same trend reported by Figure 13b and c. 

Although the collection of gas-solid calorimetric/volumetric isotherms using acid/basic probe 
molecules is the state-of-art tool for assessing the surface properties of materials, the results obtained can 

be hardly correlated to the effective performance of sorbent and/or catalysts operating at the liquid-solid 
interface. Indeed, factors like solvent interaction with the materials’ surface are generally not taken into 

account when the surface is characterized by gas-solid techniques. 

In order to obtain quantitative data which could relate with the actual sorption performances of HAP 

when contacted with aqueous solutions containing pollutants, the quantification of surface acid and basic 
sites of HAP was performed by a close-to-operando liquid-phase titration, according to the Liquid 
Recirculation Chromatographic Method (LRCM) [112]. 2-phenylethylamine (PEA) and benzoic acid (BA) were 

used as basic and acid probe, respectively. Titrations were carried out in a non-polar and aprotic solvent like 
cyclohexane (i.e. mimicking gas-solid titration conditions) for a preliminary determination of intrinsic acidity 

and basicity (hereinafter referred to as I.A. and I.B.). Then, titrations were performed in water, the actual 
solvent in which HAP will be tested as sorbent: under these conditions, effective acidity and basicity 

(hereinafter referred to as E.A and E.B.) were assessed. Description of LRCM principles, of the modified HPLC 
line used for the titration and all the experimental details are reported in paragraph 8.2.4.1. Collected 

isotherms have been mathematically modeled and treated according to what reported in paragraph 10.1.1. 

In Figure 14 the acid-base titrations of HAP are presented as adsorption isotherms of PEA and BA 
collected at 30°C in cyclohexane (a) and in water (b). Numerical results, derived from modelling of 

experimental data according to the Langmuir model equation, are reported in Table 7. Table 33 in the 
Supporting Materials reports all the Langmuir parameters (nmax, bads and R2) regressed from the isotherm 

curves in Figure 14. 

Table 7: Liquid phase quantification of surface acid and basic sites of synthetic HAP. Acidity probe: PEA, basicity probe: BA. Isotherms 
collected at 30°C. 

Sample Site type 
Acidic sites Basic sites 

I.A./I.B. meq g-1 meq g-1 

Intrinsic a Effective b Intrinsic a Effective b 

HAP 
Total 0.159 0.0297 0.199 - 0.80 

Strong 0.038 (24%)c 0.011 (36%)c 0.084 (42%)c - 0.45 
a Determined in cyclohexane.   
b Determined in water.   
c Percentage of strong sites on total. 
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Figure 14: Adsorption isotherms of PEA (for acidity) and BA (for basicity) probes at 30°C on synthetic HAP sample evaluated in a) 
cyclohexane, for determining the intrinsic acidity and basicity, and in b) water, for determining the effective acidity and basicity. Full 
markers and empty markers represent I and II adsorption runs, respectively. Red lines represent the calculated Langmuir curves of 
PEA and BA adsorptions on strong acid and base sites; black lines represent the calculated Langmuir curves for II runs; blue lines 
represent the adsorption trends of I runs, obtained as sum of red and black lines (for details on data analysis, see paragraph 10.1.1). 

Starting from intrinsic acidity/basicity: HAP surface demonstrate contemporary presence of both 

acidic and basic functionalities, in accordance with its postulated amphoteric features and consistently with 
the results obtained from gas-solid titrations (Figure 13a and Table 6). The overall lower number of sites 

assessed under liquid-solid conditions in respect with gas-solid ones stems from the different molecular 
dimension of probe molecules.However, under liquid-solid titration conditions, the analysis is not limited by 

the previously discussed condensation issues of probe molecules, therefore a full probing of the surface is 
possible. This ensure a more reliable determination of the number of acid/basic sites and especially of their 
ratio. Indeed, when titrated under liquid-solid conditions, the number of total surface basic sites results to 

be higher in respect with acidic ones, determining an I.A/I.B. ratio < 1 (Table 7). These results are consistent 
with the stoichiometric nature of the synthetic HAP under study [11,33]. As for gas-solid titrations, running 

two different adsorption runs interspersed with a desorption step allowed to discriminate between strongly 
and weakly interacting sites, although no quantitative information about interaction strength can be 

obtained under liquid-solid conditions. The percentage of basic strong sites stood around 42% whilst strongly 
interacting acidic sites are less than the 25% (Table 7). Thus, (I.A./I.B.)strong is even more favorable to basic 
moieties.  

When titrated in the presence of a polar and protic solvent like water, HAP manifests only muffled 
acidic property (ca. 0.0297 meq g−1 of acid sites, ca. 1/10 of those titrated in cyclohexane). On the other hand, 

basic sites could not be titrated, likely because unable to interact with the probe molecule since engaged in 
strong interactions with water molecules. To date, no titration method has been reported for the 

determination of basic sites in aqueous solution. 
Overall, liquid-solid titrations of HAP surface, performed according to LRCM principles, shows that in 

absence of any solvent competitive effect (i.e. in a condition that mimics gas-solid titrations), HAP is a basic 
rather than acidic material. The higher number of strong basic sites disclosed by LRCM is consistent with the 
energetic distribution obtained from gas-solid measures. In aqueous environment, strong interaction with 

water hinders the determination of the number of effective basic sites. It must however be stressed that this 
limitation in the titration stems mainly from the probe molecule (in terms of Lewis acidity) and do not 

necessarily implies the loss of basic properties of HAP under aqueous conditions. 
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 To conclude, stoichiometric HAP exhibits an amphoteric surface, slightly more basic than acidic. Basic 
sites display a marked population of strong and very strong interacting functionalities, presumably O2- 

(deprotonated phosphate groups) and Ca-OH species. In virtue of such marked interaction strength, basic 
sites are not titratable in aqueous media, probably because engaged in stable H-bonds with water molecules. 

This behavior evidences the retention of the strength of basic sites in aqueous environment. On the other 
hand, acidity, mainly developed on HAP surface by Ca2+ sites, PO3OH, and vacancies (vOH), is characterized by 

medium interaction strength of sites and therefore only slightly muffled by the presence of water. 
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2.3 Remediation of simulated polluted wastewaters by HAP: removal efficiencies and 

mechanisms 

As previously discussed in paragraph 1.2.2.1, thanks to its unique adsorption properties, HAP has been 
tested and used as sorbent for heavy metal wastewater remediation and a large amount of papers can be 

found in literature in this regard [11,12,16,79,80]. However, a whole and clear visual of HAP removal 
efficiencies and inorganic cations uptake mechanisms onto its surface cannot be produced by a thorough 

review process and data gathering. As a matter of fact, the number of variables impacting on HAP sorption 
behavior is large. Since HAP morphological, structural and surface features are strictly dependent on its 

synthesis and thermal history, comparing performances of materials obtained through different routes is a 
difficult task. Moreover, HAP adsorption tests in literature display a clear inhomogeneity of employed 
operational conditions: fundamental parameters such as initial metal concentration, pH, temperature, 

stirring and solid to liquid ratio vary from study to study, impeding proper data comparison.  
Regarding uptake mechanism of metal cations onto HAP surface, literature results to be inconsistent 

on the majority of metal species, with rare exceptions like Pb(II) [16,118]. Nonetheless, in no cases 
mechanisms can be considered as undoubtedly unraveled because of the process complexity stemming from 

HAP’s surface heterogeneity. Often, inadequate characterization brought to unclear mechanistic claims, thus 
increasing literature uncertainty.  

After reporting a thorough characterization of the synthetic HAP used in this study, the following 
section will present a systematic study on HAP removal efficiency and uptake mechanism of selected cations. 
Cations adsorption onto HAP surface has been investigated with complementary techniques, as to shed light 

on the underpinnings of the phenomenon. 

2.3.1 Volumetric approach: static batch adsorption tests and adsorption isotherms  

A first screening of the adsorption capacity of HAP towards five selected heavy metal species, namely 

Cu(II), Pb(II), Cr(III), Ni(II) and Co(II), has been carried out according to the static batch adsorption test 
procedure reported in paragraph 8.3.1.1. Such an experimental configuration has been chosen since similar 

to industrial decontamination processes, were stirring is rarely applied. 
The results of preliminary screening tests are summarized in Figure 15 (conditions are reported in 

the caption) as percentage of metal removal. Numerical data can be found in the Supporting Material (Table 
34). 

 
Figure 15: Men+ removed (%) by HAP in static single metal batch adsorption test at different pH. tcontact = 24 h, T = 30°C, solution volume 
to solid ratio ca. 100 mL gHAP-1, initial Men+ conc. = 300 ppm. 
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 Analyzing data obtained from tests performed under acidic conditions (pH 4, yellow bars in Figure 
15), a clear trend of metal species affinity towards HAP surface can be detected: Pb(II) > Cu(II) > Cr(III) > Co(II) 

> Ni(II). Results agree with the majority of literature [79,80,119,120], even if, as written above, proper 
comparisons are hindered by different HAP features and testing conditions.  

 Under alkaline conditions (pH 9, green bars in Figure 15), removal efficiency approaches 100% for all 
metal species. An increase in sorption ability of HAP is expected under basic conditions: indeed, for pH > 

pHPZC, HAP surface become negatively charged, thus interacting more favorably with metal cations. However, 
chemical precipitation, due to heavy metals speciation (Supplementary Material, Figure 83), surely partake 
to the trapping process. 

  From the outcome of these preliminary tests, gathering of adsorption isotherms of the five target 
species has been projected in terms of operational conditions (i.e. concentration ranges, pH, temperature, 

contact time).  

 Experimental adsorption isotherms for Cu(II), Pb(II), Cr(III), Ni(II) and Co(II) on stoichiometric 

synthetic HAP are reported in Figure 16, as amount of metal species loaded onto HAP surface (qe, mmolMe 
gHAP

-1) versus the residual metal concentration at the equilibrium (Ce, mmol L-1). Isotherms have been 
collected at T = 30°C, according to the experimental procedure reported in paragraph 8.3.1.1. All tests were 

performed under acidic pH (ca. 4) since representative of polluted industrial effluents [98]. 
 Experimental data, represented in Figure 16 by hollow black circles, have been fitted according to 

the most common isotherm model equations, namely Langmuir, Freundlich, Temkin, Toth (non-linear, 3-
parameters equation), Fowler-Guggenheim and Flory-Huggins models. For each metal species all the 

regressed parameters for all isotherm models are reported in the Supporting Material (Table 37 to Table 41). 
Plots of linearly regressed experimental data for all metal species and all applied model isotherms are 

available in the Supporting Material as well (Figure 84).  
Obviously, all model equations apply to gas-solid interfaces, thus their implementation in the 

interpretation of liquid-solid adsorption processes is subjected to intrinsic error [121]. Nonetheless, models 

have been extensively applied to adsorption phenomena taking place in condensed phase, returning good 
predications on sorbent-adsorbate interactions and overall helping data interpretation [14,89,122,123]. It 

should be noted that the failure to comply with some fundamental postulates of such model equations often 
causes the loss of physical meaning of determined equation parameters, limiting the information that could 

be gained from theoretical modelling. A brief review of the theoretical underpinnings of the model equations 
applied in this study can be found in the Supporting Material (paragraph 10.1.3). 

 In the study of metal species adsorption onto HAP surface, Langmuir and Freundlich models have 
proven to effectively describe most adsorbate-sorbent interactions [11,118–120]. However, before 
embarking on further discussion, a clarification is needed in the case of Cr(III) adsorption isotherm. As 

observable in Figure 16c, the quantity of Cr(III) adsorbed onto HAP surface reaches a first plateau at ca. 0.63 
mmolCr(III) gHAP

-1; this portion of the isotherm, properly fitted by the Langmuir model equation, will be 

hereinafter referred to as the first branch of Cr(III) adsorption isotherm. Following the first branch, a further 
increase of the apparent adsorption capacity takes place when a specific critical Ce is overcome (ca. 8 mM) 

and a new plateau is reached at ca. 1.19 mmolCr(III) gHAP
-1, thus defining the second branch of the isotherm. 

 Langmuir model equation modelling (red full lines in Figure 16) resulted to be the most effective in 

describing the adsorption phenomena of all target species onto HAP surface. Regressed parameters, namely 
maximum monolayer coverage of the adsorbate on the sorbent (nmax, mmolMe gHAP

-1) and Langmuir constant 
(b, L mmol-1) are listed in Figure 16f together with the adjusted R2 coefficient. Thus regressed nmax values 

represent the maximum adsorption capacity of HAP towards the studied heavy metal species: the obtained 
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trend in terms of nmax is consistent with the one disclosed by the preliminary static adsorption tests, 
confirming the Pb(II) > Cu(II) > Cr(III) > Co(II) > Ni(II) affinity order. Converting nmax values in massive terms for 

an easier evaluation, HAP proved to be able to trap ca. 501.4 mgPb(II) gHAP
-1, 79.4 mgCu(II) gHAP

-1, 61.9 mgCr(III) gHAP
-

1 (total, first Langmuirian plateau of adsorption at 32.8 mgCr(III) gHAP
-1), 22.5 mgCo(II) gHAP

-1 and 18.61 mgNi(II) gHAP
-

1 in single metal solutions and under acidic pH. These results candidate HAP as an effective sorbent for 
industrial wastewater remediation when compared to other low-cost materials presented in literature 

[124,125].  
 In the specific case of Cr(III), two nmax values reported in Figure 16f stem from the application of the 
Langmuir model equation on the first branch of the isotherm (red line in Figure 16c, up to Ce ca. 8 mM) and 

a polynomial fitting of the second branch, performed according to a logarithmic mathematical model. Indeed, 
as reported in Figure 16c and Table 39, no common model equation satisfactory interprets the second part 

of Cr(III) adsorption isotherm. The unusual presence of a steep increase of immobilized Cr(III) onto HAP at Ce 
equal to ca. 8 mM and the successful modeling of the latter by a logarithmic model (Dose-Response function) 

generally used in pharmacology to assess organisms’ saturation suggest that the second branch of the Cr(III) 
adsorption isotherm may not be solely attributed to an HAP-driven adsorption mechanism. Evidences of a 
different immobilization of Cr(III) at high concentration will be provided by microcalorimetric studies 

(paragraph 2.3.2). 

 Besides nmax, the Langmuir constant (b) is obtained from regression. It is an energetic parameter, 

indicative of adsorbate-sorbent interaction. However, since Langmuir model equation postulates the 
homogeneity of adsorption sites, conditions absolutely not fulfilled by HAP surface, regressed b parameters 

cannot be considered physically accurate but at most as a mean value of the energetics of cations’ interaction 
with all (diverse) HAP surface functionalities. For example, the case of Langmuir fitting on the first branch of 

Cr(III) adsorption isotherm returns unrealistic b values with an overall error exhibiting the same order of 
magnitude of the constant itself (Figure 16f). This highlights once more how the model may fail in the physical 
description of the phenomena when some of its fundamental postulates are not fulfilled by the system under 

study (in this case, the homogeneity of surface sites).  
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Figure 16: Experimental data (black hollow circles) and model isotherms mathematical fitting for the adsorption of a) Cu(II), b) Pb(II), 
c) Cr(III), d) Ni(II) and e) Co(II). Insets in graphs from a to e report the linearization of experimental data according to the Langmuir 
model equation. In the case of Cu(II) (a), an additional inset reports the full Ce range in which the adsorption phenomenon has been 
studied, which is way larger than for other cations. Parameters regressed from the latter are listed in f). For Cr(III), nmax of the second 
branch of the isotherm has been extrapolated (black dotted line in Figure 16c) from the fitted logarithmic curve. Isotherms collected 
at 30°C. 
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 Freundlich model equation is often reported to exhaustively describe the phenomenon of adsorption 
of several cations onto HAP surface [118,119]. As depicted in Figure 16, Freundlich model fails in interpreting 

the trend of experimental data collect at low and high qe values. Thus, despite R2 values approaching the 
unity, this empirical model does not represent the experimental trend of cations adsorption onto HAP. 

Moreover, Freundlich isotherm postulates an exponential energy distribution of the surface-active sites, a 
very different condition in respect with that of disclosed for HAP surface by calorimetric acid/base titrations 

(paragraph 2.2.2, Figure 13), that is likely the cause of the failing of the model for these systems. 
 Temkin model equation is commonly used to describe chemisorption processes in which lateral 
interaction (adsorbate-adsorbate) are not negligible. With the exception of Cu(II), this model equation fits 

experimental data with R2 > 0.920, indicating a possible role of already adsorbed species in directing the 
phenomena. The regressed B parameter, indicative of the heat of adsorption of the process, results to be 

nearly zero for Ni(II), Co(II) and Cr(III) while it is slightly higher for Cu(II) (ca. 0.1 J mmol-1) and Pb(II) (ca. 0.2 J 
mmol-1). Such values could indicate an almost non-thermal uptake process, most likely ion-exchange or 

surface complexation, for all metal species. However, this would strongly contrast with the trapping 
mechanism of dissolution-precipitation that literature unanimously report for Pb(II) [11,16,26,118]. A more 
rigorous approach has to be thought to directly investigate the thermodynamics of cations adsorption onto 

HAP (i.e. isosteres approach and/or microcalorimetric studies). Further details about the heat of adsorption 
correlated with cations trapping will be presented in paragraph 2.3.2. It can be concluded that neither Temkin 

model equation can satisfactorily describe the physical nature of cations adsorption onto HAP. 
 Toth model equation is an empirical modification of Langmuir’s one: it introduces a third parameter, 

n, that expresses the heterogeneity of the surface. n can range from 0, for a perfectly heterogenous surface, 
to 1, value at which Toth equation reduces to Langmuir model. Established that Langmuir equation properly 

fits experimental data and considering that surface heterogeneity of HAP surface is the main hindering to the 
correct application of such model, Toth equation should be the best choice to describe the phenomena. 
However, non-linear regression of experimental data according to Toth equation returns slightly 

overestimated nmax values, with Pb(II) and Co(II) giving unrealistic results (nmax 1.5x and 6x those obtained 
from linear Langmuir regression). On the other hand, Toth equation seems to model properly Cu(II) 

adsorption onto HAP, even from a graphical point of view (orange dotted line in Figure 16a): in this case 
indeed, the regressed nmax value is close to that obtained from Langmuir linear regression. n parameter is 

around 0.3, indicating marked heterogeneity of available surface sites towards Cu(II) adsorption. 
Nonetheless, the high value of the residual squares sum does not allow to fully rely on the Toth regressed 

parameters. Summarizing, Toth equation resulted less adequate than Langmuir model in fitting experimental 
data although the introduction of a parameter accounting for surface heterogeneity.  

Fowler-Guggenheim model, a Langmuir modification that takes into account lateral interactions, 

resulted to be inadequate to fit all experimental data with the exception of Co(II) ones. It must be stressed 
that Temkin model, likewise based on the non-negligible nature of lateral interactions, gave best fitting 

results precisely for Co(II) data (R2 = 0.934). Although there is a lack of experimental confirmations on this 
matter, it could be guessed that Co(II) adsortpion onto HAP is the process, amid the investigated metal 

species, that most suffer from lateral adsorbate-adsorbate interaction issues. The regressed parameter w, 
representing the interaction energy between adsorbed molecules, stood to a positive value of ca. 11 KJ mol-

1, suggesting repulsion forces between adsorbates. 
 Finally, Flory-Huggins model equation describes the characteristics of surface coverage of the solid 
by the adsorbate as a function of the number of available adsorption sites (n parameter) and thermodynamic 

spontaneity of the adsorption process itself (KFH). Thus, regressing KFH parameter and applying Van’t Hoff 

equation (paragraph 10.1.3.6), it is possible to indirectly evaluate the Gibbs free energy (∆G) of metal species 
adsorption onto HAP surface. The results indicate that all the studied cations adsorb spontaneously on HAP, 
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with a driving force that follows the same order of removal efficiency and Langmuir regressed nmax values: 
Pb(II) > Cu(II) > Cr(III) > Co(II) > Ni(II). Since all tests were performed on the same material and in the same 

experimental conditions, the affinity scale here reported can be considered reliable in the limits of 
experimental error. It must be noticed that n parameter, descriptor of available adsorption sites, largely 

deviates from Langmuir nmax values only for Pb(II) and Cr(III) modeling; such result could stem from the unique 
nature of Pb(II) trapping process (dissolution-precipitation) that does not imply a strictly surface adsorption 

of the cation on HAP surface but rather a chemical reaction at the interface. Same considerations could be 
drawn for Cr(III) immobilization as well, since its mechanism of uptake seems to be not univocal.  

 After adsorption tests, the metal-loaded samples underwent structural characterization by XRPD. By 

means of these analyses, structural stability of the adsorbent was checked. Moreover, when possible, 
information on the adsorption mechanisms of target cations were gathered. XRPD patterns of metal-loaded 

samples are reported in Figure 17a. 

 

Figure 17: a) XRPD patterns collected on metal-loaded HAP samples. Diffractograms collected on samples exhibiting qe values of ca. 
80% nmax (see Figure 16f). When considering Cr(III), the nmax obtained from the Langmuirian fit on the first “branch” of the isotherm is 
considered; b) XRPD pattern collected onto Cr(III)-loaded HAP where qe ≈ nmax2 (Figure 16f). 

 For the five metal species under investigation, literature reports different uptake mechanisms: 

surface complexation/ion-exchange for Cu(II), Cr(III), Ni(II) and Co(II) [12,14,15,120,126,127] and dissolution-
precipitation for Pb(II) [15,16,80,118]. 
 XRPD patterns, collected on samples presenting qe ≈ 80% nmax, are consistent with these claims: 

indeed, no alteration in the apatitic structure of HAP could be detected for Cu(II), Cr(III), Ni(II) and Co(II)-
loaded HAPs while Pb(II) removal occurred with the formation of a new crystalline phase. The addition peak 

appearing around 30° in 2θ (red pattern in Figure 17a) unravel the formation of crystalline hydroxyl 
pyromorphite (Pb10(PO4)6(OH)2), confirming the dissolution-precipitation mechanism. Interestingly, XRPD 
patterns collected onto Cr(III)-loaded HAP samples with qe > nmax1 (Figure 16f), presents a noticeable 

increment in the amorphous content, identified by the semicircular drifting of the background of the 
diffraction pattern at low diffraction angles (Figure 17b). This evidence is consistent with a possible change 

in the uptake mechanism of Cr(III), as suggested by the double plateau isotherm reported in Figure 16c. 
Further details will be discussed in paragraph 2.3.2, where microcalorimetric measures of Cr(III) adsorption 
onto HAP will disclose useful information to assess its uptake mechanism under these conditions. 
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 Since ion-exchange processes for Cu(II), Cr(III) (up to Ce ca. 8 mM), Ni(II) and Co(II) should occur at 
the expenses of Ca(II), and considering the difference in ionic radii of these species (basically all smaller than 

the former), calculation of the unit cell parameters of metal-loaded samples could return information about 
the phenomena. A preliminary rough refinement of cell parameters carried out using CelRef V3 software (see 

paragraph 8.2.1 in the Experimental Section for details) have been performed. Main results are gathered and 
reported in the Supporting Material (Table 35 and Table 36).  

Unit cell parameters did not vary according to a trend and moreover variations were deemed not 
significant. All metal-loaded samples presented almost the same increase in a and c parameters in respect 
with pristine HAP. The same increase was registered after exposure to acidic environment (paragraph 2.2.1, 

Table 32). Same conclusions could be drawn for unit cell refinement of hydroxyl pyromorphite phase (Table 
36). At this point of the study it is not possible to state if (i) ion-exchange mechanism did not take place but 

rather a surface complexation (i.e. a process that do not alter HAP lattice) occurred or (ii) the limited beam 
intensity of a routine diffractometer, together with the low wt.% of loaded metal species, do not allow a 

robust analysis.  

It is noteworthy that the affinity trend disclosed by both preliminary tests and adsorption isotherms 
directly relates to the complexation constants of the target metal species by the common functional groups 

exposed on HAP surface (Table 8). Surely, the association constants measured in liquid phase that are 
reported in Table 8 cannot be taken as a reliable absolute value for a liquid-solid interfacial system like the 

one under study. However, for an internal and relative comparison, they provide a rationale for the 
removal/affinity trend. This indicate that, as proposed in paragraph 1.2.2.1, surface complexation can be 

considered as the initial step of the adsorption phenomena for diverse metal species. 

Table 8: Complexation constants of the target metal species with the functional groups representing the main basic surface moieties 
of HAP. 

Metal species 

Log KC 
a 

-OH -POH -COH 

25°C µ = 0 25°C µ = 0.5 25°C µ = 0 

Cu(II) 6.3 3.2 9.6 
Pb(II) 6.3 3.1b 13.1 

Cr(III) 10.1 N/A N/A 
Ni(II) 4.1 2.1 6.9 

Co(II) 4.3 2.2 10.0 
a KC = Complex association constant, evaluated as [ML]/([M]·[L]), where ML is the metal-ligand complex, M the free metal cation and 

L the free anionic ligand. 
b Measured at µ = 0 

 Considering the limited impact of carbonate groups because of their scarce presence on synthetic 

HAP surface (paragraph 2.2.1, Figure 11), a good correlation between percentage removal of Cu(II), Ni(II) and 
Co(II) and their complexing constant can be drawn.  

Application of the same rationale to the case of Pb(II) is quite difficult, since the dissolution-

precipitation mechanism does not necessarily implies an initial surface complexation step. Indeed, an 
interaction of Pb(II) with the phosphate groups present at the interphase (due to partial dissolution of HAP) 

can be supposed , thus bringing into play precipitation constants over complexation ones. 
The case of Cr(III) is likewise complicated by several issues. First and foremost, complete data on 

complexation constants for Cr(III) are not reported in literature [128,129]. Moreover, its trivalent nature 



42 

 

makes difficult and internal comparison when a fixed 1:1 stoichiometry between metal and ligand is 
postulated (Table 8). In addition, the alleged creation of new amorphous phases upon adsorption at high 

Cr(III) concentrations suggests that Cr(III) immobilization at Ce > 8 mM could be induced by phenomena that 
are not exclusively relatable to adsorption phenomena onto HAP surface but could relate to Cr(III) speciation. 

Indeed, further calorimetric studies, presented in next section, will evidence that Cr(III) peculiar speciation in 
aqueous phase (Figure 83 in Supporting Material) is supposed to determine the cation’s behavior at HAP 

interface. 
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2.3.2 Thermodynamic approach: microcalorimetric study of the adsorption of Men+ onto HAP 

surface 

Investigate the thermodynamics and energetics of the adsorption of metal species onto HAP surface 

could return valuable information in terms of disclosure of the adsorption mechanisms and thus help the 
comprehension of the phenomenon. In this section, a volumetric approach, based on the calculation of 

isosteric heats (∆stH) from experimental adsorption isotherms collected at different temperatures, will be 
presented. Then, data will then be complemented and corroborated by a direct measure of the heat evolved 

(∆adsH) by the metal adsorption process by means of liquid-phase microcalorimetric experiments. Both 
experimental and instrumental details about isotherms collection and microcalorimetric titrations can be 
found in the dedicated section (paragraph 8.3.1.1 and 8.3.1.2, respectively). 

The knowledge gained onto Cu(II), Pb(II), Cr(III), Ni(II) and Co(II) adsorption onto HAP surface in the 
previous section depicts two different mechanisms of capture: with the exception of Pb(II), whose uptake 

passes through a dissolution/precipitation mechanism, all the other species are adsorbed on HAP accordingly 
to a surface complexation/ion exchange process, with Cr(III) being an exception when a certain critical Cr(III) 

concentration is overcome. Thus, it can be expected that Pb(II) would exhibit a peculiar thermal pathway of 
removal. Indeed, due to its higher stability in aqueous solution (Kps < Kps HAP), the formation of hydroxyl-

pyromorphite is supposed to be accompanied by heat release (∆H < 0, exothermal process), as a consequence 
of the creation of a new stable phase. 

On the other hand, Cu(II), Cr(III) (for Ce < ca. 8 mM), Ni(II) and Co(II) should all share a similar uptake 

mechanism and therefore a similar thermal pathway of adsorption. In line of principle, the ∆adsH associated 

to whether surface complexation or ion-exchange is expected to be negligible in the fact that such 
mechanisms are almost non-thermal in nature.  

Taking Cu(II) as representative of the species deemed to follow non-thermal adsorption pathways, 

the Pb(II) and Cu(II) ∆adsH onto stoichiometric HAP has been investigated by gathering adsorption isotherms 
in a range of temperature comprised between 18 and 55 °C (291 to 328 K). Then, applying the Clausius-

Clapeyron equation, the isosteric heat of the adsorption process (∆stH) was calculated. In agreement with 
previous results, experimental data have been modelled according to the Langmuir isotherm equation. 

Moreover, Flory-Huggins model equation has been applied, in the effort to correlate spontaneity of the 
phenomena with temperature. Experimental data, fitted curves and regressed parameters are reported in 

Figure 18 and Table 9 for Cu(II) and Figure 19 and Table 10 for Pb(II). Linear regressions of experimental data 
are graphically reported in the Supporting Material (Figure 85 and Figure 86). 

Cu(II) adsorption process onto HAP surface was satisfactorily fitted by the Langmuir model in the 
range of temperature studied (Figure 18). nmax values (Table 9) do not show a clear trend with temperature. 
However, the overall oscillation of nmax cannot be merely ascribed to experimental errors and a moderate 

endothermicity of the phenomena can be guessed by the slight increase in Cu(II) maximum loading 
comparing isotherms collected at the temperature endpoints. Despite not optimal correlation factors, 

modelling of the same experimental data according to Flory-Huggins equation seems to confirm the 

endothermicity of the phenomena. Indeed, overall ∆adsG tends to more negative values when temperature 

increases (Table 9). Considering the moderate variations in both nmax and ∆G values, Cu(II) adsorption onto 
HAP seems to be a mildly endothermal process. Possible explanation to the phenomena could be the smaller 

ionic radius of Cu(II) in respect with Ca(II). Indeed, supposing Cu(II) is trapped onto HAP surface through an 
ion-exchange mechanism, differences in ionic radii  between Cu(II) and Ca(II) (and thus charge densities) 
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would result in a non-perfect balance of lattice ingress/egress and solvatation/desolvatation enthalpic 
contributions, generating mild thermal effects. 

 

Figure 18: Experimental data and Langmuir fitted isotherms for Cu(II) adsorption onto HAP at different temperatures. 

Table 9: Langmuir (top) and Flory-Huggins (down) model equations parameters regressed from experimental data of Cu(II) adsorption 
onto HAP at different temperatures. 

Isotherm Model T Parameter Value R2 

Langmuir 

291 K 
nmax (mmol gHAP

-1) 1.03 ± 0.02 
0.997 

b (L mmol-1) (1.07 ± 1.16) 

303 K 
nmax (mmol gHAP

-1) 1.25 ± 0.02 
0.997 

b (L mmol-1) (0.369 ± 0.169) 

313 K 
nmax (mmol gHAP

-1) 1.16 ± 0.02 
0.996 

b (L mmol-1) (0.745 ± 1.01) 

328 K 
nmax (mmol gHAP

-1) 1.32 ± 0.02 
0.998 

b (L mmol-1) (5.30 ± 4.76) 

Flory-Huggins 

291 K 

n 0.514 ± 0.058 

0.898 KFH (L mmol-1) 0.0724 ± 0.0032 

ΔG (J mmol-1) -6.62  0.11 

303 K 

n 0.745 ± 0.092 

0.867 KFH (L mmol-1) 0.0634 ± 0.0034 

ΔG (J mmol-1) -6.95  0.14 

313 K 

n 0.379 ± 0.073 

0.749 KFH (L mmol-1) 0.0581 ± 0.0033 

ΔG (J mmol-1) -7.17  0.14 

328 K 

n 0.167 ± 0.002 

0.922 KFH (L mmol-1) 0.0422 ± 0.0001 

ΔG (J mmol-1) -7.97  0.002 
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Even Pb(II) adsorption onto HAP surface was adequately described by the Langmuir model equation 
in the temperature range under study (Figure 19).  

 

Figure 19: Experimental data and Langmuir fitted isotherms for Pb(II) adsorption onto HAP at different temperatures. 

Table 10: Langmuir (top) and Flory-Huggins (down) model equations parameters regressed from experimental data of Cu(II) 
adsorption onto HAP at different temperatures. 

Isotherm Model T Parameter Value R2 

Langmuir 

291 K 
nmax (mmol gHAP

-1) 2.52 ± 0.07 
0.991 

b (L mmol-1) 1.44 ± 0.62 

303 K 
nmax (mmol gHAP

-1) 2.42 ± 0.03 
0.999 

b (L mmol-1) 2.75 ± 0.96 

313 K 
nmax (mmol gHAP

-1) 2.38 ± 0.01 
1.000 

b (L mmol-1) 4.83 ± 1.49 

Flory-Huggins 

291 K 

n 0.0574 ± 0.0126 

0.697 KFH (L mmol-1) 0.0194 ± 0.0001 

ΔG (J mmol-1) -9.93 ± 0.01 

303 K 

n 0.0879 ± 0.0096 

0.895 KFH (L mmol-1) 0.0207 ± 0.0001 

ΔG (J mmol-1) -9.77 ± 0.01 

313 K 

n 0.0672 ± 0.0183 

0.731 KFH (L mmol-1) 0.0211 ± 0.0003 

ΔG (J mmol-1) -9.72 ± 0.03 

 In this case, a monotonic decreasing trend of nmax values with temperature can be noticed (Table 10). 
Moreover, regression of experimental data according to the Flory-Huggins model equation returns increasing 

∆adsG values for increasing temperatures (Table 10), suggesting a lower spontaneity of Pb(II) uptake onto HAP 
at higher temperatures. These behaviors indicate an exothermal phenomenon that would be consistent with 
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the previous assumption, foreseeing the formation of a new stable Pb-containing phase. Further 
considerations on the alleged exothermal effect of Pb(II) adsorption can be made recalling the peculiar HAP 

inverse solubility (paragraph 1.1.4): because of this behavior, higher temperature would cause a reduction 
of HAP dissolution, with a related decrease in concentration of free phosphate ions, thus hindering Pb(II) 

precipitation. However, the range of temperature under study (∆Tmax = 22°C) is not wide enough to justify 
major variations in HAP dissolution and consequent PO4

3- ions availability in the reaction media. Therefore, 

the decrease in ∆adsG with increasing temperature cannot be assigned to “limiting reactant” issues; the 
exothermal nature of Pb(II) uptake onto HAP surface seems to be the only addressable factor concurring in 

the definition of ∆adsG trend. 

 Further information on the energetics of adsorption phenomena can be provided by the 
determination of the isosteric heat of adsorption using the experimental adsorption isotherms collected at 
different temperatures. Isosteric heat of adsorption (∆stH) at constant surface coverage can be computed 

adapting the Clausius Clapeyron equation to the adsorption phenomenon: 

( )  =  − Δ
 

∆stH can then be calculated from the slope of the so-called Clausius-Clapeyron-like plot, where ln (Ce) 

is plotted versus the inverse of the temperature (1/T). So, at each temperature, for fixed surface metal 
loading qe ≤ nmax, equilibrium concentration of residual metal species (Ce) has been calculated through the 

related Langmuir fitted isotherm. By reporting these data as a function of the reciprocal of the temperature, 
isosteres of adsorption are obtained, which describe ln (Ce) dependence on temperature at fixed surface Cu-

coverages.  

Isosteres of Cu(II) adsorption onto HAP are graphically reported in Figure 20, while their slopes and 

calculated ∆stH values are listed in Table 11. 

 

Figure 20: Adsorption isosteres for Cu(II) adsorption onto HAP at various Cu(II) loading (0.05 < qe (mmolCu(II) gHAP-1) < 0.80). 
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Table 11: Isosteres slope and extrapolated ∆stH for Cu(II) adsorption onto HAP surface.  

qe Slope (regression) ∆stH 
mmolCu(II) gHAP

-1 - J molCu(II)
-1 

0.05 4.96 41.2 ± 30.2 
0.15 5.01 41.7 ± 30.1 

0.25 5.08 42.2 ± 30.0 
0.50 5.34 44.4 ± 29.5 

0.75 5.94 49.3 ± 28.4 

In all cases, regression lines with a positive slope were obtained, implying an endothermal nature for 
Cu(II) adsorption onto HAP. However, the isosteric enthalpies shown in Table 11 indicate that Cu(II) uptake 
occurs with a very small heat absorption (around 40-50 J molCu(II)

-1), with an computational error from the 

applied model that is in the same order of magnitude of the results themselves. Taking into account the 
amount of Cu(II) that can be effectively trapped onto HAP surface (nmax ≈ 1.2 mmol gHAP

-1 in the temperature 

range under study) the phenomenon can be reasonably assumed to be non-thermal. 

Pb(II) onto HAP isosteres are analogously reported in Figure 21 and numerical values displayed in 

Table 12.  

 

Figure 21: Adsorption isosteres for Pb(II) adsorption onto HAP at various Pb(II) loading (0.05 < qe (mmolPb(II) gHAP-1) < 2.20). 
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Table 12: Isosteres slope and extrapolated ∆Hst for Pb(II) adsorption onto HAP surface. 

qe Slope (regression) ∆stH 
mmolPb(II) gHAP

-1 - J molPb(II)
-1 

0.05 4.75 39.5 ± 1.71 
0.50 4.70 39.0 ± 1.79 

1.00 4.59 38.2 ± 1.92 
1.50 4.38 36.4 ± 2.18 

1.75 4.16 34.6 ± 2.42 
2.00 3.69 30.7 ± 2.85 
2.20 2.62 21.8 ± 3.41 

 Results are similar to those obtained for Cu(II) adsorption onto HAP surface, highlighting positive 

isosteres slopes, i.e. endothermal nature of the phenomena. ∆stH calculated values are even lower than those 
registered for Cu(II), improbably depicting a non-thermal adsorption mechanism. Considering once again 

metal loading onto HAP (order of magnitude of units of mmol gHAP
-1) and the ∆stH extrapolated from isosteres, 

it becomes clear that this approach do not satisfy the sensitivity criteria for a thorough investigation of 

adsorption phenomena occurring in such extent. 
 Since measure of the heat absorption/release correlated with metal species adsorption cannot be 

determined with conventional indirect methods, a direct thermodynamic observation of the phenomena was 
pursued by means of liquid-phase microcalorimetry. Indeed, isothermal titration calorimetry allows to 

measure the heat evolution related to liquid-solid absorption phenomena when known aliquots of metal 
species are introduced into a sample cell containing an aqueous suspension of the sorbent. Information are 
obtained from the calorimetric profiles measured during such titration. Details about used instrument and 

experimental procedure of microcalorimetric titrations with metal solutions can be found in the Supporting 
Material (paragraph 8.3.1.2). This study was carried out in collaboration with IRCELYON. 

Thanks to this method, the thermal effect of the target metal species adsorption onto HAP has been 
unraveled. In addition, other metal species, not listed among the target species investigated in the previous 

paragraph, have been tested in calorimetric titration, as to address ionic radius/mechanism correlations that 
literature still debate [11,79]. Even if to different extent, all the metal species studied were confirmed to be 

adsorbed by HAP by several studies [15,16,79,80,130]. 

 First and foremost, a qualitative comparison of the calorimetric profile of several and diverse metal 
species is reported in Figure 22. The black profile in each graph was registered performing “blank” injections, 

namely injecting water in water (no metal species introduced, no HAP suspended in the measurement cell).  
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Figure 22: Comparison of calorimetric profiles of adsorption onto HAP for bivalent cations with a) smaller ionic radius and b) bigger 
ionic radius in respect with Ca(II). In c) calorimetric profiles of trivalent cations. According to the typical calorimetric convention, 
positive heat flow (i.e. positive peaks) indicate exothermal phenomena and vice versa for endothermal ones.   

Table 13: Physical features of Ca(II) (reference) and of the cations under study together with their optimized conditions of 
microcalorimetric titration. 

Metal species Ionic radiusa 
 Atomic number  Charge/radius Optimized titration conditions 

 Å   [Me] VInj ∆tInj 

Ca(II) 1.00 20 0.0200 - - - 

Cu(II) 0.73 29 0.0274 0.3 M 0.4 mL 2 h 

Ni(II) 0.69 28 0.0290 0.5 M 1 mL to 0.2 mL 2 h 

Co(II) 0.745 27 0.0268 0.5 M 0.2 mL 2 h 

Pb(II) 1.19 84 0.0168 0.1 M 0.2 mL 2 h 

Sr(II) 1.18 38 0.0169 0.3 M 1 mL to 0.2 mL 2 h 

Cr(III) 0.615 24 0.0488 0.5 M 0.2 mL 4 h 
Al(III) 0.535 13 0.0561 0.5 M 1 mL to 0.2 mL 3 h 

a From Shannon Ionic Radius Database. 

Despite major differences in concentration and volume of injected solutions (Table 13), Cu(II), Ni(II) 
and Co(II) all exhibited a quasi non-thermal (slightly endothermal) adsorption onto HAP surface (Figure 22a). 

This common behavior can be addressed to a similar adsorption process for these species onto HAP surface. 
Literature indeed suggests for them a surface complexation/ion exchange adsorption mechanism 
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[14,119,120]. Slight endothermicity could be caused by the difference in charge density among these bivalent 
cations and Ca(II): indeed, desolvatation of one among Cu(II), Ni(II) or Co(II) would require a positive enthalpic 

contribution which would be higher (in absolute value) than the exothermal counterpart represented by 
Ca(II) solvatation, since the charge density of “entering” species is slightly bigger than Ca(II) one. So, ionic 

radius and charge density seem in this specific case to direct the capture energetic and mechanism onto HAP 
surface. 

However, in Figure 22b, such claim is readily denied by the calorimetric profile of two cations with a 
similar and bigger ionic radius (Table 13), namely Pb(II) and Sr(II). Notwithstanding the almost identical 
dimensions and charge density indeed, the two metal species exhibits different calorimetric behavior. Pb(II) 

adsorption  onto HAP surface is accompanied by a net heat release (∆absH < 0, exothermal process), consistent 
with the formation of a new (more stable) phase through a dissolution/precipitation mechanism. The present 

result is not consistent with the ∆stH calculated from the volumetric approach (Figure 21 and Table 12). Since 
microcalorimetry is by far the most reliable technique for the evaluation of the thermal effects associated to 

adsorption, it can be concluded that the adsorption isosteres (volumetric) approach do not fulfill the 

minimum sensitivity requirements to yield trustable ∆stH values. Likely, the limited temperature range in 
which Pb(II) adsorption isotherms have been collected is the most limiting factor in terms of the analytical 

sensitivity. 
Conversely, Sr(II) adsorption results to be basically a non-thermal process, with a minimal 

exothermicity that can be detected only for high concentration and injection volumes of Sr(II) solution (Table 
13). As a matter of fact, Sr(II) is reported in literature to be ion-exchanged with Ca(II) in HAP lattice 
[46,130,131]; so, the rationale above exposed for Cu(II), Ni(II) and Co(II) stands for Sr(II) as well. The moderate 

exothermicity can be ascribed to an unbalanced enthalpic contribution from Sr(II) desolvatation/Ca(II) 
solvatation, this time in favor (in terms of absolute terms) of the latter (because of the lower charge density 

of Sr(II) in respect with Ca(II)). The comparison between Pb(II) and Sr(II) calorimetric profiles highlights that 
ionic radius and charge density are not the only parameters directing the mechanism of trapping onto HAP 

surface. Other factors, such as metal speciation and solubility of related phosphate salts, play a role in 
defining the pathway of the adsorption process. 

Similar conclusions can be drawn when analyzing Figure 22c profiles.  
Cr(III) and Al(III), two trivalent species with small ionic radius and high charge density, show indeed 

opposite behavior. Interestingly, Cr(III) seems to be adsorbed onto HAP surface with an initial strong 

exothermal contribution, following which moderate exothermicity is displayed. Marked thermal effect would 
be expected in the case of a dissolution/precipitation mechanism; however, no new crystalline phases were 

detected on Cr(III)-loaded HAP, although the generation of new amorphous phases was assessed upon 
adsorption of Cr(III) when Ce Cr(III) > 8 mM (Figure 17b). Considering Cr(III) speciation (Figure 83) and the HAP 

buffering ability to impose a nearly neutral pH at the liquid-solid interface (paragraph 1.1.4), this thermal 
phenomenon may can stem from the precipitation of amorphous Cr(III) oxy-hydroxides at the solid-liquid 

interface.  

Cu(II) full calorimetric profile is shows in Figure 23a. Analyzing peak height, it can be noticed that 
after the first 2 injections the heat absorbed by the process becomes almost constant. Integration of peaks 

and plotting of differential heat (Qdiff, Figure 23b) versus the amount of injected Cu(II) confirms it. As a 
consequence, integral heat (QInt, Figure 23c) increases linearly with the amount of injected Cu(II). These 

trends originate because the amount of Cu(II) dosed (0.4 mL of a 0.3 M solution) is high enough to saturate 
HAP surface after only the two injections. As a matter of fact, the first two injections bring the system to a qe 

≈ 1.246 mmolCu(II) gHAP
-1, practically equal to the previously determined maximum Cu(II) adsorption capacity 

of HAP (nmax ≈ 1.25 mmolCu(II) gHAP
-1) under these operative conditions (T = 30°C). So, any other addition of 
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Cu(II) do not imply further adsorption of Cu(II) onto HAP surface and the heat measured henceforth is only 
ascribable to dilution effects and thermal noises of the injection itself. Therefore, considering the QInt evolved 

from the first two (meaningful) injections, ca. 1.5 J gHAP
-1, adsorption of Cu(II) is confirmed to be an almost 

athermal phenomena. Summing up these calorimetric consideration with characterization of Cu(II)-loaded 

samples carried out above, a surface complexation/ion exchange mechanism appears plausible for Cu(II) as 
well as for Ni(II) and Co(II), which display similar behavior. 

Cu(II) on HAP calorimetric isotherm, obtained correlating QInt (from microcalorimetric experiments) 
with the actual qe (from volumetric experiments, Figure 87a in Supplementary Material), is reported in the 

Supplementary Materials (Figure 87a). Because of the modest ∆absH of the phenomenon and thus the 
necessity to inject large amounts of Cu(II) to detect slight thermal contributions, experimental data of the 

calorimetric isotherm were all collected in a narrow qe range, too close to nmax to extrapolate meaningful 
information. 

 
Figure 23: a) calorimetric profile, b) differential heat (QDiff) plot and c) integral heat (QInt) plot for Cu(II) adsorption onto HAP. 

Pb(II) calorimetric titration returns a peculiar heat flow profile, made of a series of exothermal 
decreasing peaks (Figure 24a). Peak integration and plotting of Qdiff versus the amount of added Pb(II) (Figure 

24b) reflect the diminishing trend guessed from the calorimetric profile. Likewise, QInt versus introduced 
Pb(II) (Figure 24c) implies the reaching of a plateau for a high quantity of injected Pb(II) moles.  
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Figure 24: a) calorimetric profile, b) differential heat (QDiff) plot, c) integral heat (QInt) plot and d) calorimetric isotherm for Pb(II) 
adsorption onto HAP. 

 Thanks to the collection of Pb(II) adsorption isotherms and knowing the exact amount of Pb(II) 

introduced with each injection, the measured QInt can be related to a specific amount of adsorbed Pb(II) (qe), 
thus obtaining the so-called calorimetric isotherm reported in Figure 24d. Experimental data show a linearly 

increase of QInt with qe. A single regression line fits all data, indicating that one single mechanism is 
responsible for Pb(II) adsorption onto HAP surface (likely, dissolution/precipitation). From the slope of this 

regression line (Figure 24d) the overall average ∆absH can be estimated. The formation of hydroxyl-

pyromorphite is then assessed to be an exothermal process (∆adsH ≈ -23 kJ molPb(II)
-1). 

The calorimetric profile of Cr(III) adsorption onto HAP (Figure 25a) exhibits a series of exothermal 
and decreasing peaks like Pb(II) but, differently from the latter, peak height stabilizes and remain constant 
after the initial injections. This behavior influences the trend of both Qdiff and QInt curves (Figure 25b and c).  
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Figure 25: a) calorimetric profile, b) differential heat (QDiff) plot and c) integral heat (QInt) plot for Cr(III) adsorption onto HAP. 

As for Cu(II) calorimetric studies, the comparative evaluation between volumetric and calorimetric 

data gives back a calorimetric isotherm (Supporting Material, Figure 87b) in which all experimental points 

are too close to nmax to derive any information about the ∆absH of the process. Even in this case, these results 
are due to the almost complete saturation of HAP surface sites available for Cr(III) immobilization (i.e. 

reaching of the second branch nmax, Figure 16f) during the very first injections. Conversely from Cu(II), Cr(III) 
adsorption is an exothermal process (first 3 injections) after which, because of HAP surface saturation, the 

thermal contribution may be addressed to dilution effects and thermal noise.  
Considering the peculiarities of Cr(III) adsorption isotherm onto HAP (Figure 16c) and the fact that no 

significant thermal contributions could be detected when dosing small amounts of Cr(III) (i.e. reaching qe 

values lower than the first branch nmax, Figure 16f), it may be supposed that the two isotherm branches 
represent two distinct Cr(III) uptake phenomena. At first, Cr(III) seems to be adsorbed onto HAP surface 

according to a surface complexation/ion-exchange mechanism. This conclusion is supported by (i) the almost 
null thermal effects detected when dosing Cr(III) as to obtain qe < first branch nmax (ca. 0.63 mmolCr(III) gHAP

-1, 

Figure 16f) and (ii) the absence of any new crystalline and/or amorphous phase on Cr(III)-loaded samples in 
the same qe range (Figure 17a). Then, the sudden increase in qe at Ce > ca. 8, which leads to a new plateau 

(second branch nmax, ca. 1.19 mmolCr(III) gHAP
-1, Figure 16f) could be ascribed to a different (exothermal) 

phenomenon: dissolution-precipitation or (more likely) heterogenous precipitation of Cr(III) oxy/hydroxides 
at HAP interface, consistently with the appearance of an amorphous contribution as visualized in Figure 17b. 

Such process should be driven by the high Cr(III) concentration, HAP buffering ability (discussed in paragraph 
1.1.4) and the consequent solubility issues of Cr(III) itself (see speciation graph in the Supporting Material, 

Figure 83). The achievement of the second plateau could then be ascribed to the massive coverage of HAP 
surface by the Cr(IIII)-based precipitate. The coverage of the HAP surface by the new Cr(III)-based phase 

results in the disappearance of a suitably buffered interface, therefore hindering further Cr(III) precipitation. 

After this thorough physical/chemical characterization and the investigation of the underpinnings of 

metal cations adsorption onto HAP surface, synthetic stoichiometric HAP has been tested in the remediation 
of simulated wastewaters representative of some real industrial effluents and/or polluted regions (Table 3).  

Two case studies will be presented. The first case study deals with Cr(III) pollution, in combination with 

Pb(II) and Ni(II) in a simulated effluent of a mining plant while the second is a predictive study for the 
application of HAP in the remediation of electrical industries effluents, where Ni(II) and Co(II) would be the 

main polluting species.  
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2.3.3 Case study n°1: Chromium pollution 

A thorough study of HAP efficiency for Cr(III) removal in simulated polluted wastewater has been 
conducted in industrial-like setup (i.e. static batch adsorption tests). A vast screening of the effect of 

operational conditions and competitive effects (with Pb(II) and Ni(II), likely co-present in Cr(III) polluted 
streams, Table 3) has been carried out. All experimental details are reported in paragraph 8.3.1.1.  

The effect of pH, contact time and initial metal concentration have all been evaluated. Specifically, 
Cr(III) uptake has been assessed in the pH range from 4 to 9, for different solution/solid contact times (up to 

24 hours) and in the presence of initial Cr(III) concentrations ranging from ca. 0.3 to ca. 6 mM (i.e. ca. 15 to 
300 ppm). Details about the actual experiments performed are reported graphically in the scheme inFigure 

88 (Supporting Material). The choice of the three operative concentrations (ca. 0.3 – 1.4 – 5.8 mM, equal to 
ca. 15 – 75 – 300 ppm) was made to estimate HAP sorbent performance at low, medium and high pollutant 
concentration, standing to on-field sampling classification and WHO guidelines [106,132]. 

The main results obtained from Cr(III) adsorption tests on synthetic HAP are reported in Figure 26. 

 

Figure 26: Results of the Cr(III) uptake experiments on synthetic HAP sample at different pH values as a function of initial moles of 
Cr(III) in solution at fixed volume (10 mL): a) natural pH (4 to 6); b) pH 7; and c)  pH 9; d) percent Cr removal from solution for all the 
adsorption tests evaluated after 24 h. All batch tests were performed at 30°C with a solution volume to solid ratio of 100 mL gHAP-1. 
From reference (Ferri et al. 2019). 

Cr(III) uptake by HAP increased with the initial amount of Cr(III) in solution with trends depending on 

the initial pH value of the solution. Only at pH 4-6 (i.e. natural pH of aqueous solutions containing from 15 to 
300 ppm of Cr(III)), a clear effect of solid/solution contact time has been observed: three distinct curves, lying 
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one over the other and with similar profiles, corresponding to analyses at 0.25 h, 8 h, and 24 h, are displayed 
in Figure 26a. Thus, Cr(III) trapping onto HAP surface increased with time. Moreover, percent Cr(III) removal 

decreased with initial Cr(III) amount in solution (Figure 26d), starting from almost 100% down to ca. 55% 
removal efficiency; in terms of Cr(III) uptake onto HAP surface, qe ranges from ca. 0.03 mmolCr(III) gHAP

-1 (pH 4, 

initial Cr(III) concentration equal to 15 ppm, removal efficiency ca. 100%) to ca. 0.30 mmolCr(III) gHAP
-1 (pH 4, 

initial Cr(III) concentration equal to 300 ppm, removal efficiency ca. 55%). Comparing these qe values to the 

nmax regressed from Cr(III) adsorption isotherm (Figure 16f), it is clear that the absence of stirring in an 
industrial-like setup would largely impact on the adsorption capacity of HAP. 

Time dependency and diminishment of removal efficiencies for high Cr(III) amount suggest that, in 

this concentration range, Cr(III) should be trapped onto HAP surface by surface complexation/ion-exchange 
mechanism, as suggested by volumetric and calorimetric study presented in the previous sections. Dynamic 

competition with protons (exacerbated by the mild acidic pH) and static batch conditions could be addressed 
as the main causes of sluggish adsorption kinetics.  

For neutral and basic pH values, similar trends in Cr(III) uptake versus initial Cr(III) amount were 
disclosed. Moles of removed Cr(III) increase in linear fashion with initial concentration (Figure 26b and c) and 
higher uptakes of Cr(III) occurred in comparison with natural pH conditions. From the viewpoint of 

percentage removal efficiencies, Cr(III) uptake was total at both neutral and basic pH (Figure 26d). In addition, 
no differences arose for different solid/solution contact times and the curves collected at 0.25 h, 8 h, and 24 

h were quite superposed. This behavior suggest that removal kinetics are faster than under acid conditions 
and full remediation of Cr(III) pollution occurred in less than 15 minutes for all the investigated initial 

concentrations.  
By considering the speciation diagram of Cr(III) species at pH 7 (Figure 83, supporting material), the 

uptake mechanism of Cr(III) onto HAP surface likely occurred by a cooperation of surface complexation/ion 
exchange (exerted by the sorbent in this concentration range) and precipitation of chromium oxy/hydroxides 
(exerted by the pH conditions and presumably taking place in the bulk of the solution rather than at 

solid/liquid interface, as in the case of high Cr(III) concentration). However, bulk precipitation of Cr(III) 
oxy/hydroxides can account only for ca. 10% of the total Cr(III) removal (roughly estimated from the 

speciation graph of Cr(III) reported in Figure 83). So, higher efficiency of the adsorption process can be 
postulated at pH 7 (in comparison with pH 4-5). In fact, the net overcoming of pHPZC of HAP results in a more 

favored cationic adsorption [46]. 
Regarding tests carried out at pH 9 (Figure 26c), bulk precipitation of Cr(III) due to alkaline conditions 

could be assumed as the main Cr(III) immobilization pathway, as it can be deduced from Cr(III) speciation 
diagram (Figure 83). 

To assess the risk of secondary pollution and check Cr(III) 

retention by HAP surface, leaching experiments have been 
performed on selected Cr(III)-loaded HAP samples. Results are 

graphically displayed as histograms in Figure 27.  
Cr(III)-loaded HAP samples, obtained from the adsorption 

experiment under acidic pH, released ca. 2% of the total Cr(III) 
previously adsorbed by the material. Samples obtained from the 

experiments at neutral and basic pH released negligible amounts of 
Cr(III). These results indicate that (i) the highly functionalized HAP 
surface guarantee excellent Cr(III) retention, avoiding secondary 

pollution, (ii) a low percentage of Cr(III) trapped under acidic 

Figure 27: Percent of Cr(III) leached from Cr(III)-
loaded HAP samples. Experimental details can 
be found in paragraph 8.3.1.1. From reference 
(Ferri et al. 2019). 
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conditions is loosely anchored onto HAP surface (sluggish adsorption kinetics and charge repulsion could be 
responsible for such an unstable “intermediate” state of Cr(III) before a permanent accommodation onto 

HAP surface) and (iii) even if Cr(III) removal starts with chemical precipitation in bulk solution, HAP tightly 
retained the pollutant when it sits onto its surface, probably anchoring such oxy/hydroxide species as surface 

complexes. 

To corroborate metal uptake tests, selected Cr(III)-loaded HAP samples have been morphologically 

and compositionally characterized by: ICP/AES analyses on mineralized samples, N2 adsorption/desorption 
analyses and STEM/EDX (to have an insight on Cr(III) distribution onto HAP surface). XRPD analyses of Cr(III)-
loaded HAP have already been presented in Figure 17 and as discussed above, in this range of concentration, 

no structural modifications occurred as function of Cr(III) uptake onto HAP surface (Table 35). 

Table 14: Main properties of synthetic HAP and selected Cr(III)-loaded HAP samples. From reference (Ferri et al. 2019). 

Sample 
Ca/P ratio 

Surface 

areab 

Mean pore 

radiusc 
Pore volumec 

atom/atom m2 g-1 nm cm3 g-1 

Pristine HAP 1.662 85.05 4.26 0.219 

Post-stability test HAPa 1.715 84.98 3.99 0.190 

Cr(III)-loaded HAP (natural pH)d 1.451 82.02 4.73 0.224 
Cr(III)-loaded HAP (pH 7)d 1.393 102.45 4.52 0.220 

a Sample exposed to acidic conditions (pH 3) by HNO3 for 24 h. 
b Evaluated according to 3-parameter BET model.  
c Evaluated according to B.J.H. model.  
d Adsorption test performed at initial Cr(III) concentration ca. 5.8 mM (ca. 300 ppm), contact time = 24 h. 
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Figure 28: HAADF-STEM image of a sample grain (left side) and EDX element mapping of the selected area (right side) showing the 
phosphorous (blue), calcium (red) and chromium (green) of Cr/HAP sample after adsorption of Cr(III) at a) natural pH (4-6) and b) pH 
7. From reference (Ferri et al. 2019). 

Ca/P ratios (Table 11) of Cr(III)-loaded HAP samples decreased in comparison with pristine 
(stoichiometric) HAP. Such result could indicate partial substitution of lattice Ca(II) ions with Cr(III), despite 

preferential dissolution of HAP cannot be ruled out. Morphological integrity of the sorbent was confirmed by 
the results of N2 adsorption/desorption analysis (Table 11). The increase in surface area of Cr(III)-loaded HAP 

obtained from adsorption test at pH 7 suggest the presence of high surface area amorphous chromium 
oxy/hydroxide phases onto HAP surface. Structural integrity after Cr(III) adsorption has already been assessed 
and discussed above (Figure 17 and Table 35). 

When Cr(III) removal took place under natural pH (acidic conditions), a homogeneous dispersion of 
chromium onto HAP surface was revealed by STEM-EDX element mapping (Figure 28a). Conversely, Cr(III)-

loaded HAP obtained at pH 7 presented a completely different structure, exhibiting large chromium-based 
aggregates (50 – 200 nm) segregated on HAP surface (Figure 28b). These observations seem to confirm the 

previous assumptions on Cr(III) adsorption mechanisms onto HAP: surface complexation/ion-exchange at 
acidic pH, predominant chemical precipitation under alkaline conditions and an intermediate situation at 

neutral pH. 

 Since in real industrial wastewater Cr(III) can be found in co-presence with other metal species, 
competitive effects have been evaluated as well. As presented in Table 3, Ni(II) and Pb(II) are common 

pollutants that tend to pair Cr(III) in industrial effluent streams. Thus, the ability of HAP to remediate heavy 
metal species pollution in ternary Cr(III) + Ni(II) + Pb(II) solutions has been investigated under conditions 
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similar to those applied for single Cr(III) removal (see Figure 88 in Supporting Information for details). Batch 
adsorption tests have been performed following the same procedure reported for Cr(III) (Experimental 

Section, paragraph 8.3.1.1). Total initial moles in the simulated polluted solution have been kept constant at 
the concentration of ca. 6 mM. Metal species ratio was varied as to shed light on competitive effects. 

Moreover, pH effect on competition and overall capture performances has been assessed, carrying out 
adsorption experiments under both acidic (pH 4) and neutral (pH 7) environment. 

Figure 29 displays the result of ternary-solution metal uptake tests onto HAP at pH 4 (Figure 29a and 
b) and 7 (Figure 29c and d). On the left, each metal species uptake is reported versus its own initial quantity 
while on the right the percentage uptake of each species is reported as a function of the metal species ratio 

in the initial solution. 

 

Figure 29: Results of the Cr(III), Ni(II), and Pb(II) uptake experiments on synthetic HAP sample as a function of total initial moles of 
metal ions in solution at a) pH 4; b) percent results; and at c) pH 7; d) percent results,. All batch tests were performed at 30°C for 24 h 
with ca. 6 mM initial total metal concentration with a solution volume to solid ratio of 100 mL gHAP-1. From reference (Ferri et al. 2019). 

Linear trends of metal species uptake against own initial amount in solution characterized the 

experiments carried out at pH 4 (Figure 29a). Different slopes are displayed for different species, with Pb(II) 
exhibiting the highest one. Figure 29b indicates that Pb(II) was almost totally removed by HAP, independently 

from its initial moles in solution and the ratio between species. On the basis of these observations, of the 
literature on Pb(II) adsorption onto HAP [16,79,133] and the results obtained from the previously presented 
studies, it can be stated that Pb(II) adsorption onto HAP surface is not in competition with Cr(III) and Ni(II) 

since pursuing a completely different mechanism (dissolution-precipitation). 
Focusing on Cr(III) uptake, it can be noticed that its capture trend is similar (in percentages) to that 

already discussed in Figure 26a. Indeed, ca. 50% of Cr(III) uptake on HAP occurred independently of the 
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presence of the other metal species, Ni(II) and Pb(II), and of their relative ratio. Obviously, the absolute value 
of moles of Cr(III) on gHAP decreased, indicating a competition with the other species. 

 Ni(II) resulted to be the least affine species to HAP surface: only a limited increase  of Ni(II) removal 
(in terms of moles on gHAP ) has been observed doubling Ni(II) concentration in the initial solution. Thus, 

removal efficiency of Ni(II) stands around 30% at pH 4, regardless from metal species ratio, suggesting a 
generally hindered process in terms of affinity rather than a strict losing competitive effect. This observation 

is consistent with the above presented Ni(II) adsorption isotherms.  
 Different results were obtained from tests performed under neutral conditions. As verifiable from 
Figure 29c and d, the uptake of Cr(III) reduced in comparison with that of Ni(II). Although the metal uptake 

versus initial moles plot do not returns perfect linearity at pH 7, an inversion in species affinity can be guessed 
from Figure 29c, with Pb(II) maintaining the higher slope. 

As above discussed, under neutral conditions HAP surface results negatively charged (since pH > pHPZC 

HAP). Thus, the winning competitive effect of Ni(II) over Cr(III) must be sought in cations speciation at pH 7. 

Under neutral conditions, Cr(III) tends to form bulky oxy-hydroxy cations (Cr(OH)2+, see Figure 83), with 
reduced charge density and mobility in solution. In contrast, Ni(II) still exists in solution as quasi-free ion 
(Figure 83). So, a consequent competitive advantage for the adsorption on HAP for Ni(II) occurs. The winning 

effect of Ni(II) adsorption by HAP over the Cr(III) is particularly clear for the experiment performed in the 
presence of a Ni(II) excess (Figure 29d, last group of histograms on the right). 

Regarding Pb(II) results, the decrease of it removal, both in absolute and percentual terms, is 
consistent with the proposed dissolution-precipitation mechanism. Indeed, neutral pH (i.e. less acidic pH) 

means reduced HAP dissolution and therefore a lower amount of phosphate groups available in solution. In 
these conditions, fulfillment of the ideal conditions for hydroxyl-pyromorphite precipitation results hindered 

in comparison to tests performed in acidic environment [11,26]. 

Leaching tests have been carried out on multimetal-loaded HAP samples as well and the results are 
reported in Figure 30. 

 

Figure 30: Percent of Men+ leached from mulitmetal-loaded HAP samples at pH 4 (left side) and pH 7 (right side). From reference (Ferri 
et al. 2019). 

 Cr(III) almost permanent confinement onto HAP surface was confirmed, in particular when removed 

under neutral pH.  
Opposite behavior was detected for Pb(II). No leaching phenomena occurred for this species when 

trapped under acidic pH while detectable release of Pb(II) was registered in multimetal-loaded samples 
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obtained from adsorption test performed at pH 7. Maximum leaching, around 3% of total Pb(II) trapped, was 
measured for samples loaded in the presence of excess Pb(II). Pb(II) retention ability of HAP should be 

considered in function of the stability of the formed hydroxyl-pyromorphitic phase: acidic pH is surely 
beneficial for HAP dissolution and Pb10(PO4)6(OH)2 precipitation. On the other hand, neutral pH could hinder 

a correct nucleation and growth of the new phase, bringing to the formation of less stable Pb10-

zCaz(PO4)6(OH)2 phases and/or amorphous (and thus more soluble) hydroxyl-pyromorphite.  

The scarce affinity of Ni(II) towards HAP surface is further confirmed by leaching tests. As a matter of 
fact, Ni(II) suffers from major leaching in multimetal-loaded samples, with a release of ca. 9-10% of the 
previously adsorbed Ni(II) in the worst cases (i.e. when Ni(II) has been removed under neutral conditions). 

Such results demonstrate once again that Ni(II) weakly interacts with HAP surface and that its competitive 
advantage over Cr(III) in adsorption processes under neutral conditions does not guarantee a stable 

confinement of the species in the HAP structure. 

Compositional, structural and morphological characterization of multimetal-loaded HAP samples was 

also carried out.  
 The sample obtained contacting HAP with an equimolar ratio of all metal species at pH 4 showed a 

lower Ca/P ratio in respect with pristine HAP (1.378 versus 1.662), likely due to Ca(II) replacement by 

adsorbed cations and especially Ca(II) release due to Pb10(PO4)6(OH)2 formation. Concerning morphologic 
parameters, surface area and pore volume of the sample were significantly lower than that of synthetic HAP 

(58.45 versus 85.05 m2 g-1 and 0.128 versus 0.219 cm3 g-1, respectively). Massive creation of crystalline 
hydroxyl-pyromorphite could explain these results. Moreover, pore clogging due to surface precipitation of 

such species could also account for the decrease in accessible pore volume, without altering mean pore 
radius (which keep constant at 4.26 nm for multimetal-loaded samples). 

Surface sitting and eventual lattice position of Cr(III), Ni(II) and Pb(II) in multimetal-loaded samples 
have been investigated by means of HAADF-STEM coupled with EDX, FT-IR and XRPD analyses (Figure 31). 
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Figure 31: Characterization of multimetal-loaded samples. a) HAADF-STEM images at 69000X magnifications and b) 460000X of 
multimetal-loaded HAP samples (equimolar ratio, pH 4) and the corresponding EDX spectra of the selected areas. c) XRPD patterns of 
samples obtained after adsorption tests at pH 4 and d) pH 7. e) FT-IR spectra of multimetal-loaded HAP samples (equimolar ratio of 
metal species) and f) magnification of carbonates region.  

Micrographs presented in Figure 31a and b, collected on multimetal-loaded samples obtained from 

adsorption tests at pH 4, showed bars of a segregated crystalline phase. EDX analyses confirmed the 
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composition of such aggregates as hydroxyl-pyromorphite (Figure 31a, EDX spectra). Dissolution-
precipitation mechanism is thus further assessed for the Pb(II) adsorption. However, STEM-EDX analysis at 

higher magnification revealed the presence of small Pb-rich segregated particles together with a high 
distribution of Ni and Cr atoms on the HAP surface (Figure 31b). Regarding Cr(III) and Ni(II), it is not possible 

to address a preferential capture onto hydroxyapatitic or hydroxyl-pyromorphitic phase; mechanism 
discrimination between surface complexation and ion-exchange can neither be stated. 

XRPD patterns (Figure 31c and d) do not add specific information to the uptake mechanism apart 

from confirming the formation of crystalline hydroxyl-pyromorphite (additional peak at ca. 30° in 2θ). It is 
noteworthy that this peak intensity correlates with the amount of trapped Pb(II), resulting barely detectable 
on the multimetal-loaded sample obtained in excess of Ni(II) under neutral conditions (blue pattern in Figure 

31d). 
  Finally, FT-IR spectra of metal-loaded HAPs are shown in Figure 31e. From the comparison with 

pristine HAP and Cr(III)-loaded HAPs, multimetal-loaded samples exhibits an extra-peak in the spectral region 
of carbonate groups (magnification in Figure 31f). Indeed, a new band centered at 1384 cm-1 appears in 

multimetal-loaded samples, regardless of the pH imposed during the adsorption process. This band might be 
associated with carbonatation of hydroxyl-pyromorphite, as reported in literature from studies on synthetic 

carbonate lead hydroxyapatite [134]. So, considering evidences of Ca(II) presence and possible carbonate 
substitution, the Pb-containing crystallographic phase formed upon dissolution-precipitation can be more 
accurately described as  Pb10-zCaz[(PO4)6-x-y(HPO4)x(CO3)y][(OH)2.  
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2.3.4 Case study n°2: Nickel and cobalt pollution: a perspective on the treatment of electrical 

industries wastewater 

As exposed in paragraph 2, Ni(II) and Co(II) are nowadays experiencing a marked increase in 

utilization in electrical applications. Indeed, with the global spreading of portable electronic devices and the 
automotive market moving towards electric power, the industry of electrical energy storage is exploring new 

solutions and incrementing the effectiveness of existing technologies. Nickel metal hydride batteries [135] 
and the promising LiNi0.8Co0.2O2 cathodes for high-power lithium ion-cells [107,108] are only a couple of 
examples related to Ni(II) and Co(II) importance in the actual (and future) electrical market. Due to their 

forecasted larger use in electrical devices manufacture and the future creation of processes dedicated to 
spent batteries/cathodes recycling [136], Ni(II) and Co(II) wastewater pollution is going to become a future 

challenge for environmental protection. 

The same approach applied in case study #1 was followed separately for the assessment of sorption 

ability of HAP towards Ni(II) and Co(II) in an industrial-like setup. Static batch adsorption tests have been 
performed for single metal containing solutions. Effects of initial concentration of both Ni(II) and Co(II) (from 

ca. 0.25 to ca. 4.2 mM, i.e. from ca. 15 to ca. 300 ppm), pH (acidic to alkaline) and contact time (from 15 min 
to 24 h) have been evaluated. Main results are displayed in form of removal efficiency histograms in Figure 
32a for Ni(II) and Figure 33a for Co(II). Numerical data are listed in Table 42, Supporting Material. Ni(II) and 

Co(II) onto HAP adsorption isotherms have been already reported in Figure 16d and e, paragraph 2.3.1. 

 

Figure 32: a) Ni(II) uptake (%) on synthetic HAP from static batch adsorption tests, carried out at 30°C, solution volume to solid ratio 
ca. 100 mL gHAP-1. b) Ni(II) speciation in aqueous solution. 
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Figure 33: a) Co(II) uptake (%) on synthetic HAP from static batch adsorption tests, carried out at 30°C, solution volume to solid ratio 
ca. 100 mL gHAP-1. b) Co(II) speciation in aqueous solution. 

 Under acidic conditions (yellow bars in Figure 32 and Figure 33), the adsorption processes resulted 

to be strongly affected by the contact time. The effect is more pronounced for higher initial metal 
concentrations. Limited mass transfer kinetics (due to the static conditions) and the already discussed 

electrostatic issues connected with acidic pH (pH < pHPZC HAP) could be addressed as the main causes of this 
trend. In all cases, Ni(II) uptake resulted to be slightly lower than the Co(II) one, confirming all previously 

collected data. However, maximum metal loading obtained in static conditions (0.132 and 0.165 mmolMe gHAP
-

1 for Ni(II) and Co(II), respectively, Table 42) are almost half of the Langmuir regressed nmax for the same 
species (Figure 16f). This behavior highlights sluggish adsorption kinetics under static conditions for these 

two species, thus posing a major challenge for HAP competitiveness as sorbent in an industrial-like setup.  
 Adsorption tests under alkaline conditions (pH 9), revealed removal efficiencies over 90% in almost 

cases, regardless initial metal concentration and contact time. Overcoming of the pHPZC together with a 
contribution from chemical precipitation (see speciation diagrams in Figure 83) are the main reason for better 

remediation performances.  

 Once fully disclosed the sorption capacity of synthetic HAP towards individual Ni(II) and Co(II) solution 

through (i) the collection of the related adsorption isotherms and (ii) batch-experiments, aimed to evaluate 
the effect of common operational parameters (i.e. initial metal concentration, contact time, pH) under an 
industrial-like setup, competitive effects have been studied. For this purpose, an adsorption isotherm starting 

from an equimolar bimetallic solution of Ni(II) and Co(II) has been collected under acidic conditions (pH 4) at 
30°C. All experimental details can be found at paragraph 8.3.1.1.  

Experimental data and mathematical fitting of this combined isotherm are reported in Figure 34. For 
each experimental point, both single and total metal equilibrium concentration (Ce) and single and total 

adsorption uptake were measured, thus allowing to obtain three distinct isotherms. Linear regression of 
experimental data is graphically reported in the Supporting Material (Figure 89). 
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Figure 34: Experimental data (hollow circles) and Langmuir model isotherm fittings obtained from the adsorption of Ni(II) + Co(II) ( 
equimolar solution) onto HAP surface. T = 30°C, acidic pH (4), solution volume to solid ratio equal to 100 mL gHAP-1. 

 Considering the similar nature of Ni(II) and Co(II) in terms of atomic mass and ionic radii, a 
competition between the two species for the same adsorption sites is expected. On this basis and from 

previous results, Ni(II) and Co(II) should in fact share the same trapping mechanism onto HAP surface, namely 
surface complexation/ion-exchange.  

 Ni(II) and Co(II) experimental data (green and blue hollow circle in Figure 34, respectively) have been 
fitted according to Langmuir model equation, based on the knowledge gained from adsorption isotherms 
collected on single metal containing solutions. The total amount of captured heavy metal species 

(experimental data represented by black crosses in Figure 34) have been calculated by simple addition of 
Ni(II) and Co(II) adsorbed moles. These data have been fitted according to the Langmuir model equation as 

well (black line); this fitting has been compared to the Langmuirian sum (red dotted line in Figure 34) of Ni(II) 
and Co(II), i.e. the sum of Langmuir isotherms obtained for Ni(II) (green line in Figure 34) and Co(II) (blue line 

in Figure 34). The application of the Langmuir isotherm model equation to the sum of experimental data 
(black solid line in Figure 34) better described the combined adsorption phenomenon than the sum of 

regressed Langmuir models of single metal species (red dotted line in Figure 34), evidencing that the 
adsorption phenomena of Ni(II) and Co(II) do not take place independently from each other. 

All the parameters derived from mathematical regression of experimental data are collected in Table 

15.  
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Table 15: Regressed parameters from Langmuir model application to experimental data of Ni(II) + Co(II) adsorption (equimolar 
solution) onto HAP surface. 

Metal species Parameter Value R2 

Ni(II) 
nmax (mmol gHAP

-1) 0.113 ± 0.011 
0.935 

b (L mmol-1) (5.15 ± 9.68) 

Co(II) 
nmax (mmol gHAP

-1) 0.270 ± 0.008 
0.992 

b (L mmol-1) (2.04 ± 0.620) 

Ni(II) + Co(II) 
nmax (mmol gHAP

-1) 0.350 ± 0.016 
0.982 

b (L mmol-1) (2.79 ± 3.73) 

Fitting the separated Ni(II) and Co(II) experimental data with Langmuir isotherm model equation 

gives back correlation coefficients R2 close to unity (Table 15). Indeed, the reconstructed isotherms interpret 
properly experimental data. As discussed in paragraph 2.3.1, the system under study does not fulfill Langmuir 

model assumptions, especially from the point of view of energetics of adsorption (surface homogeneity is 
postulated for the Langmuir model isotherm); thus, the regressed b parameter cannot be considered as 

physically reliable and relevant; moreover, the related standard error has of the same order of magnitude of 
the value itself. On the other hand, since multilayer adsorption of heavy metal cations can be ruled out 
because of the related repulsive interaction, nmax value is still representative of the adsorbate loading onto 

HAP surface. Computed nmax values were 0.113 mmol gHAP
−1 for Ni(II) (ca. 36% of the nmax value computed for 

single Ni(II) adsorption)  and 0.270 mmol gHAP
−1 for Co(II) (ca. 71% of the nmax value computed for single Co(II) 

adsorption).  
Since the sum of these nmax (0.383 mmol(Ni+Co) gHAP

-1) is almost equal to the nmax value obtained from 

single Co(II) adsorption (Figure 16f), it can be guessed that Ni(II) and Co(II) are captured by the same active 
sites present on HAP surface. This result opens to the possibility of Ni(II) and Co(II) competition. The affinity 

trend of metal cations towards HAP, disclosed by previous experiments, is confirmed for Ni(II) and Co(II). As 
a matter of fact, Ni(II) suffers from the preferential interaction of HAP with Co(II), resulting unfavored in the 
competition, as reflected by the observed 2.5:1 nmax, Co(II):nmax, Ni(II) ratio. Although it is not the case of the 

present study because of the negligible carbonatation degree of the synthetic HAP employed as sorbent, 
according to the complexation constants reported in Table 8, Co(II) winning effect should be exerted 

preferentially onto carbonate-based adsorption sites (KC -COH Ni(II) << KC -COH Co(II)). This observation poses HAP 
carbonates content as a key parameter to tune Ni(II) and Co(II) competition/removal. 

  



67 

 

2.4 Conclusions  
In the present chapter, the ability of synthetic HAP to efficiently remediate heavy metal species pollution 

in simulated wastewater has been assessed.  
Optimizing a classical wet co-precipitation route, a strictly mesoporous stoichiometric HAP with large 

surface area (ca. 100 m2g-1) has been obtained. The material is highly crystalline, with large surface area 
stemming from the nanometric nature of HAP. Limited carbonatation of synthetic HAP has been disclosed by 

transmittance FT-IR. Structural and morphological stability of the material has been certified carrying out 
physical/chemical characterizations prior and after the exposure of HAP to harsh operative conditions (acidic 
and oxidizing aqueous environment by HNO3).  

The surface of HAP resulted to be amphoteric, slightly more basic than acidic, as expected from the 
stoichiometric Ca/P ratio. State-of-art gas-solid calorimetric/volumetric adsorption isotherms of acid/base 

probe molecules allowed the quantitative determination of surface sites’ interaction strength. Thanks to 
calorimetric and volumetric data collected according to this technique, a large population of strong and very 

strong basic sites have been assessed, indicating HAP as a promising sorbent for heavy metal cations. Close-
to-operando quantitative determination of surface active sites have been performed by LRCM, carrying out 

acid/basic titration of HAP surface in aqueous environment (i.e. at the liquid-solid interface using water as 
solvent). The impossibility to titrate basic sites under such experimental conditions denotes that water 
molecules strongly interact with surface basic sites, with the moderately acidic probe (benzoic acid, BA) not 

being able to displace them. Despite the inability to assess the effective number of basic sites in water, this 
result proves that the interaction strength of HAP basic surface sites is retained under such conditions.  

 The ability of HAP in removing some target heavy metal cations from aqueous solutions has been 
assessed through batch sorption tests and by means of the collection of adsorption isotherms in a broad 

concentration range. The modelling of experimental data, obtained from these sorption tests, allowed to 
quantitatively assess the HAP sorption capacity and to disclose a specific trend of affinity of HAP towards 

target cations, namely Pb(II) > Cu(II) > Cr(III) > Co(II) > Ni(II). The physical/chemical investigations carried out 
on the metal-loaded samples obtained from sorption tests allowed to have an insight on the uptake 
mechanisms of cations onto HAP. These results have been further corroborated by liquid-phase 

microcalorimetric measures, by means of which the energetics of adsorption phenomena have been directly 
observed. In particular, Pb(II) adsorption onto HAP resulted in the formation of a new crystalline phase, 

namely hydroxyl-pyromorphite (Pb10(PO4)6(OH)2), associated with heat release (exothermal phenomenon) 
indicating a dissolution-precipitation mechanism. Other cations, consistently with their smaller ionic radius, 

were deemed to be adsorbed onto HAP surface by means of an ion-exchange/surface complexation 
mechanism, confirmed by microcalorimetric studies to be non-thermal. On the other hand, Cr(III) exhibited 

a mixed behavior, with its mechanism being function of its actual concentration in simulated polluted 
solutions; in this specific case, the peculiar speciation of Cr(III) has been addressed as the key point in 
directing the adsorption mechanism.  

The first of its kind microcalorimetric approach applied in the present chapter does not only corroborate 
the information obtained from the physical/chemical characterization of metal-loaded HAP samples. Indeed, 

comparing the thermal contribution of several other cations (not included in the group of target species 
studied through the collection of volumetric isotherms), it has been possible to demonstrate that the ionic 

radius of cations is not the only parameter directing the adsorption mechanism onto HAP. For example, Sr(II) 
exhibits a totally different energetics (and mechanism) of adsorption onto HAP in respect with Pb(II) although 
the almost identical ionic radius, net charge and charge density. Such results indicate that, in addition to 

cations’ dimension and valence, other parameters partake in defining the adsorption mechanisms (and 
efficiency) onto HAP: metal speciation and solubility of related phosphate salts are key parameters as well, 

in this sense.  
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Leaching test, performed contacting metal-loaded HAP samples with freshwater, confirmed the almost 
total retention of these pollutants by the material, thus indicating HAP as an ideal sorbent even in the ambit 

of secondary pollution issues.  
In the end, two case studies assessed the effectiveness of HAP-based sorbents in the remediation of 

simulated effluents from mining and electrical industries, disclosing the ability of HAP to exerts its sorption 
action even when several polluting inorganic species are simultaneously present in solution. 
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Chapter 3: Development of HAP/C composites for advanced water 

remediation processes and pollutants’ electrochemical sensing  

3.1 Introduction to pollutants co-existence and heavy metal ions sensing issues 

In the following paragraphs the state of art of (i) sorbents for simultaneous removal of organic and 
inorganic hazardous species and (ii) heavy metal ions electrochemical detection in wastewater will be 
discussed. The rationale behind the design of HAP/C composites for both applications will be presented, 

highlighting the determining role of carbonaceous scaffold in the properties of the final composite. Scaffold 
choice and preliminary tests performed in order to determine the best option for each application are 

commented in paragraph 3.2. 

3.1.1 Simultaneous organic/inorganic pollution of wastewater: state of art 

Despite the promising performances exhibited by HAP in trapping heavy metal species, wastewater 

pollution is such a faceted problem that, as today, no single material has been able to properly tackle. As 
already discussed in paragraph 2, polluted water generally contains more than a single pollutant and, in most 

cases, the hazardous substances do not even belong to the same class of compounds [137]. Broadly, water 
polluting agents can be classified as inorganic and organic pollutants. The family of inorganic pollutants 

include monoatomic anions (e.g. F-), polyatomic species (e.g. nitrates, phosphates, chromates) and the 
already thoroughly discussed heavy metal cations; these species account for ca. the 30% of the pollutants 
detected in sewage water [138]. On the other hand, organic compounds, released in the environment by 

industrial processes of tanning, paper production, printing and agriculture, account for the remaining 70% 
[138]. This family of pollutants can be further and roughly divided in dyes, herbicides and pharmaceuticals. 

Dyes are in particular considered heavy water pollutants, with more than 3600 species currently used in the 
textile sector and an average 2-20% discharge rate in the effluents [139]. Because of their complex structure, 

most dyes are not biodegradable and thus persist in the environment, exerting long-lasting dangerous 
effects. Being able to absorb part of the solar radiation, dyes reduce the intensity of sunlight received by 

algae and aquatic plants, limiting their photosynthetic efficiency [139]. Moreover, most of these molecules 
exhibit proven carcinogenic and mutagenic effects on human body when ingested [140]. Because of all these 
reasons, several sorbents have been synthesized and tested for dyes adsorption from aqueous solutions, 

with activated carbons exhibiting satisfactory results [139]. 

Although several sorbents showed optimal performances in the remediation of organic or inorganic 

pollution, the co-existence of both class of pollutants in a water stream hinders the effective treatment of 
the latter. As a matter of fact, the differences in physical and chemical properties of the polluting species 

complicate the remediation of such wastewater. Therefore, single sorbents are generally not able to 
guarantee fast and effective remediation of multi-polluted streams. The co-presence of organic and inorganic 

hazardous species has been recently assessed in 38 water streams across the United States by Bradley et al. 
[141]: 4 to 161 organic compounds were detected in each stream, together with hazardous inorganic species, 
corroborating the evidence of the complexity of the water pollution issue. 

In the case of simultaneous presence of several pollutants exhibiting different chemical/physical 
characteristics, adsorption is more than ever the most practical and tailorable solution for wastewater 

remediation. Benefiting from the development of structure-controlled nanoparticles synthesis and surface 
functionalization, several authors have reported novel nanomaterials for the simultaneous adsorption of 

hazardous organic and inorganic species [141]. Some of the most significant examples are reported in Table 
16.  
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Table 16: Overview of nanocomposites used in the simultaneous remediation of inorganic/organic pollution of wastewater [adapted 
from Hlongwane et al. 2019] 

Nanomaterial Removed species 
Maximum Ads. Capacity 

mg g-1 

Thiourea-modified magnetic ion-imprinted 

chitosan/TiO2 composite 

Cd(II) 

2,4-dichloro phenol 

256.41 

98% degradation a 
Magnetic multi-walled carbon nanotubes 

(MWCNTs) 

Cu(II) 

Atrazine 

38.91 

40.16 
Magnetic graphene oxide (GO) composites Cd(II) 

Methylene blue (MB) 
Orange G 

91.29 

64.23 
0.85 

Ca-alginate encapsulated Ni/Fe nanoparticle 
beads 

Cu(II) 
Monochlorobenzene 

Not reported 

Defective titania (TiO2-x) U(VI) 

Humic acid 

65 

142 
Hierarchical vaterite spherulites Cd(II) 

Congo red 

984.5 

89.0 
Amino-decorated Zr-based magnetic metal-

organic frameworks (MOF) composites 

Pb(II) 

Methylene blue (MB) 

102 

128 
Magnetic MOF composites Pb(II) 

Malachite green 

219.00 

113.67 
a Under UV light exposure after 2,4-dichloro phenol capture 

Apart from rare exceptions, it can be noticed that most of the sorbents presented in Table 16 are 
composites. The driving force that moved scientists towards this class of materials is surely the possibility to 
conjugate different moieties, thus obtaining compounds with a multi-functionalized surface. Indeed, 

simultaneous adsorption of organic and inorganic species can be achieved only through the development of 
complex materials which exhibit a double nature. In addition to the base requirements for high-performing 

sorbents (see paragraph 2), such composites should present both an organophilic moiety (allowing for π-π 
interaction and retention of organic molecules by partition) and an inorganophilic one (generally allowing for 
ligand/ion exchange). 

As reported in section 2.3, HAP has proven to efficiently remove several heavy metal cations from 
single-metal and multi-metal containing wastewater in a broad range of pH, temperature and initial 

concentration. Hence, HAP could be a promising moiety in a composite for simultaneous organic/inorganic 
pollution remediation. On the other hand, among the sorbents exploited in organic molecules adsorption, 
activated carbons represent the most used and studied ones [139]. As today, activated carbons have been 

proven to efficiently adsorb and retain common organic pollutants such as dyes, pesticides, pharmaceutical, 
personal care products and phenolic compounds [139,142,143]. With the aim to abate activated carbons’ 

production cost, alternative feedstocks have been employed in the synthesis of this class of sorbents: since 
available at low cost and largely available, biomass waste and agricultural by-products are surely the most 

exploited carbon sources. Several authors reported the synthesis of activated carbons from different 
renewable resources [139,143]; such obtained materials, often functionalized in the presence of surface 
modifiers (e.g. H3PO4) and templating agents (e.g. ZnCl2), have been tested as sorbents for dyes and 

pharmaceuticals, returning interesting adsorption capacities. The following table gathers the adsorption 
capacity towards a benchmark organic pollutant (a dye, methylene blue, MB) of some of the most promising 

activated carbons obtained from as many agricultural processes (as wastes or by-products). 
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Table 17: Methylene blue (MB) adsorption on various biomass-derived activated carbons. Treatments were carried out in aqueous 
environment. Adapted from Wong et al. (2018). 

Biomass source Treatment 
Adsorption capacity 

mgMB gSorbent
-1 

Tobacco stalks ZnCl2, microwave 1264.51 

Medical cotton 
H3PO4 at 500°C under N2, 

microwave 
476.2 

Cashew nutshell ZnCl2 at 400°C under N2 476 
Persea Americana nuts H3PO4 at 500°C 365.6 

Acorn shell ZnCl2 at 700°C 330 
Spent tea leaves H3PO4 at 600°C under N2 321 

Palm kernel shell ZnCl2 at 700°C under N2 225.3 
Sludge from paper industry H3PO4 at 600°C 107.1 

Plantain peels H2SO4 at 450°C under N2 47.3 
Persian mesquite grain H3PO4 at 600°C under N2 384 

Table 17 highlights how both the starting material and the carbonization procedure affect the sorption 

efficiency of the derived activated carbon. Although the outstanding performance in the removal of organic 
species (especially aromatic ones), carbon-based sorbents do not guarantee as much capacity when it comes 
to inorganic pollutants (i.e. metal cations) due to the low sorbent-sorbate affinity [144]. 

Thus, taking into account strengths and weaknesses of HAP- and carbon-based sorbent, HAP/C 
compositing should theoretically give birth to efficient dual sorbents if correctly designed, maximizing the 

sorption capacity combining the features of the two moieties while achieving stability in aqueous 
environment and low synthetic cost (i.e. employing biowaste derived activated carbons).  

To date, a few HAP/C composites for wastewater remediation have been reported in literature. 
Carbonaceous scaffold varies from low-cost granular activated carbon [145,146] and biochar [147] to more 
expensive structures like multi-walled carbon nanotubes [148,149]. However, the vast majority of these 

materials have been tested in remediation of single-species polluted water. Besides, these materials often 
exhibit lower heavy metal ions’ uptake than pristine HAP, probably because of an unsuccessful 

realization/design of the composite itself [145,150]. Thus, no evidences of the alleged simultaneous 
organic/inorganic remediation can be claimed. Moreover, limited structural-morphological characterizations 

and lack of investigation of the effect of fundamental features (e.g. HAP to C ratio, surface acidity and basicity 
of the composites) on sorption performance do not allow a proper evaluation of the potential of HAP/C 

composites. 

With the aim to obtain novel bifunctional sorbents, HAP/C composites have been rationally designed, 
synthesized, characterized and tested to assess their efficiency in removing benchmark inorganic and organic 

polluting species: Cu(II) and methylene blue (MB), respectively. 

3.1.2 Electrochemical detection of heavy metal ions in wastewater: state of art 

Heavy metal ions pollution of water streams poses not only the issue of wastewater remediation: 
indeed, a continuous, accurate, reliable and possibly in-situ monitoring of the presence of those species in 
waterbodies is fundamental to avoid the release/discharge of hazardous species in the environment. As 

reported in Table 2, heavy metal species can be harmful at low concentrations (down to µg/L). Therefore, 
extremely sensitive techniques with limit of detection (LoD) in the range of tenths of nM are necessary to 
sense heavy metal ions traces in industrial effluents [151,152]. 



72 

 

Several spectroscopic techniques have been implemented in environmental monitoring for the 
detection of heavy metal ions. Among others, atomic absorption spectroscopy (AAS), inductively coupled 

plasma/atomic emission spectrometry (ICP-AES), ion chromatography ultraviolet/visible spectroscopy (IC-
UV/Vis) and X-ray fluorescence spectroscopy (XFS) have proven to achieve both high sensitivity and 

selectivity towards the main polluting species under investigation [151,152]. However, all the techniques 
presented share some common drawbacks: high instrument cost (both capital and operational), complex 

sample preparation, long time of analysis and need for trained personnel [151,152]. 
 In this scenario, electrochemical techniques have gained an increasing interest in the last decades, 

representing an excellent alternative to spectroscopy-based investigation methods. As a matter of fact, 

electrochemical techniques are cheaper, user-friendly, reliable and suitable for in-situ measurements [153]. 
On the other hand, electrochemical detection of heavy metal ions reaches less satisfying LoDs, sometimes 

failing to achieve the sensitivity required by environmental legislation. In this context, researchers strived to 
improve sensitivity, selectivity and overall performance of electrochemical devices for heavy metal ions 

detection in aqueous solutions, mainly sharpening and optimizing the applied electrochemical techniques 
and seeking for highly performing electrode materials [151,152]. 

Electrochemical techniques for the determination of heavy metal species in waterbodies are generally 

classified according to the electrical signal generated by the presence of the latter: changes in registered 
voltage, current, electrochemical impedance or electroluminescence phenomena can be applied for the 

identification and quantification of heavy metal cations (with prior system calibration). 
Amperometric/coulometric, voltammetric, potentiometric, impedance spectroscopies and 

electrochemiluminescent techniques have all been reported in the literature [154,155] to serve this purpose, 
with voltammetry giving the best results in terms of both selectivity and sensitivity. 

To date, the state of art voltammetric technique for sensing heavy metal species traces in waterbodies 
is anodic stripping voltammetry (ASV). In order to lower the technique’s LoDs, background current is 
generally suppressed by application of pulses in the voltage signal. Several pulse voltammetries, 

characterized by different voltage/pulse time patterns, have been developed throughout the years for 
analytical purposes: normal pulse voltammetry (NPV), staircase voltammetry (SV), reverse pulse voltammetry 

(RPV), differential pulse voltammetry (DPV) and square wave voltammetry (SWV). Among those listed, DPV 
and SWV are certainly the most successfully applied in the field of analyte traces detection in aqueous 

solutions: literature indeed reports the achievement of LoDs down to the picomolar range for both 
differential pulse anodic stripping voltammetry (DPASV) [156] and square wave anodic stripping voltammetry 

(SWASV) [157]. 
These electrochemical analytical methods are composed of two consecutive steps (Figure 35): 

1. Reductive preconcentration: accumulation/deposit, by electroreduction, of metal species at the 

working electrode by means of the application of a sufficiently cathodic potential for a determined 
time; 

2. Anodic stripping of reduced species: a potential scan, in the anodic direction, starting from the 
potential applied in the preconcentration step. The increasingly anodic potential causes the 

reoxidation/dissolution of previously reduced metal species, with a related transient faradic signal. 
Such signal is generally a peak, whose position (potential) and height (current density) allow for the 

qualitative and quantitative determination of the metal species in solution, respectively.  
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Figure 35: Graphical depiction of the steps involved in determination of heavy metal species by anodic stripping voltammetry of in 
aqueous solutions. From reference [Waheed et al, 2018] 

Being composed by multiple steps, ASVs are complex electrochemical methods that obviously require 
the optimization of several electrochemical parameters such as deposition time and voltage, operative 

voltage window and scan rate. At the same time cell parameters, such as nature and concentration of the 
supporting electrolyte and the choice of the electrode material, play a fundamental role in determining the 

sensing ability of the system [151,152]. 

 Apart from the improvement of the electrochemical methods, the development of a reliable, 
accurate and selective electrochemical sensor cannot be separated from the implementation of optimal 

electrodes, specifically designed for heavy metal species detection.   
 Historically, the dropping mercury electrode (DME) has been the electrode of choice for the early 

development of heavy metal ions determination techniques.  DME is in fact extremely sensitive thanks to the 
intrinsic ability of Hg to form amalgams with several metals, thus facilitating the preconcentration step, 

enhancing sensitivity and lowering LoDs. In addition, wide cathodic range and reproducibility contributed to 
the widespread diffusion of DMEs for electrochemical analyses of metal traces in waterbodies by ASV [158]. 

However, due to several issues related to the handling and use of Hg, DMEs have experienced a slow but 
unavoidable worldwide ban in environmental monitoring applications, although remaining the benchmark 
electrode in terms of sensing performances. 

 Since the ban of Hg-based electrodes, several alternatives have been proposed: Bi, carbon, Pt and 
Au-based bulk electrodes have been thoroughly screened in the past decades. All bulk electrodes resulted to 

be affected by major limitations, such as large overpotentials for metal species reduction, high stripping 
potentials, narrow cathodic/anodic voltage windows and general low sensitivity [151].  

 With the advent and development of nanoparticles synthesis, surface modification of electrodes with 
the latter has paved the way to a whole new generation of promising electrochemical sensors. Improved 

performances in terms of sensitivity, LoDs and response stability are indeed noticed when comparing NPs 
modified electrodes to bulk electrodes, mainly because of the larger surface area and electron and mass 
transfer rates guaranteed by the former [151].  

Several nanoparticles have been implemented as electrodes’ modifiers; among them, metallic and 
metal oxide nanoparticles and nanostructured allotropes of carbon [151,152]. Each one of these families of 

nanoparticles evidenced some shortcomings. For example, metallic NPs are generally unstable towards 
oxidation and expensive (that’s the case of Au and Ag NPs); metal oxides NPs, on the other hand, present 

higher surface area, surface functionalization and overall enhanced adsorption ability at the expenses of 
lower conductivity; carbon nanostructures exhibit instead optimal stability, conductivity and mechanical 

resistance but limited surface functionalization (i.e. sorption ability) and high production cost. 
In order to overcome the drawbacks of each individual nanomaterial and obtain modifiers able to 

match DME’s performances, the field of nanocomposite materials have been extensively explored [151,152].  
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HAP exhibits remarkable adsorption properties, together with medium-high surface area and 
porosity, as previously detailed (paragraph 0). However, its insulating nature (it only presents a modest and 

monoaxial ionic conductivity along the c-axis) prevented its application as bulk material in electrochemical 
devices. Thanks to nowadays NPs syntheses and processing technologies, HAP has experienced a renewed 

interest by the electrochemistry community. HAP can indeed be implemented in nanocomposite materials 
with the aim to exploit its sorption properties towards heavy metal ions, thus assisting the preconcentration 

step that is typical of ASV-based techniques. Highly conductive moieties are generally paired with HAP in 
these nanocomposites, to counterbalance HAP conductivity issues. 

HAP-based and/or doped nanocomposite materials reported in literature to date and their 

performances in sensing heavy metal ions and other hazardous compounds are reported in Table 18: 

Table 18: Application of HAP as electrode modifier in electrochemical sensing of hazardous species. 

Electrode 

modification 
Analyte 

Linear response 

range 

Limit of 

Detection (LoD) 

Electrochemical 

technique 
Ref. 

HAP-modified 
carbon paste 

electrode 

Paraquata 0.8 to 200 µM 15 nM SWCSVa [159] 

CNT-HAP 
nanocomposite 

Cd(II) 0.02 to 3 µM 4 nM DPASV [160] 

HAP-modified ionic 
liquid carbon paste 

electrode 

Cd(II) 
Pb(II) 

1 to 100 nM 0.5 nM 
0.2 nM 

SWASV [161] 

Flower-like HAP 

modified carbon 
paste electrode 

Cd(II) 

Pb(II) 

1 to 100 nM 5.31 nM 

2.38 nM 

SWASV [162] 

Bi-film on HAP 

modified GCE 

Cd(II) 
Pb(II) 

9 nM to 1.3 µM 

5 nM to 0.75 µM 

45 nM 
25 nM 

CV & SWASV [163] 

Biosynthesized 

HAP 

Hg(II) 0.2 to 210 µM 141 nM SWASV [164] 

HAP/Nafion 
nanocomposite 

Hg(II) 

Cu(II) 
Pb(II) 

Cd(II) 

0.1 to 10 µM 30 nM 

21 nM 
49 nM 

35 nM 

DPASV [165] 

Cellulose/HAP 

carbon electrode 
composite 

Pb(II) 0.05 to 0.25 µM 0.55 nM CV & SWASV [166] 

HAP-supported 
nanocrystalline Ag-
doped ZSM-5 

Hg(II) 
As(III) 

Pb(II) 
Cd(II) 

Ca. 0.005 nM to 15 
nM 

< 1 nM (all) SWASV [167] 

a Organic cationic species. 

Although good results in terms of sensitivity and LoDs have been achieved for several HAP/C composite 
materials, many problems still hinder the transfer of this sensing technology from lab testing to on-field 

operations. First and foremost, LoDs are not matching law requirements in most cases and conductivity 
issues, due to the not ideal integration of HAP in the nanocomposites, heavily impacts on sensing 
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performances. Secondly, several studies are carried out on glassy carbon electrodes modified by simple drop 
casting of HAP-based/doped nanocomposites [160,162,163,165,167]: this configuration does not meet the 

mechanical stability required for on-field applications and thus results can be just considered as a first 
screening of materials’ performances. In addition, synthesis of HAP-based/doped nanocomposites is often 

complex and expensive (both in terms of synthetic procedures and reactants/composite moieties) [160]. On 
top of that, lack of structural-morphological characterization and investigation on the actual mechanisms of 

sensing do not allow to fully rationalize the role of HAP moieties in such nanocomposites.  

With the aim to develop HAP-based/doped nanocomposites for heavy metal ions sensing in aqueous 
solution, HAP/C composites have been synthesized according to a simple wet co-precipitation route using 

different carbonaceous scaffolds. After a first screening aimed to the selection of the most suitable support, 
different HAP/C nanocomposites with different composition (in terms of HAP and C wt.%) have been 

synthesized and thoroughly characterized from the structural and morphological point of view. Self-standing 
modified carbon paste electrodes have been then manufactured starting from HAP/C composites powders; 

crafting has been optimized as to guarantee electrodes’ mechanical stability. Such electrodes have been 
tested in the electrochemical detection of hazardous heavy metal species in simulated wastewater, with a 
particular focus on two benchmark species like Cu(II) and Pb(II).  
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3.2 Preliminary screening of different carbonaceous scaffolds 
Synthesis of novel HAP/C composite materials has been carried out according to a modified co-

precipitation method, in which the main difference is represented by the presence of the carbonaceous 
scaffold in the precipitation mixture. Optimization of HAP co-precipitation onto C-based materials entailed 

other major modifications, such as the precursors’ concentration and the synthetic volume, time and 
temperature. All the experimental details about the synthesis of HAP/C composites are reported in the 

Experimental section, paragraph 8.1.2. 
Since HAP/C composites have been developed for two distinct purposes, namely wastewater 

remediation from simultaneous organic and inorganic pollution and implementation in sensing devices to 

detect heavy metal ions traces in waterbodies, different carbonaceous scaffolds have been investigated. 
Indeed, although some common characteristics of carbonaceous scaffolds are beneficial to both applications 

(for example, high surface area), a specific tuning of the HAP/C composites’ features through a careful 
selection of the carbon-based moiety is highly desirable. For example, the need for high surface area and 

high functionalization degree requested for good sorbents would push HAP/C composites towards the 
implementation of cheap and well-known activated carbons. On the other hand, sensing application, in which 

electrical conductivity is of paramount importance, would drive the choice of carbonaceous scaffolds towards 
highly graphitic and conductive carbon-based nanostructures, at the expenses of materials’ cheapness and 
surface area.  

On the basis of the above-presented rationale, three different carbonaceous scaffolds were selected 
and implemented in HAP/C composites syntheses: 

• Carbon nanofibers (CNFs), type PR24-HHT (Pyrograph, Applied Science Inc.).  
Obtained through pyrolysis at > 1300°C, these nanofibers present a ca. 100% graphitization index, 
thus remarkable thermal stability and electrical conductivity, at the expenses of an almost null 

functionalization degree. Despite the nanometric diameter (100 ± 30 nm), such nanofibers exhibit a 
low surface area (ca. 40 m2 g-1).  

• Mesoporous carbon (CMC), from renewable sources. 
Obtained through pyrolysis of wheat flour in the presence of ZnCl2 as templating agent, CMC has 
been reported in literature by Shen et al [168]. It is characterized by its cheap and eco-friendly nature, 
together with high surface area and porosity (ca. 1400 m2 g-1, pore volume ca. 2.64 cm3 g-1) and 

functionalization degree [168,169]. 

• Granular activated charcoal (AC), extra pure (Sigma-Aldrich). 
Benchmark commercial material, known for its sorption capacity and high surface area. 

 For a preliminary screening, HAP/C composites containing ca. 4 wt.% of carbonaceous scaffolds have 
been synthesized according to the procedure reported in the Experimental Section, paragraph 8.1.2. The 

three composites have been labelled HAP/CNF, HAP/CMC and HAP/AC, respectively. All composites have 
been characterized, as to establish which C-based scaffold could guarantee the optimal features for the two 

alleged applications. For comparison, a batch of pristine HAP (HAP_RT) has been synthesized following the 
same method but in absence of any carbonaceous scaffold and characterized as well. Both HAP_RT and HAP 
moieties of HAP/C composites presented a stoichiometric Ca/P atomic ratio of ca. 1.67. It is noteworthy that 

HAP_RT differs from the pristine HAP presented in the previous chapter, since synthetic conditions have been 
modified for HAP/C composites. Thus, the differences (in terms of both structure and morphology) between 

HAP_RT and HAP synthesized at 80°C (presented, as above written, in the previous chapter and here labelled 
as “pristine HAP”) are discussed as well. 
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 XRPD patterns of HAP_RT and HAP/C composites are 

reported in Figure 36. Broader peaks and lower 

intensity of the peak at ca. 26° in 2θ in the HAP_RT 
pattern (black line in Figure 36) are indicative of lower 

crystallinity degree and different nanoparticles shape 
(i.e. no pronounced elongation along the c-axis) as 

compared to pristine HAP synthesized under non-
template optimized conditions (see paragraph 2.2.1, 
Figure 10 and related comments). Application of the 

Scherrer equation to the XRPD data collected gives back 
a crystallite dimension of ca. 40x8 nm, confirming the 

differences with the ca. 200x8 nm nanoneedles 
reported in paragraph 2.2.1, Figure 10. 

 All HAP/C composites exhibit patterns similar to that 
of HAP_RT; thus, the presence of carbonaceous 

scaffolds in the co-precipitation slurry are proven not to 
influence neither the phase purity of the HAP moiety in the composite, nor its crystallinity degree and/or 

crystallites’ dimensions. In the case of HAP/CNF (red line in Figure 36), a shoulder peak around 27° in 2θ can 
be detected. Such contribution can be attributed to the 002 indexed reflection plane of graphite [170], 

feature associated with the C-based moiety and whose low intensity can be addressed to the low wt. % of 
the latter in the composite. The absence of such contribution in HAP/CMC and HAP/AC patterns is consistent 

with their predominant amorphous nature [168,169]. 

TEM images of HAP_RT and of the HAP/C composites are gathered in Figure 37. HAP_RT (Figure 37a) 

resulted to be composed of irregularly shaped nanoplatelets with dimensions comprised between 5 to 40 
nm, slightly different from those calculated through the application of the Scherrer equation. In all composite 

materials, HAP moieties retain the same nanoplatelet-like morphology (Figure 37b to e). TEM images of the 
HAP/CNF composites demonstrate the close contact between the hydroxyapatitic and carbonaceous 
moieties (Figure 37b). However, as observable from the magnification in Figure 37c, HAP nanoparticles tend 

to stack one on each other instead of being uniformly distributed onto CNFs’ surface. The inhomogeneous 
distribution of the phases in the composite is probably ascribable to several factors, such as the low surface 

area and functionalization degree of CNFs and the marked disproportion in terms of wt. % of the two phases. 
On the other hand, TEM images of HAP/CMC (Figure 37d) depict a more homogeneous composite, in which 

the two moieties are not distinguishable. In this case, the high surface of CMC, together with the pronounced 
surface functionalization are surely the main promoters of homogeneous HAP dispersion and anchoring on 

the carbonaceous scaffold. Finally, HAP/AC (Figure 37e) resulted similar to HAP/CMC from a morphological 
point of view. However, alleged homogeneity observed by TEM cannot be observed at a macroscopic scale: 
indeed, the HAP/AC composite appeared visually inhomogeneous and, when stocked in lab containers, tends 

to settle with the formation of two different layers, thus demonstrating the poor mechanical stability of the 
composite and the imperfect immobilization of HAP onto AC.  

Figure 36: XRPD patterns of HAP_RT and HAP/C composites. 
Carbonaceous scaffold content in the composites is equal to ca. 
4% wt. 
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N2 adsorption/desorption analyses have also been carried out on both HAP_RT and HAP/C composite. 

Adsorption isotherms, 3-parameters BET linearization and BJH pores distribution of all samples are reported 
in the Supporting Material (Figure 90 to Figure 93). The analytical conditions and the application of BET and 

BJH model were the same previously discussed and are detailed in the Experimental Section (paragraph 
8.2.1). 

Table 19 gathers all the numerical data obtained by N2 adsorption/desorption analyses. HAP_RT 
exhibits a slightly higher specific surface area (ca. +15%) in comparison with the pristine HAP (Table 5) 
obtained from the non-template modified method, with mean pore radius and cumulative pore volume 

increasing accordingly. Such increases could be ascribed to the lower crystallinity (i.e. higher amorphous 
contribution), in concordance with XRPD patterns. The presence of a carbonaceous scaffold brings in all cases 

to an increase in surface area, more marked for HAP/CMC and, surprisingly, for HAP/CNF. These results 
suggest that, whether the surface area of the scaffold, the latter favors dispersion of HAP, diminishing 

aggregation of HAP nanoplatelets and thus increasing the exposed surface of the material. This experimental 
evidence is quite consistent with the TEM observations, although some problems of HAP dispersion has been 

noticed for HAP/CNF composite. 
Mean pore radius and pore volume are instead only slightly affected by the presence of the scaffold, 

with the larger difference found in the former for HAP/CNF and HAP/CMC. However, all the HAP/C 

composites can be considered mesoporous materials, as expected from the typical type IV N2 adsorption 
isotherms and the H2 type hysteresis loop shown, despite some minor differences, by all samples (Figure 90a 

to Figure 93a). It is interesting to notice that all composites exhibit a total pore volume close to the one of 
HAP_RT: this is particularly noteworthy in the case of HAP/CMC, in which the “bare” scaffold has been 

demonstrated to possess a way larger porosity (ca. 2.64 cm3 g-1). It can be then concluded that HAP 

Figure 37: TEM images of a) HAP_RT, b) and c) HAP/CNF, d) HAP/CMC and e) HAP/AC. Carbonaceous scaffold content in the 
composites is equal to ca. 4 wt.%. 
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precipitation/immobilization onto the scaffold may cause the pore clogging of the latter, thus resulting in a 
lower than expected composite’s porosity. 

Table 19: Surface area, mean pore radius and cumulative pore volume of HAP_RT and HAP/C composites calculated from N2 
adsorption/desorption analyses. All composites contain a 4 wt.% of the related carbonaceous scaffold. 

Sample Surface Areaa Mean pore radiusb Pore volumeb 
m2 g-1 nm cm3 g-1 

HAP_RT 100.52 5.77 0.306 
HAP/CNF 142.02 2.90 0.270 
HAP/CMC 136.89 2.89 0.258 
HAP/AC 115.43 5.50 0.299 

a Evaluated according to the 3-parameter BET model equation; 
b Evaluated according to B.J.H model. 

In view of a potential application of these composite materials in an electrochemical device for heavy 
metal ions sensing, a first approximate screening of conductivity has been performed. HAP_RT and HAP/C 
composites has been compacted in tablets by means of an IR press: different pressures have been applied to 

different materials, as to obtain compact and mechanically stable tablets. Such pressed samples underwent 
EIS spectroscopy measurements aimed to the determination of the resistivity/conductivity of the materials. 

Results are reported in Table 20.  

Table 20: Tablets pressing conditions and measured resistivity/conductivity of HAP_RT and HAP/C composites. 

Sample 
Tablet preparation Measured 

resistivity 
Conductivity 

Pressure Thickness 
MPa cm Ω S m-1 

HAP_RT 369 0.15 4.0 · 109 2.8 · 10-9 
HAP/CNF 369 0.10 ≈ 19 ≈ 1.3 
HAP/CMC 886 0.080 9.3 · 106 5.0 · 10-6 
HAP/AC N/A N/A N/A N/A 

As expected, HAP electrical insulating nature resulted in a conductivity in the order of 10-9 S m-1. The 
presence of carbonaceous scaffold was confirmed to be beneficial for the conductivity, with a 1000x increase 

in the latter in the case of HAP/CMC and an impressive 109x boost for HAP/CNF. HAP/AC composite poor 
mechanical properties and overall inhomogeneity resulted in the impossibility to prepare a tablet for 

conductivity measurements.  

In conclusion, this first screening of carbonaceous scaffolds for HAP/C composites indicates CNFs as a 

promising high conductivity platform for the creation of HAP-based composites for electrochemical sensing 
application, while CMC may be a cheap and eco-friendly scaffold for a new generation of HAP/C composite 
sorbents. 

3.3 HAP/C composite materials for efficient wastewater remediation 
On the basis of the preliminary screening of carbonaceous scaffolds for HAP/C composites synthesis, 

CMC has been deemed the most promising for the creation of novel bifunctional sorbents able to 
simultaneously remove organic and inorganic pollutants from wastewater. 

In view of this application, several HAP/CMC composites with an increasing CMC wt.% content have 
been synthesized, namely 8, 12 and 16% (by design), in addition to the already presented 4%. Although the 

mass ratio between HAP and CMC could seem biased towards the former, taking into consideration the 
surface area ratio the situation is quite different (Table 21).  
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Table 21: CMC wt.% content by design for each HAP/CMC composite and related mass and surface area ratio. 

CMC wt.% (by design) 4 8 12 16 

HAP:CMC mass ratio ≈ 15.2 ≈ 11.0 ≈ 6.7 ≈ 4.1 

HAP:CMC surface area ratioa 1.24 0.89 0.55 0.33 
a Calculated as: (HAP wt.% * Sa HAP)/(CMC wt.% * Sa CMC). Sa HAP and Sa CMC are reported in Table 23. 

Indeed, because of the major difference in the surface area of the two pristine moieties (Sa HAP ≈ 100 
m2g-1 vs Sa CMC ≈ 1235 m2g-1, see Table 23), the composites actually expose preferentially the hydroxyapatitic 

or carbonaceous moiety in the CMC wt.% content range under investigation, with HAP/CMC8 roughly being 
the balance point, in which the theoretical surface area of the two moieties are equal. So, despite the low 

CMC wt.% content, the synthesized HAP/CMC composites should cover comprehensively a wide range of 
actual HAP:CMC surface area ratio and thus exhibit different physical/chemical properties and sorption 
performance. So, a complete structural, morphological and surface characterization of the composites has 

been performed in order to evaluate the HAP:CMC ratio influence on the physical/chemical features of the 
composites. Then, composite materials have been tested in the remediation of simulated polluted 

wastewater containing both single and simultaneously present organic and inorganic model pollutants 
(methylene blue, MB and copper, Cu(II), respectively). All experimental details, from the synthetic procedure 

to the operational conditions of physical/chemical characterization and sorption test are reported in the 
Experimental Section. 

Throughout the section, HAP_RT and CMC will be referred to as reference comparison from the point 
of view of structural/morphological properties and sorption performance. As already stated, HAP_RT is 
synthesized according to the same procedure of HAP/CMC composites but in absence of the carbonaceous 

slurry. On the other hand, CMC has been treated under harsh basic conditions by NH4OH under the same 
conditions reported for composites synthesis, as to evaluate the effect of such environment on CMC features 

and to obtain a proper “blank” to compare to HAP/CMC composites. 

3.3.1 Structural and morphological characterization of HAP/CMC composites 

First and foremost, the effective CMC wt.% content in the composites have been checked by means 

of thermogravimetric analyses (TGA). In fact, removing CMC by combustion at high temperature under air 
allows to estimate the CMC content in each composite through weight loss evaluation. All the experimental 

details are reported in the Experimental section, paragraph 8.2.2.  
However, several phenomena could be responsible for weight losses in the scanned temperature 

range, like decomposition of carbonates (both from HAP and CMC moieties) and/or release/evaporation of 
both physically and chemically bound water molecules. For a more precise quantification of the CMC wt.%, 
an internal calibration has been performed, using ad-hoc prepared physical mixture of HAP and CMC with 

CMC content in the same range of the composites’ one. Moreover, the comparison between physical mixture 
and composites thermogravimetric profiles can be useful to assess specific modifications induced by the 

synthetic route, for example a variation in the carbonates content. 
Preparation of such physical mixtures is detailed in the Experimental Section (paragraph 8.2.2), while 

weighted masses are reported in Table 43 in the Supporting Material. 
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Figure 38 reports the thermogravimetric profiles of both composites (black lines) and physical 
mixtures (red lines) at different CMC wt.%. All samples display a major thermal phenomenon, imputable to 

CMC combustion, taking place in the temperature range comprised between ca. 400 and 650°C and reaching 
the maximum rate (i.e. point of inflection of the thermogravimetric profile) at ca. 585°C. Calculating the 

second derivative and applying 
the method of the tangents to 

each profile, the actual weight 
loss has been evaluated for both 
physical mixtures and 

composites. Weight losses 
versus effective CMC wt.% 

content in physical mixtures has 
been plotted to obtain a 

calibration line (Figure 94 in 
Supporting Material). Then, the 
same calibration line has been 

used to determine the actual 
CMC content in HAP/CMC 

composites from the calculated 
TGA weight losses, giving back 

the values reported in Table 22, 
which are slightly higher than 

those designed. 
 Before the onset of CMC combustion, another thermal phenomenon takes place in the range 
between 120 and 400°C. The slow kinetics of the phenomenon and the temperature range in which it occurs 

are consistent with the thermal decomposition of surface and bulk HAP carbonate species [33]. Interestingly, 
the weight loss in this region is always larger for composites than physical mixtures, suggesting that the 

former are more subjected to carbonation than HAP_RT. Possibly, CMC slightly decomposes under harsh 
basic conditions typical of the synthetic slurry, thus releasing small amounts of CO3

2- ions which are readily 

incorporated in the HAP lattice during precipitation. A reliable quantification of the carbonate species 
content is however not possible since chemisorbed water release takes place in the same temperature range 

of CO3
2- decomposition.  

Table 22: Effective CMC and carbonates content (wt. %) in HAP/CMC composites. 

Sample 
CMC content  

wt. % 

HAP/CMC4 6.16 

HAP/CMC8 8.37 
HAP/CMC12 12.95 

HAP/CMC16 19.60 

 

 

 

Figure 38: Thermogravimetric profiles of HAP/CMC composites and related physical 
mixtures. 
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XRPD patterns of pristine HAP and CMC and HAP/CMC composites are reported in Figure 39.  

 

Figure 39: XRPD patterns of the pristine moieties (HAP and CMC) and of the HAP/CMC composites. HAP_RT and HAP/CMC4 composite 
patterns, already reported in Figure 36, are recalled for the sake of comparison. Brown vertical lines indicate attended graphite XRD 
reflections. 

 CMC pattern (black line in Figure 39) reveals the predominant amorphous nature of the 

carbonaceous scaffold, evidencing two weak and broad peaks centered between 20° and 30° in 2θ and 40° 

and 45° in 2θ, respectively assigned to 002 and 101 reflections of graphite [170]; large FWHM values derive 
from the highly amorphous character of CMC, which can be depicted as a carbon structure made of small 
and randomly stacked hexagonal aromatic sheets. This result is consistent with previously published studies 

in which as received CMC have been thoroughly characterized [169], thus demonstrating that the harsh basic 
conditions experienced by the material during the composites’ synthesis do not affect its already disordered 

and amorphous structure.  
 HAP_RT and HAP/CMC4 patterns have been discussed in the previous paragraph. Diffractograms of 

all composite materials display HAP featured peaks, confirming the successful immobilization of the 
hydroxyapatitic moiety and the phase purity of the materials (i.e. no other crystalline phase is detected). The 
general peak broadening and loss of resolution noticed as consequence of increasing CMC content could be 

attributed to a possible decrease in HAP crystallinity or, more probably, to a surge in the background noise 
actually due to the increment in the (amorphous) CMC content. Because of this peak broadening 

phenomenon and taking into account the presence of two distinct phases with different crystallinity degree, 
Scherrer equation cannot be reliably applied to the present diffractograms. 

Despite the typical black color imparted to the composites by the presence of the carbonaceous 
scaffold, which causes non-negligible radiation absorption, FT-IR has been registered in transmittance mode 

for both pure HAP and CMC and HAP/CMC composites. Although results can be considered only qualitative 
because of the low transmittance of the samples, a meaningful insight on the surface functional groups of 
CMC and composites can be obtained from a careful analysis of the FT-IR spectra reported in Figure 40a. 
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Figure 40: a) FT-IR spectra of the pristine moieties (HAP and CMC) and of the HAP/CMC composites; b) Magnification of the 
carbonates’ region of HAP/CMC4 composite and c) comparison between the HAP/CMC4 composite and the corresponding physical 
mixture. 

Before commenting on the recorded spectra, it is important to correctly address peaks at ca. 2360 

cm-1 and ca. 1640 cm-1. Those contributions are related to CO2 and H2O IR-active modes, respectively; since 
both molecules are present in the atmosphere, and considering possible background fluctuation, such signals 

will not be included in the discussion. 
Notwithstanding the high extinction coefficient of CMC, the related spectrum (black line in Figure 

40a), four broad peaks are detected in as many IR regions, depicting a highly functionalized carbon. These 

signals have been assigned to the (i) stretching mode of O-H (ca. 3404 cm-1), (ii) stretching mode of C=O (ca. 
1700 cm-1), (iii) stretching mode of conjugated C=C aromatic bonds (ca. 1571 cm-1) and finally (iv) stretching 

mode of C-O groups of esters/alcohol functionalities (ca. 1264 cm-1) [168]. 
Noticeably, the typical contribution of C-H stretching (ca. 2930 cm-1), sometimes observed for 

carbonaceous materials, is barely detectable in CMC, suggesting a limited presence of C-H terminal moieties 
at the expenses of vastly O-functionalized terminations. These observations, in agreement with the relevant 

oxygen content of CMC [169] and together with its high surface area, justify the improved dispersion and 
anchoring of HAP onto this carbonaceous scaffold in respect with CNFs and AC.  

HAP_RT spectrum (red line in Figure 40a) presented all the typical feature of HAP, as already 

commented for pristine HAP in paragraph 2.2. An interesting difference can anyway be spotted between 
HAP_RT and pristine HAP synthesized at 80°C: indeed, the former does not seem to suffer from carbonation 

and thus exhibits an almost flat signal in the typical IR carbonates’ region (ca. 1600 to 1300 cm-1). Although 
higher temperature synthesis could be thought to minimize the possibility of HAP carbonation (due to the 

plummeting of gases solubility in liquids at high temperature), other factor could play relevant roles in 
determining the amount of CO3

2- entering HAP lattice in the synthetic step. HAP_RT is indeed obtained 

through a modified co-precipitation method that involves higher concentration of precursors’ solutions (i.e. 
increased ionic strength in the reaction slurry) and shorter dropping/synthesis time, both factors that can 
concur in decreasing the amount of carbonates present in solution and available to enter HAP’s lattice.  

Spectra of all HAP/CMC composites display the typical IR features of HAP, thus indicating that, even 
in the case of CMC-favorable surface area ratio (i.e. CMC wt. % > HAP/CMC8), the hydroxyapatitic moieties 
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of composites are always present on the materials’ surface. Curiously, signals in the carbonates’ region are 
detected in HAP/CMC4 (green line in Figure 40a) and although progressively weakening, most likely because 

of the lowering of IR transmittance of samples as CMC content increases, carbonates related peaks are 
displayed by all composites up to HAP/CMC16. The magnification of the carbonates’ region reported in Figure 

40b confirms the presence of both A and B-type CO3
2- groups. The absence of carbonates related signals in 

HAP_RT and in the physical mixtures (Figure 40c) suggests that carbonatation preferentially occurs when the 

carbonaceous scaffold is present. Possibly, these CO3
2- ions could be supplied to the synthetic slurry by CMC 

partial decomposition under harsh basic conditions, as already proposed. However, since all the 
characterizations performed confirmed CMC stability, such explanation is easily arguable. Considering then 

that carbonates signals appear only for the composite, it could be guessed that surface carbonate groups of 
CMC take active part in the nucleation of HAP, serving as anchoring point and thus becoming part of HAP’s 

lattice and originating the typical CO3
2- IR signals. 

 The qualitative characterization of HAP/CMC composites’ surface has been completed by Raman 

spectroscopy. Raman spectra of pristine moieties and composites are shown in Figure 41. 

 
Figure 41: Raman spectra of pristine CMC and HAP/CMC composites. For pristine HAP_RT spectra, refer to Figure 95 in the Supporting 
Material. 

Pristine CMC spectra (purple line in Figure 41) presents the two typical bands found in C-based 
materials: the G band (ca. 1530-1620 cm-1), associated with the graphite in plane E2g Raman active mode and 
the D band (ca. 1350 cm-1), related instead to the A1g D breathing mode. In simplified terms, it could be stated 

that G and D band are directly related to the ordered and disordered domains of carbon-based materials. An 
evaluation of the defectiveness of the samples can be indeed obtained from the peaks’ intensity ratio (ID/IG).  

The CMC scaffold ID/IG ratio stands around 0.8, indicating that the material is mostly amorphous with 
the presence of small graphitic domains, in the order of ca. 1 nm of size [171]. These observations are 

consistent with those drawn from the XRPD patterns (Figure 39). On the other hand, HAP_RT spectrum 
(Figure 95 in Supporting Material) is characterized by way higher radiation intensities and the typical 

semicircular pattern due to phosphorescence. Therefore, no relevant information can be obtained for 
pristine HAP materials from this technique.  
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Regarding HAP/CMC composites, all spectra exhibit both G and D bands and an ID/IG ratio similar to 
that of CMC. It can be noticed that, as CMC content in the composites gradually grows, spectra tend to 

resemble pristine CMC one. The presence of HAP in the composites can be spotted only up to ca. 8 wt.% CMC 
content (HAP/CMC8) by the appearance of a peak at ca. 961 cm-1; this signal is commonly attributed to the 

ν3 symmetric stretching mode of PO4
3- groups [172]. The disappearance of such contribution at higher CMC 

wt.% can be interpreted as a lower surface exposure of phosphate groups (and thus HAP in general) in 

HAP/CMC12 and HAP/CMC16, in accordance to the surface area balance of the two moieties of the 
composites (Table 21). 

The results of N2 adsorption/desorption analyses on all samples are gathered in Table 23, while 

isotherms, BET linearizations and PSD graphs are reported in Figure 96 to Figure 98 in the Supporting 
Material. HAP_RT and HAP/CMC4 data are reported once more in Table 23 for the sake of clarity, as well as 

CMC ones.  

Table 23: Surface area, mean pore radius and cumulative pore volume of HAP/CMC composites calculated from N2 
adsorption/desorption analyses. HAP_RT and CMC values are reported for the sake of clarity. 

Sample 
Surface area Mean pore radius Pore volume 

m2 g-1 nm cm3 g-1 

HAP_RT 100.52 5.77 0.306 

HAP/CMC4 136.89 2.89 0.258 
HAP/CMC8 129.90 3.52 0.221 

HAP/CMC12 149.06 3.28 0.224 
HAP/CMC16  128.81 3.12 0.113 

Pristine CMC 1235.93 3.11 1.18 

 Despite no clear trend in Sa vs. CMC wt.% is disclosed, all composites exhibit a higher surface area 
than HAP_RT. Qualitatively, differences can be spotted among isotherms (Figure 96, Supporting Material): 

indeed, the adsorption branch and the desorption hysteresis show a transition from the typical type IV and 
H2 ones, respectively, to a mixed type I/IV and H2/H4 going from HAP/CMC4 to HAP/CMC16. These evidences 

confirm the influence of CMC content on the morphological features of composites and are consistent with 
the partially microporous nature of the carbonaceous scaffold. However, as reported in Table 23, both 

surface area and mean pore volume of composites are way lower than CMC values; at the same time, these 
values are not determined solely by the mathematical weighted average between HAP_RT and CMC, thus 

suggesting that the moieties are not distinct but effectively form composites. The plummeting of surface area 
and especially mean pore radius values from CMC to composites suggest that a disordered HAP precipitation 
takes place on both the surface of the carbonaceous scaffold and inside the pores of the latter: pore clogging 

and embedding of CMC particles in HAP could then explain the Vpore and Sa values. 

 TEM images of the composites are reported in Figure 42. No difference between HAP_RT and 

composites’ morphology of composites can be noticed for CMC content as high as ca. 12% (HAP/CMC12). 
Only HAP/CMC16 presents a different, sponge-like morphology (Figure 42c), which resembles that of the 

CMC scaffold (Figure 42d). This observation agrees with the morphology transition alleged from N2 
adsorption/desorption isotherms for the high-content CMC composites. However, in all composites HAP 

retains a platelets-like morphology and all composites exhibit a homogenous distribution of HAP and CMC 
moieties. 
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Figure 42: TEM images of a) HAP_RT; b) HAP/CMC8; c) HAP/CMC16 and d) pristine CMC.  

Surface acidity and basicity of the composites have been investigated by liquid-solid titration. The 
applied technique slightly differs from that presented in paragraph 2.2.2 (LRCM) and applied for the 

determination of surface features of pristine HAP: indeed, in this case, samples have been titrated under 
flowing conditions, performing pulsed injections of probe molecules while continuously flushing fresh solvent 

(differently from the closed-line LRCM set-up presented in paragraph 2.2.2). The experimental details of 
liquid-solid acid/base titrations are reported in the Experimental Part, paragraph 8.2.4.2; further discussion 

on the underpinnings of this technique can be found in the Supporting Material, paragraph 10.2.2.1. Briefly, 
the pulsed injection method is best suited for the study of these (carbonaceous) samples since the continuous 

flow of solvent minimizes physisorption phenomena. Indeed, π-π interaction between CMC containing 
samples and the probe molecules (PEA and BA, both bearing an aromatic ring) would lead to misleading 

results under LRCM closed-line conditions. On the other hand, the pulsed injections technique does not allow 
a proper discrimination between strong and weak acid/basic sites and obtained acidity/basicity results may 

be less accurate because of the “transient” nature of the technique versus the “equilibrium” one typical of 
LRCM.  

The intrinsic (i.e. measured in cyclohexane) number of acid and basic surface sites has been 
determined for all composites. Results are reported in an “isotherm-like” plot in Figure 43a, where the actual 

amount of adsorbed probe is plotted against the injected amount. The quantity of composites’ surface 
acid/basic sites, obtained from the adsorption plateaus shown in Figure 43a, is graphically reported as meq 
g-1 and meq m-2 versus CMC wt.% in Figure 43b and Figure 43b inset, respectively. The endpoints, 0 and 100% 

CMC, represents HAP_RT and pristine CMC, respectively. The numerical results, obtained from the titrations, 
are gathered and presented in the Supporting Material, Table 44. 
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Figure 43: a) Isotherm-like plots obtained from pulsed injection acid and base titrations of HAP/CMC composites and pristine moieties; 
b) Trends of the intrinsic surface basicity (blue, left Y axis) and acidity (red, right Y axis) of HAP/CMC composites, plotted in meq g-1 
versus CMC wt. % and in meq m-2 in the inset. End points, at 0 and 100%, are represented by HAP_RT and CMC, respectively. Titrations 
have been performed at 30°C, in cyclohexane.  

Starting from the meq g-1 intrinsic surface acidity (red points and curve in Figure 43b), it can be 
noticed that both pristine moieties exhibit a remarkable amount of sites (ca. 0.220 meq g-1 for HAP_RT and 

ca. 0.250 meq g-1 for CMC), consistently with previous results (for HAP, Figure 14 and Table 7) and literature 
(for CMC, [168,169]). Despite the elevated number of sites onto HAP_RT and CMC surfaces, a constant 

decrease in the number of acid sites occurs as the content of CMC in composites increases. This result agrees 
with the pore clogging action of HAP precipitation onto the carbonaceous scaffold (suggested by N2 ads/des 
analyses) and the -COOH groups acting as anchoring points (indicated by FT-IR spectra) during the formation 

of the composites themselves, thus resulting in an overall diminished exposure of surface acid sites. The same 
decreasing trend in composites’ acidity can be spotted when plotting the number of sites as meq m-2 (i.e. 

normalizing by each material’s surface area, Figure 43b inset), although in this case CMC acidity is majorly 
downgraded because of its large surface area (Table 23). 

Regarding  intrinsic basicity (blue points and line in Figure 43b), it resulted almost null for both 
composites and pristine moieties, giving back results near to the lower limit of detection of the technique. 

Regarding pristine CMC, the limited amount of basic surface functionalities is consistent with the nature of 
active carbons obtained from pyrolysis, which are well known in literature to be markedly acidic materials 
[173]. On the other hand, HAP_RT basicity is almost zeroed as well, in contrast with the marked basicity 

measured under similar conditions but applying the LRCM closed-line set-up (paragraph 2.2.2, Figure 14 and 
Table 7). The difficulties in determining the intrinsic basicity of samples through this pulsed injection 

methodology is probably related to the slow kinetics of adsorption and constant desorption of the probe 
molecule (BA) from the samples’ surface, which are, under these conditions, further exacerbated by the 

continuous flow of fresh solvent. A qualitative confirmation of the slow adsorption/desorption kinetics of BA 
in comparison to PEA can be deduced from the chromatograms registered during the titration of HAP/CMC 
composites (Figure 99, Supporting Material). 

Effective surface acidity and basicity (i.e. measured in H2O) could not be detected by this titration 
method: the strong interactions of H2O with the samples’ acid/basic surface sites, the limited contact time 

between solids’ surface and probe molecules and the continuous flushing of the samples with fresh solvent 
are allegedly all concurring in minimizing probe-site interactions.  

The next paragraph will present and discuss the sorption ability of the composite materials herein 
fully characterized.  
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3.3.2 Simultaneous removal of organic and inorganic pollutant in simulated wastewater by 

HAP/CMC composites 

The ability of HAP/CMC composites to remove both organic and inorganic pollutants from simulated 

wastewater has been tested. Stirred batch adsorption tests were performed on Cu(II), Ni(II) and methylene 
blue (MB) containing solutions, both present individually and at the same time. Operative conditions are 

detailed in the Experimental Section, paragraph 8.3.2. As comparison, pristine moieties of the composites 
(i.e. HAP_RT and CMC) have been tested under the same conditions. 

First and foremost, sorbents have been tested in the removal of solutions containing individual heavy 

metal cations, like Cu(II) (generally accepted benchmark for metal wastewater pollution) and Ni(II) (emerging 
pollutant). Figure 44 shows the percentage removal of Cu(II) (Figure 44a) and Ni(II) (Figure 44b) by 

composites and “bare” moieties starting from different initial pollutants’ concentration; numerical results, 
both in percentage and in mgCu(II) g-1

Sorbent, are reported in the Supporting Material, Table 45 and Table 46. 

 
Figure 44: Percentage of removal of Cu(II) (a) and Ni(II) in single component solutions by pristine moieties and different CMC containing 
HAP/CMC composites, at different Men+ initial concentrations. Sorption tests performed according to a stirred batch method, T = 30°C, 
contact time = 2 h, natural pH (ca. 6). 

 Starting from Cu(II) (Figure 44a), HAP_RT showed an overall 100% removal ability towards Cu(II), 
despite the initial concentration. These results are consistent with those obtained for pristine HAP, paragraph 

2.3.1. Actual qCu(II) (Table 45) does not exceed the qmax Cu(II) calculated from the isotherm presented in Figure 
16. On the other hand, pristine CMC exhibits a limited ability of Cu(II) sorption: the almost 100% removal of 
the cation at low initial concentration (15 ppm), drops down to ca. 40% when concentration raises to 300 

ppm. Low affinity with inorganic cations and the modest amount of (basic) surface functionalities of C-based 
materials [173] is the alleged reason of such behavior at high Cu(II) concentration. All HAP/CMC composites, 

probably because of the low CMC content (≤ 20wt.%), are as efficient as HAP_RT in Cu(II) removal, reaching 
ca. 100% Cu(II) uptake regardless of the initial concentration.  

Similarly, Ni(II) adsorption onto HAP/CMC composites is quantitatively close to that onto HAP_RT. 
Moreover, HAP/CMC composites sorption performances are slightly affected by the CMC wt.%, i.e. 

HAP/CMC4 operate as efficiently as HAP/CMC16 and moderately more than pristine CMC when Ni(II) initial 
concentration is < 75 ppm. Overall, Ni(II) is confirmed to be hardly adsorbed onto both HAP (paragraph 2.3.1 
and [16,79,85]) and/or C-based materials [174,174]. 

Cu(II) and Ni(II) adsorption tests onto HAP/CMC composites demonstrate that typical HAP affinity 
towards heavy metal cations is retained in the composition range studied (ca. 4 to ca. 20 wt.%).  
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The ability of HAP/CMC composites and pristine moieties in removing a benchmark organic pollutant 
like MB has been tested according to the same methodology (details can be found in paragraph 8.3.2, 

Experimental Section). The percentage removal of MB by the sorbents at different initial concentrations is 
reported in Figure 45a; numerical data (percentages and mgMB g-1

Sorbent) are instead gathered in Table 47, 

Supporting Material. 

 
Figure 45: a) Percentage of removal of MB in single component solutions by pristine moieties and different CMC containing HAP/CMC 
composites, at different MB initial concentrations; b) Effective vs. projected removal of MB in single component solutions by HAP/CMC 
composites. Projected values calculated from the maximum MB uptake on CMC and CMC wt.% in the composites under study.  
Sorption tests performed according to a stirred batch method, T = 30°C, contact time = 2 h, natural pH (ca. 6). 

 MB uptake onto HAP_RT surface is limited, as expected [149], underlining the scarce affinity of 
hydroxyapatitic materials towards organic pollutants, although the cationic nature of MB at nearly neutral 
pH [149]. Conversely, CMC exhibits outstanding sorption performances, conferred to the material by its high 

surface area, porosity and C-based nature, which allows the trapping of aromatic ring-bearing molecules 

through π-π interactions [142,149]. The maximum MB uptake onto CMC has been evaluated through 
subsequent adsorption tests and stood around 300 mgMB g-1

CMC (Table 48, Supporting Material). Interestingly, 

the low CMC content in HAP/CMC composites results to be enough to impart to the materials excellent MB 
sorption properties. Indeed, MB is totally removed from 250 and 500 ppm MB solutions by HAP/CMC 

composites containing ca. 12 wt.% and 20 wt.% CMC, respectively.  
 To disclose possible synergistic effects between the two moieties of the composites, the actual MB 

uptake values (measured at MB initial concentration equal to 500 ppm) have been compared to theoretical 
uptake projections (Figure 45b) calculated assuming that (i) the two components (HAP and CMC) exert their 
adsorbent action independently of each other and (ii) there is a direct relationship between the adsorption 

capacity and relative amount (wt.%) of the components themselves. The red dotted line in Figure 45b 
represents the upper MB loading limit imposed by the operative conditions. Even if for low CMC content 

(HAP/CMC4 and HAP/CMC8) a synergistic effect between HAP and CMC components could be allegedly 
spotted, the measured and calculated uptakes are closed enough to be considered practically the same.  

 Once the composites’ capacity to individually adsorb inorganic (Cu(II) and Ni(II)) and organic (MB) 
pollutants in water solution, sorption ability of HAP/CMC materials has been tested in ternary solutions, 

containing Cu(II), Ni(II) and MB at fixed concentrations (ca. 300 ppm for inorganic cations, ca. 250 ppm for 
MB). Even in this case, the whole experimental procedure is reported in the Experimental Section (paragraph 
8.3.2). 

 The results of ternary solutions adsorption tests are graphically reported in Figure 46, in terms of 
percentage removal of pollutant by each composite, with HAP_RT and pristine CMC representing the end 
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points of the graph. As usual, numerical results (removal percentages and mgPollutant g-1
Sorbent) are gathered in 

Table 49, in the Supporting Material. 

 
Figure 46: Percentage of removal of Cu(II), Ni(II) and MB in ternary solutions by pristine moieties and different CMC containing 
HAP/CMC composites. Sorption tests performed according to a stirred batch method, T = 30°C, contact time = 2 h, natural pH (ca. 6), 
Cu(II) & Ni(II) initial concentration ca. 300 ppm and MB initial concentration ca. 250 ppm. 

 Optimal inorganic cations adsorption is registered onto HAP_RT surface, with an almost 100% 

removal efficiency towards Cu(II) and a ca. 25% towards Ni(II). The removal percentage and the actual metal 
loading of Ni(II) onto HAP_RT (Table 49, Supporting Material) are consistent with previous results of Ni(II) 

adsorption onto hydroxyapatitic materials and confirm the modest affinity between such cation and HAP. 
Regarding the organic benchmark pollutant, the amount of MB trapped by HAP_RT is practically null. 
 Pristine CMC on the other hand exhibited a remarkable sorption capacity towards MB even in ternary 

solutions, completely removing the organic pollutant under the operative conditions. By contrast, heavy 
metal cations removal is way less efficient on CMC than HAP, reaching maximum removal values of ca. 50 

and ca. 10% for Cu(II) and Ni(II) respectively, confirming the scarce affinities previously assessed in single-
metal solutions’ adsorption tests (Figure 44). 

 Overall, HAP_RT and CMC possess different and complementary sorption features which could be 
exploited together in the composites materials to obtain novel sorbents with a dual nature. 

Indeed, HAP/CMC composites showed promising adsorption capacities towards both organic and 
inorganic pollutants. Cu(II) is captured with a removal efficiency comprised between 85 and 95% at every 
CMC wt.%, indicating that diminishing HAP content in the composite do not affect the uptake of such cation. 

Unfortunately, the same conclusion cannot be stated for Ni(II), whose removal efficiency decreases from ca. 
25 to ca. 17% going from HAP/CMC4 to HAP/CMC16, highlighting once more the challenging issue of Ni(II) 

adsorption. Regarding the organic fraction, the complete removal of MB is achieved for all composites 
besides HAP/CMC4; this result suggests that a slight amount of the carbonaceous scaffold (CMC wt.% > ca. 

6-7%) is sufficient to impart to HAP/CMC composites the desired adsorption properties towards organic 
pollutants. 

Since Ni(II) adsorption is a constant issue for both HAP and carbon-based sorbents and, allegedly, for 

HAP/C composites too, long contact time adsorption tests have been carried out, in order to disclose the 
effect of the latter on Ni(II) removal efficiency. Main results are reported in Figure 47. 
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Figure 47: Effect of contact time on nickel uptake on HAP_RT from single component (C0 ≈ 300 ppm Ni(II)) and ternary (C0 ≈  300 ppm 
of each Cu(II), Ni(II) and MB) solutions. Sorption tests performed according to a stirred batch method, T = 30°C, contact time = 2 h, 
natural pH (ca. 6). 

 As it can be noticed, Ni(II) adsorption onto “bare” HAP_RT is only modestly affected by the contact 
time: indeed, passing from 2 to 100 h contact time, Ni(II) removal only increases of ca. 14% in single 

component solution (Figure 47, bars on the left), while the increment is even slighter in the case of ternary 
solutions, where it stood around 5% (Figure 47, bars on the right). Therefore, considering the almost 

negligible advantages and the operative drawback represented by the long contact time, the latter cannot 
be deemed a key parameter in determining Ni(II) uptake onto HAP-based sorbents. 

 Finally, leaching tests have been carried out on selected used sorbents, as to assess the risk of 

secondary pollution and the permanent or not nature of pollutants’ confinement on the materials. The 
operative conditions applied for leaching tests are fully detailed in the Experimental Section, paragraph 8.3.2.  

 Since HAP/CMC8 resulted to be the optimal composition for simultaneous removal of organic and 
inorganic pollutants, leaching tests have been carried out on those “spent” sorbents and on pristine 

components, HAP_RT and CMC. The outcomes of leaching tests are reported in Figure 48. 

 
Figure 48: Mass (left y axis) and percentage (labels on top of bars) of leached pollutants from selected used sorbents. 

 When contacted with fresh water, HAP_RT retains almost totally Cu(II) and MB, although the latter 

has been adsorbed in practically negligible amounts. Conversely, ca. 6.5% of the previously trapped Ni(II) is 
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release in solution. The results agree with those presented in the previous chapter for pristine HAP 
(paragraphs 2.3.1 and 2.3.4).  

 Pristine CMC confirmed to be an ideal sorbent for organic pollutants, exhibiting a perfectly 
permanent confinement of MB onto its surface. Regarding metal cations instead, despite the small amount 

trapped during the adsorption tests, both Cu(II) and Ni(II) are significantly released in solution. 
 In HAP/CMC8 the complementary nature of the two moieties of the composite shows once more: 

indeed, Cu(II) and MB, trapped in relevant quantities during adsorption tests, results to be permanently 
confined onto the sorbent. Ni(II) leaching persist being an issue, with a percentage release close to that 
registered for “bare” HAP_RT. 

 In conclusion, the novel HAP/CMC composites resulted to be efficient dual sorbents, able to 
simultaneously remove organic (i.e. dyes) and inorganic (i.e. heavy metal cations) water pollutants. The 

optimal CMC content in composites was deemed to be > ca. 7-8 wt.%. Confinement of Cu(II) and MB has 
been proved to be permanent. Overall, the composites satisfactorily merge HAP and CMC adsorption and 

retention of organic/inorganic pollutants.  
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3.4 Development of HAP/C based electrodes for electrochemical sensing of heavy 

metal cations’ traces in waterbodies  

In the view of a possible application in an electrochemical sensing device, the conductivity of HAP/C 
composites presented in paragraph 3.2 have been further evaluated: in addition to the data already reported 

in Table 20, self-standing electrodes have been prepared starting from each composite (procedure can be 
found in the Experimental Section, paragraph 8.4.1) and their conductivity measured. Results are listed in 

the second column of Table 24. 

Table 24: Conductivity of pressed powders (tablets) and processed (to craft self-standing electrodes) HAP/C composites (4 wt.% in C) 

Sample 
Conductivity 

S m-1 

Tablets Self-standing electrodes 

HAP_RT 2.8 · 10-9 n.d. 
HAP/CNF ≈ 1.3 9.4·10-3 

HAP/CMC 5.0 · 10-6 9.1·10-8 
HAP/AC n.d. n.d. 

 

As already commented, HAP exhibited scarce conductivity when tested as pressed powder [57] but 
compositing HAP with a carbonaceous scaffold conferred enhanced electrical properties to the materials, as 

testified by the improved conductivity of HAP/C composites. 
Conductivity of the final electrodes have been checked as well and numerical values are reported in 

the second column of Table 24. Although composites’ ranking is confirmed, lower conductivity values have 

been registered for electrodes in comparison with pressed powders. This discrepancy (decrease of ca. 3 
orders of magnitude) can be related to the addition of a chemical binder (PTFE, insulator) in the electrode 

crafting process, required to impart processability to the composites’ paste and mechanical stability to the 
final electrodic structure.  

The performance of HAP/C-based electrodes as heavy metal ion sensors has been tested in the 
presence of low concentrations of a benchmark pollutant like Pb(II). All experimental details are reported in 
the Experimental Section, paragraph 8.4.2. Briefly, in a typical three-electrode electrochemical cell, HAP/C-

based electrodes operated as working electrodes, with a Pt wire and a saturated calomel electrode (SCE) as 
counter and reference electrodes, respectively. The electrolyte was a 0.1 M KNO3 aqueous solution with a 

concentration in the analyte (Pb(II)) equal to 10-5 M. Because of the previously discussed reasons (paragraph 
3.1.2), the selected electroanalytic technique has been SWASV, with the addition of a further step prior to 

the reductive preconcentration one. Indeed, since the adsorption process of cations onto HAP surface does 
not take place instantaneously, an initial diffusion-controlled preconcentration is performed by simply 

dipping the electrode in the analyte-containing solution at the open circuit potential (OCP). This step will be 
hereinafter indicated as “OCP preconcentration”.   

  Main results of the preliminary screening of different HAP/C-based electrodes are graphically 

reported in Figure 49.   
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Figure 49: a) Stripping voltammograms of Pb(II) on different HAP/C-based electrodes (4 wt.% C-based scaffold), obtained after 50 
minutes of OCP preconcentration, 1 minute of reductive preconcentration (-1 V vs SCE). Potential scan rate = 50 mV s-1; b) Dependence 
of Pb(II) peak current (iPeak) on OCP preconcentration time for different HAP/C-based sensors.  

 From the stripping voltammograms of Pb(II) reported in Figure 49a, it can be noticed that, 
notwithstanding its higher conductivity, no Pb(II) stripping peaks can be detected on HAP/CNF-based 

electrodes. On the other hand, voltammograms of both HAP/CMC and HAP/AC-based electrodes display a 
faradic peak at ca. -0.5 V vs SCE, attributed to Pb(II) stripping (literature reports Pb(II) stripping potentials in 

the range from -0.380 to -0.5 V vs Ag/AgCl [165,167,175]), with the former delivering a more definite and 

intense peak (iPeak ≈ 20 µA). Control experiments, performed on a pristine CMC-based electrode crafted 
following the same procedure, showed that the electrode modification with the “bare” carbonaceous 

scaffold impart as well moderate sensing ability to the device (green curve in Figure 49a), despite a less stable 
and linear baseline. Based on this preliminary screening, it can be concluded that the most promising HAP/C 
composite for the development of heavy metal ions electrochemical sensing devices is HAP/CMC. Moreover, 

the comparison between HAP/CMC and CMC-based electrodes’ voltammograms evidence the added value 
of the composite (i.e. of HAP presence), conferring to the system an overall higher sensitivity in terms of 

delivered current at fixed analyte concentration.  

 Consistently with the rationale behind HAP-based electrode modifiers, HAP sorption properties 

demonstrated to improve sensors’ performances when implemented in the working electrode. However, the 
systematic study of the influence of OCP preconcentration time and iPeak revealed a non-linear relationship. 
In Figure 49b, the trend of Pb(II) stripping peak current versus OCP preconcentration time demonstrate, for 

HAP/CMC-based electrodes, the presence of a plateau of delivered current between ca. 35 and 60 minutes 
of OCP preconcentration. Ascending iPeak values up to ca. 35 minutes could be ascribed to diffusional 

limitations, impeding the complete exertion of HAP sorption action in a brief time. Conversely, the 
plummeting of iPeak for OCP preconcentration times > 60 minutes could be indicative of permanent electrode 

modification, thus posing a threat to the reusability of the sensor itself.  

3.4.1 HAP/CMC-based electrodes for heavy metal cations sensing in waterbodies 

Despite the above-discussed limitations (common to all the electrode modifiers tested), CMC 

returned the best sensing performance among the three carbonaceous scaffolds. Therefore, the whole series 
of HAP/CMC samples, already presented in the previous paragraph (CMC wt. % ranging from ca. 4 to ca. 

20%), has been implemented in electrodes fabrication and testing, with the aim to evaluate the effect of CMC 
content on the sensing performance.  
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 First and foremost, the conductivity of powders has been measured. The results, listed in the 
Supporting Material (Figure 100), disclosed an expected direct relationship between CMC wt.% in the 

composite and conductivity. Interestingly, composites conductivity practically matches that of pristine CMC 
for CMC content > ca. 8%, with ca. one order of magnitude increase when compared with HAP/CMC4 (Table 

24). 
 Electrodes crafted from the HAP/CMC samples series have then been tested for their electrochemical 

sensing ability towards traces of Pb(II) and Cu(II) in aqueous solutions. In the following figure, 
voltammograms and iPeak versus time dependence are graphically reported.  

 
Figure 50: a, b) Anodic stripping voltammograms registered on HAP/CMC-based electrodes for Cu(II) (a) and Pb(II) (b), after 70 and 
50 minutes of OCP preconcentration respectively, 1 minute at -1 V vs SCE as reductive preconcentration and an anodic potential sweep 
rate of 50 mV s-1. c, d) Mean iPeak versus OCP preconcentration time for Cu(II) (c) and Pb(II) (d) solutions. [Cu(II)] = 10-4 M and [Pb(II)] 
= 10-5 M 

 From Figure 50a and b, differences in the profile of the anodic voltammograms in the presence of 
Cu(II) and Pb(II) can be spotted. Indeed, the stripping peaks of these two common water pollutants are 

positioned at different potentials, thus indicating that a simultaneous qualitative and quantitative 
determination of Cu(II) and Pb(II) should be possible on these electrodes. Considering the shape of 

voltammograms, Cu(II) signal results to be more complex than Pb(II) one, presenting a peak shoulder at a 
slightly more anodic potential (∆E ≈ 0.1 V) than the major contribution (E ≈ 0.15 V vs SCE). Moreover, it has 
to be stressed that to have comparable signals in terms of peak current, Cu(II) concentration had to be set at 

10-4 M, 10 times higher than Pb(II) one (10-5 M), therefore highlighting a different sensitivity of the electrode 
towards the two benchmark pollutants.  

 Apart from these general considerations, results demonstrate that CMC wt.% in the composites and 
HAP/C ratio clearly play a role in determining the sensing ability. As in the case of different scaffolds, higher 



96 

 

materials conductivity does not correspond to superior performances. Indeed, HAP/CMC8-based electrodes 
grant almost double peak current intensities at the same Pb(II) concentration and up to 6x increase in the 

case of Cu(II). The reason for the improved activity of HAP/CMC8 could be correlated to its HAP/C ratio (as 
commented previously, more or less 1:1 in terms of surface area of the two moieties). The decreased activity 

at higher CMC wt.% could instead be due to the lower surface exposure of phosphate groups (as evidenced 
by Raman spectroscopy, Figure 41), surely the main actors in the exertion of cations sorption by the 

hydroxyapatitic moiety of the composites.   

 The effect of the OCP preconcentration time on the peak intensity has been investigated as well 
(Figure 50c and d). As observed for HAP/CMC4 in Figure 49b, a typical volcano trend of iPeak with OCP 

preconcentration time is registered for the other CMC-containing composites. In agreement with the 
voltammograms in Figure 50a and b, HAP/CMC8 exhibits the higher iPeaks throughout the whole time range 

examined and especially reaches the maximum iPeak values at shorter OCP preconcentration time. For 
example, in the case of Cu(II) sensing (Figure 50c), HAP/CMC4 and HAP/CMC16 composite seems to not even 

approach the maximum after OCP preconcentration periods as long as 125 minutes, presumably because of 
the moderate or almost absent content of surface phosphate groups (same reason above exposed to justify 
the overall improved  performances of HAP/CMC8). 

 Experimental points reported in Figure 49b and Figure 50c and d have been collected on single 
electrodes, dipped in the electrolyte/analyte solution and sequentially subjected to SWASV analyses. 

Therefore, further tests have been carried out on HAP/CMC-based electrodes as to rule out the possibility 
that the peculiar trends of iPeak with OCP preconcentration time are caused by a gradual increment of reduced 

analyte on the electrode surface after incomplete stripping steps. To do so, timely analyses have been 
conducted as opposed to those sequential analyses.  

The differences between sequential and timely analyses in terms of trends of iPeak versus OCP 
preconcentration time in the presence of Pb(II) as analyte are gathered in Figure 51.  

 
Figure 51: Sequential (red dots) versus timely (blue dots) analyses iPeak trends with OCP preconcentration time. Analyte: Pb(II) 10-5 M, 
SWASV parameters as reported in the Experimental Section, paragraph 8.4.2. a) HAP/CMC4; b) HAP/CMC8 and c) HAP/CMC16-based 
electrodes. 
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In a timely analysis, a fresh electrode is subjected to a definite OCP preconcentration time, then to a 
single SWASV analysis. Therefore, there are no previous and allegedly incomplete anodic stripping steps that 

could affect iPeak values; since analyte concentration is kept constant, OCP preconcentration is the only 
parameter determining the stripping peak current density.  

With the exception of HAP/CMC4 (Figure 51a), timely analyses reproduce the trends observed for 
sequential ones (Figure 51b and c). Hence, the dependence of the electrodes response on solution contact 

time is confirmed (curve envelopes of stripping voltammograms are available in the Supporting Material, 
Figure 101). 

Once established the ideal OCP preconcentration step length (70 minutes for Cu(II) and 50 minutes 

for Pb(II) containing solutions, respectively), SWASV operativity has been optimized accordingly. Since 
HAP/CMC8 has proven to be the most responsive modifier, iPeak versus [Me] calibrations have been carried 

out on such electrodes. Both protocols, sequential and timely analysis, have been considered. Result are 
graphically presented in the following Figure 52, while numerical data (slope and intercept of regression lines) 

are gathered in Table 50 in the Supporting Material.  

 

Figure 52: iPeak vs [Me] calibration lines registered on HAP/CMC8-based electrodes in the presence of a) Cu(II) and b) Pb(II) as analyte. 
SWASV parameters can be found in the Experimental Section, paragraph 8.4.2. OCP preconcentration step equal to 70 and 50 minutes 
for Cu(II) and Pb(II), respectively. 

 Independently of the analyte and/or the applied protocol, the stripping peak current grows linearly 
with the metal species concentration only up to indicatively 1·10-5 M. In these linear ranges, calibration lines 
have been regressed. Correlation coefficients indicate that the sequential protocol returns more reliable and 

accurate data. In numerical terms, linear range and LoD of HAP/CMC8-based electrodes for Cu(II) and Pb(II) 
are gathered in Table 25. 

Table 25: Linear response range and LoD for HAP/CMC8-based electrodes. 

 Linear response range LoDa 
Cu(II) ≈ 5 µM to ≈ 10 µM (≈ 315 ppb to 635 ppb) ≈ 2.1 µM (≈ 133 ppb) 

Pb(II) ≈ 5 µM to ≈ 10 µM (≈ 1.04 ppm to 2.07 ppm) ≈ 1.8 µM (≈ 373 ppb)  

a Calculated by interpolation on the regressed calibration line, considering iPeak = 1 µA as the lowest detectable signal in terms of signal 

to noise ratio.   

Despite the applied protocol and the nature of the analyte, at metal concentrations higher than ca. 

3.5·10-5 M the signal to concentration linearity is lost and the registered peak currents even decrease. This 
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behavior, similar to that observed at long contact time between electrode and analyte solution (i.e. long OCP 
preconcentration step), suggests that relatively high heavy metal concentrations may modify the electrode 

itself (presumably because of the irreversible adsorption of such species onto the HAP moiety of the 
composite), thus altering the electrochemical response of the sensor.  

3.4.2 Ex-situ sensing applications: metal species detection beyond in-situ SWASV 

Studying the sensing ability of HAP/CMC8-based electrodes by in-situ SWASV (i.e. running the 
electrochemical tests in the analyte containing solution) evidenced two main practical limitations: (i) the 

strict dependence of the analytic signal on the OCP preconcentration time and (ii) the possible modification 
of the electrode surface at long contact times and/or in the presence of high concentrations of pollutants. In 

order to minimize these shortcomings, alternative heavy metal detection methods have been experimented. 

Since OCP preconcentration time plays a major role in defining the intensity of the analytical signal 
(iPeak) and thus the overall technique sensitivity, it can be guessed that a consistent share of the heavy metal 

cations present in the solution are captured by the hydroxyapatitic moiety on the electrode surface. 
Therefore, the adsorption of the pollutants onto the electrode surface should allow the use of the device as 

a “sampler”, permitting to run ex-situ analyses. In brief, the SWASV steps subsequent to the OCP 
preconcentration period (reductive preconcentration and anodic stripping) are carried out in fresh 

electrolyte solution (0.1 M KNO3 in MilliQ water) on a working electrode previously immerged for a definite 
time into the analyte containing solution. Figure 53a describes the trend of iPeak versus time for in-situ and 

ex-situ analyses (analyte: Cu(II) 5·10-5 M, HAP/CMC8-modified electrode).  

 
Figure 53: a) In situ versus ex situ trends of iPeak at different OCP preconcentration times (analyte: Cu(II) 5·10-5 M, HAP/CMC8-based 
electrode); b) Ex situ conductivity of electrodes versus analyte (logarithmic) concentration. Electrodes were immerged in the Cu(II) and 
Pb(II) containing solutions for 70 and 50 minutes, respectively. 

Two conclusions can be drawn from the graph: (i) adsorption of heavy metal species onto the 
electrode surface effectively takes place for OCP preconcentration periods longer than ca. 35 minutes but (ii) 

the lower iPeak registered indicate that the ions present in the solution when the in situ technique is applied 
largely contribute to the global signal. Such critical contribution of the ions not captured during the OCP 

period leads to invariably diminished analytical signals, thereby negatively impacting on the linear response 
range and the LoD of the system.  

Determination of the variation of electrodes conductivity with pollutants concentration has been 
another possibility explored in the field of ex situ analyses. Briefly, HAP/CMC8-based electrodes have been 

immerged into analyte containing solutions (metal concentration ranging from 1 to 100 µM) for a definite 
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amount of time (see Figure 50c and d and related discussion), then rinsed with MilliQ water, dried and their 
conductivity measured.  

Figure 53b reports the experimental data and the regression line of conductivity versus the logarithm 
of Pb(II) and Cu(II) concentration. Numerical data can be found in the Supporting Material (Table 51). 

Although presenting a correlation coefficient R2 close to the unity, Cu(II) conductivity versus [Cu(II)] 

calibration line is drawn in a very limited range of measured σ. Indeed, the electrodes conductivity plummets 

down to ca. 30% of the pristine electrode at relatively low Cu(II) concentrations (1 µM), therefore “blinding” 
the sensing method. On the other hand, this ex situ method guarantees better results for Pb(II) 

quantification: an almost linear response seems to be provided in the concentration range examined. 
However, considering the slope of the regression line, the electrode conductivity variation at [Pb(II)] equal 

to 1 µM  and that correlated to the mere immersion of the electrode in MilliQ water (i.e. the 
blank/background measure), the LoD associated with this method results similar to the one calculated for in 

situ SWASV.    
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3.5 Conclusions  
HAP/C composites represent a promising solution for the simultaneous remediation of organic and 

inorganic pollution of industrial wastewaters; at the same time, the presence of a carbonaceous scaffold 
paves the way to possible applications of HAP-based/doped materials in electrochemical devices, for example 

electrochemical sensor for the monitoring of heavy metal ions content in waters streams.  

After a preliminary investigation, Chinese Mesoporous Carbon (CMC) has been selected as the ideal 

carbonaceous scaffold for both composites’ applications. CMC is a mesoporous carbon generated from 
renewable sources and offers several peculiar features such as large surface area and high surface 
functionalization degree [169]. Composites syntheses have been carried out by an optimized wet co-

precipitation route, that provided homogeneous materials at easily tunable HAP/C wt. %. In particular, four 
HAP/CMC composites have been synthesized in the range from ca. 4 to ca. 20 wt.% in CMC with HAP/CMC8 

acting as a watershed: indeed, a CMC content of ca. 8 wt.% roughly correspond to a balance in the surface 
area of the two (pristine) moieties.  

A thorough physical/chemical characterization of HAP/CMC composites and pristine HAP and CMC have 
been performed, as to shed light on the effect of HAP:CMC ratio on the structure and morphology of the 

formers. The presence of the two unaltered moieties in the composites was proven through several 
techniques (TGA, XRPD, FT-IR). Despite the absence of a specific trend of surface area with CMC content, all 
composites have been identified as predominantly mesoporous materials, with a slight shift towards 

microporosity at high CMC content (HAP/CMC16, presenting and an effective CMC content of ca. 20 wt %). 
A transition from HAP-like to CMC-like materials can be indeed spotted in the composites when CMC wt. % 

overcomes 8-10%, both from the morphological (N2 ads/des, TEM images) and structural (FT-IR, Raman 
spectroscopy) point of view. Specifically, Raman spectra of HAP/CMC composites evidence the 

disappearance of PO4
3- related signals for CMC content > ca. 8% (> HAP/CMC8), confirming the ridge 

represented by such mass (and surface area) ratio.  

Adsorption tests have been then carried out, with the aim to examine the sorption ability of HAP/CMC 
composites towards some benchmark inorganic and organic pollutants, namely Cu(II) and methylene blue 
(MB). HAP/CMC composites proved to be promising sorbents for the remediation of polluted wastewater 

where organic and inorganic hazardous species are co-present. Indeed, adsorption tests on simulated 
wastewaters containing a single pollutant demonstrated that for all composites the adsorption ability of both 

moieties are retained (i.e. HAP capture heavy metal cations whilst CMC traps organic species), albeit no clear 
synergistic effects between the two constituents can be identified.  

However, sorption test on multi-pollutant solutions evidenced that HAP/CMC composites gather in a 
single material the complementary sorption features of HAP and activated carbons. Results indicate that a 

weight percentage > ca. 8-10% in the carbonaceous scaffold guarantees optimal performances. Leaching 
tests on used HAP/CMC8 sorbent confirmed that the composites combine the permanent confinement ability 
of inorganic and organic pollutants exerted by HAP and CMC respectively, suggesting such dual materials as 

a possible solution for secondary pollution issues as well.  

Notwithstanding the lower conductivity when compared to other carbonaceous scaffolds like carbon 

nanofibers (CNFs), CMC resulted the ideal C-based moiety even for sensing applications. HAP/CMC 
composites have been implemented as modifiers in self-standing and mechanically stable electrodes for the 

detection of trace amounts of heavy metal cations in aqueous solution by square wave anodic stripping 
voltammetry (SWASV). Best sensing performance was delivered by HAP/CMC8, possibly for the previously 
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discussed ideal ratio between the two moieties. Limits of detection of ca. 2.1 and 1.8 µM have been achieved 

for Cu(II) and Pb(II) respectively, with linear response ranges standing around 5 to 10 µM. 
Anyway, as to allow the hydroxyapatitic moiety of the composite to exert its preconcentration assist, 

the typical SWASV analytical procedure had to be modified, with the addition of an OCP preconcentration 

step prior to the reductive one. In contrast with the beneficial effect of cations adsorption, the incorporation 
of HAP into electrodes causes (i) a strict dependence of the analytical signal on the electrode exposure time 

to the pollutants (OCP preconcentration period) and (ii) a possibly permanent modification of the electrode 
itself for long exposure time and/or high concentration of pollutants. These shortcomings must be taken into 

account, possibly applying HAP/CMC-modified electrodes to moderately polluted systems where long 
“acquisition” time can be afforded, and a continuous in-line monitoring is not mandatory.  
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Chapter 4: HAP-doped electrocatalysts for electrochemical CO2 

reduction reaction (CO2RR) 

4.1 Introduction to CO2RR 

This chapter reports on the development of novel electrocatalysts, designed for selective production 
of high added-values hydrocarbons and alcohols by electrochemical CO2RR. The objective has been pursued 
designing carbon-supported and HAP-doped Cu-based electrocatalysts (Cu+HAP/C).  

Following, a brief overview on the effects of increasing atmospheric CO2 concentration is presented 
together with possible solutions to the issue. Then, electrocatalytic CO2 reduction reaction will be introduced, 

discussing advantages and drawbacks of the process. A digest of the most common metallic and non-metallic 
CO2RR electrocatalyst will be provided. The state of art of Cu-based and heteroatom-doped carbon 

nanostructures CO2RR electrocatalysts will be detailed, insofar strictly inherent to the matter of study of this 
chapter. The use of HAP as effective dopant in CO2RR catalysts is also discussed.  

Finally, the rationale behind the design of novel Cu+HAP/C materials as electrocatalysts for selective 

CO2RR towards high added-value products is presented. 

4.1.1 The increase of atmospheric CO2: an overview 

First measurements of the atmospheric CO2 concentration are dated early 1800s and stood around 
270 ppm. Industrialization, world population growth and general improvement of life quality caused a 
continuously increasing energy demand, to which mankind responded by means of fossil fuel 

combustion/consumption. Nowadays, ca. 35 Gtons/year of anthropogenic CO2 are generated, and the 
average CO2 concentration had risen to 403.38 ppm (September 2017, data released by the National Oceanic 

and Atmospheric Administration of the US Department of Commerce [176]) against a safety limit estimated 
around 350 ppm. In absence of a radical change in energy sourcing, atmospheric CO2 is predicted to reach 

600-700 ppm concentration by the end of the century [177]. This increasing trend poses a major threat in 
terms of global warming and climate patterns, which in turn will impact on sea levels and biodiversity. A logic 

solution to the problem could be represented by the development of technologies for CO2 capture, 
conversion and utilization, with conversion representing the most challenging and at the same intriguing 
option. 

It is rather obvious indeed that CO2, as the product of complete combustion of carbon-based fuels, 
possesses a stable molecular configuration. From the structural point of view, CO2 is a linear molecule with 

two equivalent C=O bonds and high molecular symmetry. The latter is the key contributor to the activation 
barrier, with a price in energy that makes difficult thinking about CO2 as a chemical feedstock. Alleged 

conversion of CO2 in valuable C-based molecules means the transformation of C=O bonds (ca. 750 kJ mol-1) 
in C-C (ca. 350 kJ mol-1), C-O (ca. 330 kJ mol-1) and/or C-H (ca. 410 kJ mol-1) bonds, implying massive energy 

consumption [178]. However, the chemical transformation of CO2 into value-added products has been 
pursued since the early days of catalysis, with Sabatier reaction (CO2 + H2 → CH4) being the most 
representative example.  

At present, only few industrially relevant processes use CO2 as feedstock. With a market volume over 
100 Mtons/year, the synthesis of urea (CO2 + NH3 → CO(NH2)2) is for sure the main one and can be 

undisputedly claimed as vital for humanity in the fact that it guarantees fertilizers to sustain the population 
growth [179]. Nonetheless, CO2-based fertilizers/chemicals market is not even comparable in scale to the 

energy one, so the former cannot be thought as an adequate “reservoir” where to funnel worldwide CO2 
emissions [179].  
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In recent years, renewed socio-economical driving forces towards a more sustainable future are 
causing a net growth in processes like photo- and/or electrocatalytic CO2 conversion. Among all CO2 

conversion technologies, electrocatalytic CO2 reduction (CO2RR) attracted major attention from both 
academic and industrial researchers because of some peculiar features. CO2RR can in fact be performed 

under mild temperature and pressure and the process could be easily controlled by the imposed electrode 
potentials. From an engineering point of view, reaction systems (electrolyzers) could be designed as compact, 

modular and on-demand. Moreover, supporting electrolytes (preferentially aqueous) can be fully recycled 
reducing waste production. Finally, the energy input of the process, electricity, could be generated from 
renewable sources allowing to (i) efficiently stock the energy (in chemical form) produced by intrinsically 

intermitting sources while (ii) ideally “close” the carbon cycle, converting CO2 in high value-added C-based 
molecules without any extra generation of CO2 itself. Products of CO2RR may then be directly fed to energy 

producing devices and/or reconverted in liquid fuels [176,177,179,180].  

4.1.2 Electrocatalysts for CO2RR 

Since the pioneering work of Hori and Ikeda [181,182], who demonstrated the feasibility of CO2 

electrocatalytic reduction on bulk metal electrodes, a plethora of catalysts have been tested in CO2RR, from 
metal-based to metal-free materials, passing through metal complexes [183,184]. 

In accordance to the materials studied in the present dissertation and for the sake of conciseness, only 
the two families of metallic and non-metallic catalysts will be presented. After this overview, the most 

promising catalysts in terms of generation of high added-value products will be further discussed in 
paragraph 4.1.4. 

4.1.2.1 Metal-based electrocatalysts 

Polycrystalline bulk metal electrodes have been the first catalysts exploited in CO2RR [181,182]. In 

recent years, the development of nanoparticle synthesis brought on the scene nanostructured metal-based 
catalyst, offering high surface area and the possibility to tune product selectivity by means of particle size 

control, alloying, core-shell structuring and/or selective exposure of determined crystal facets (i.e. shape-
controlled syntheses) [178,184]. Moreover, nanoparticles dispersion onto conductive supports (mainly C-
based) paved the way to a new generation of catalysts, characterized by lower cost and higher efficiency. 

Extensive studies were performed on both bulk and nanostructured metal electrodes. Based on the 
primary product of CO2RR, metals were divided in three subgroups [176,177]:  

• Hydrogen (H2) evolving metals, i.e. CO2RR inactive metals (e.g. Pt, Fe, Ni); 

• Carbon monoxide (CO) selective metals (e.g. Au, Ag, Zn); 

• Formate (HCOO-) selective metals (e.g. Sn, Pb, In).  

• Higher order products (C1 and C2+ hydrocarbons and oxygenates) generating metals (Cu). 
To date, the mechanisms of CO2RR on metallic surfaces are still not fully understood. However, 

literature generally agrees on a first common step: an electron transfer (ET) to form the radical anion species 

CO2
●-, common to all reaction pathway regardless the final product [176,177,184,185]. CO2

●- species are 
supposed to be stabilized on the surface of CO generating metals (*CO2

●-) and converted in fact to CO by 

means of two further steps: a first proton transfer (PT) to form a *COOH intermediate and a final coupled 
proton-electron transfer (CPET) to obtain *CO, readily desorbed as CO (Figure 54a). 

On the other hand, the mechanism of HCOO- generation is still under debate. Three possible 
pathways have been envisaged, comprising both CO2

●- coordinative and non-coordinative routes, sharing an 
overall one proton-two electrons transfer (Figure 54b). 
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Figure 54: Proposed pathways of reaction to a) CO and b) HCOO- on metallic surfaces. From reference (Yang et al, 2020). 

Noticeably, Cu stood alone as the only metal able to promote further reduction (> 2 e- transfers), 
generating a wide range of so-called higher order products, with CH4, CH3CH2OH and C2H4 representing the 

most relevant besides the common H2, CO and HCOO- [178,184]. The reason of this peculiar feature derives 
from the optimal CO binding energy exhibited by Cu surface, unraveled by the application of scaling relations 

(i.e. linear correlations between sets of adsorption energies) on the basis of DFT calculation results [185]. 
Indeed, plotting the calculated limiting potential UL for CO2RR 

versus the CO binding energy on different metal surfaces, a 
volcano-type plot is obtained (Figure 55). 

Cu sits near to the volcano apex and, according to the Sabatier 
principle, allows optimal stabilization and thus further 
electron transfer to the *CO intermediate postulated in Figure 

54a. Conversely, strong CO binders (e.g. Pt) suffers from 
surface poisoning of CO2RR active sites, therefore favoring 

HER, while weak CO binders (e.g. Ag) are not able to stabilize 
the *CO intermediate and catalyze further electron transfers. 

The unique ability of Cu-based catalysts to yield high added-
value products (C1 and C2+ hydrocarbons and oxygenates) put 

this metal at the center of CO2RR scene in the last decades 
[178]. Further details on Cu-based electrocatalysts will be 
discussed in paragraph 4.1.4.1. 

Besides the zero valent metallic elements discussed above, other metallic systems exhibited 
noteworthy activity in CO2RR. In the realm of 2e- transfer reaction products, several transition metal 

chalcogenides and cobalt oxides were proven to generate CO and HCOO-, respectively. After the discovery of 
MoS2 activity in CO2RR, a thorough screening of transition metal dichalcogenides identified 2D WSe2 

nanoflakes as a potential candidate to replace noble metals in CO generation, exhibiting high FE (> 80%) at 
low overpotential (ca. 54 mV) in ionic liquids [186]. On the other hand, cobalt, slightly active in CO2RR as zero 

Figure 55: Scaling relations volcano plot for CO2RR on 
different metal surfaces. Limiting potentials (UL) 
correspond to the two first CPETs. From reference 
[Rendon-Calle et al, 2018] 
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valence species, resulted to efficiently generate HCOO- (FE > 90%) when oxidized to Co3O4 [187]. No metal 
chalcogenides and/or oxides are reported to yield higher order products under CO2RR operative conditions.  

Particularly interesting is the case of Cu oxides, which activity in CO2RR is currently under debate. 
Despite metallic Cu is the most thermodynamically stable phase under CO2RR conditions [188], various oxide 

derived catalysts exhibited peculiar selectivity towards C2+ products [184]. Several authors attributed this 
behavior to the residual presence of subsurface oxygen atoms in CuO and CuO2-derived catalyst [189]: energy 

electron-loss spectroscopy (EELS) and positron annihilation spectroscopy detected an amorphous Cu 
outlayer with O atoms at its subsurface [184]. Conversely, Nilsson et al. [190] monitored by in situ X-ray 
adsorption spectroscopy (XAS) the evolution of Cu2O and CuCO3/Cu(OH)2 under CO2RR conditions, reporting 

the complete reduction to Cu0 and negligible influence of the initial oxidation state/O content.   

4.1.2.2 Non-metallic and metal-free electrocatalysts 

Dating back to the development of fuel cells technology, noble and transition metals have been the 

cornerstones of electrocatalysts for energy conversion and storage [184,191] and the same applies nowadays 
to CO2RR. High cost and scarcity of noble metals, together with poor durability/stability, pushed the fuel cell 
market towards the development of alternative catalysts, presenting wide elemental availability and 

comparable performances. Reminiscent of ORR transition towards non-precious metal catalysts (or at least 
with reduced Pt content) [184,191], researchers have been recently testing several nanostructured carbon-

based catalysts, including heteroatom doped ones (mainly N-doped) in CO2RR [192].  
Common nanostructures of these materials include, but are not limited to, 0D carbon quantum dots, 

1D nanotubes and fibers, 2D graphene sheets and 3D nanodiamonds [192]. Tunable molecular symmetries 
and dimensions, together with the possibility to introduce electron modulations through heteroatomic 

doping, are the reasons underpinning the successful implementation of metal-free carbon-based materials 
as efficient electrocatalysts. In addition to that, cheapness, large availability of the constitutive elements, 
high conductivity, high surface area and corrosion resistance are all promising features for a vast application 

of such materials in energy related electrocatalytic processes [192]. 
Although the implementation of carbon-based metal-free catalysts in CO2RR is quite recent, previous 

studies conducted in the field of ORR demonstrate that the catalytic activity of these materials arises from 
the doping-induced charge-transfer [193]. Therefore, the nature of the heteroatom, its position in the lattice 

and its percentage content all contribute in determining catalytic performances. Accessibility of the active 
sites and facilitated diffusion of reactants are equally important issues. Consequently, considerable effort has 
been made to develop synthetic routes that enable fine control on dopant location and quantity while 

obtaining 3D carbon structures with tunable macro, meso and microporosity [192].  
A detailed state of art of carbon-based metal-free catalysts in CO2RR will be presented in paragraph 

4.1.4.2. 
 

4.1.3 Common CO2RR issues 

Whether the catalyst nature, CO2RR is a rather immature technology and it is still suffering from several 

drawbacks that hinder its industrial application. In the following section the main ones will be introduced, 
and the possible solutions discussed. 

1) CO2 thermodynamic stability: the marked CO2 stability results in sluggish CO2 reduction kinetics 

(i.e. high activation barrier) and associated high overpotentials. Despite standard reduction 
potentials of several CO2 half-reactions to interesting products are modest (Table 26), the real 

applied potential needed to sustain relevant currents (i.e. reaction rates) is normally far more 
negative, in the order of magnitude of hundreds of millivolts or even units of volts. Moreover, the 

application of largely cathodic potentials leads to a decreased faradic efficiency of the process, due 
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to the onset of parasitic reactions like decomposition of the electrolyte (hydrogen evolution 
reaction, HER, in the case of aqueous electrolyte). For all the reduction products, besides the 

number of electrons transferred to the CO2 molecule, the first intermediate suggested is the 
radical anion *CO2

●-, where * denote an active site (i.e. the radical anion exists as surface adsorbed 

species). Literature almost unanimously agrees on this first single-electron electron transfer (ET) 
to be the rate determining step (RDS) of the process, with a standard reduction potential estimated 

around -1.9 vs NHE (Normal Hydrogen Electrode) [180]. In confirmation, foils of polycrystalline 
CO2RR metals (e.g. gold, silver, copper) exhibit Tafel slopes of ca. 120 mV dec-1 [180], indicative of 
a single electron transfer as the rate-limiting step when operating under nearly neutral conditions. 

Therefore, a surface able to activate CO2 (i.e. break CO2 linearity by adsorption) while stabilizing 
the intermediate radical anion *CO2

●- would facilitate the reduction process, lowering the 

associated overpotential. 

Table 26: Half-cell CO2RR electrochemical reaction. Adapted from reference (Yang et al, 2020).  

Half electrochemical reaction (CO2 reduction) E vs RHE 
CO2(g) + 2H+ + 2e- → HCOOH(l) -0.02 V 

CO2(g) + 2H+ + 2e- → CO(g) + H2O(l) -0.11 V 

CO2(g) + 6H+ + 6e- → CH3OH(l) + H2O(l) 0.03 V 
CO2(g) + 8H+ + 8e- → CH4(g) + 2H2O(l) 0.17 V 

2CO2(g) + 12H+ + 12e- → CH2CH2(g) + 4H2O(l) 0.07 V 
2CO2(g) + 12H+ + 12e- → CH3CH2OH(l) + 3H2O(l) 0.08 V 

3CO2(g) + 18H+ + 18e- → CH3CH2CH2OH(l) + 5H2O(l) 0.10 V 

 
2) CO2 solubility/equilibria in water: as many gases, CO2 is scarcely soluble in water (ca. 1.45 g L-1 ≈ 

33 mM at ambient temperature and pressure), posing the major issue of diffusive limitation to 

CO2RR processes in aqueous electrolyte [176,177,194]. Moreover, after dissolution in water, CO2 
can further react according to the following equilibria: 

( ) → ( ) 

( ) +  →  

 +  ↔  +                                                                                            pKa ≈ 6.35 

+  ↔ +                                                                                               pKa ≈ 10.33 

Several studies demonstrated that only molecular dissolved CO2(aq) has an active role in CO2RR 
[194], thus limiting the operative pH range.  

Use of non-aqueous electrolytes (e.g. alcohols or ionic liquids) or CO2 pressurization has been 
explored as possible alternatives [176,177]. However, all CO2 diffusion limitations can be 
minimized thanks to a proper cell design. The use of gas diffusion electrodes (GDE) is indeed 

ramping in CO2RR, starting from lab-scale testing [195,196], guaranteeing continuous deployment 
of CO2 at the catalyst’s surface and almost eliminating CO2 diffusional issues. 

3) Cost-effectiveness: limited durability and stability of catalysts, especially when coupled with 
massive use of expensive elements, threaten the implementation of CO2RR as an efficient and cost-

effective process.  
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According to the know-how gained from other catalytic process, CO2RR electrocatalysts are 
moving towards nanostructuring of active metal phases, thus maximizing the atomic efficiency of 

the process while lowering the overall metal consumption. Metal nanoparticles are commonly 
supported on high conductivity and surface area carbon-based materials. Following the way paved 

by ORR and OER, even nanostructured metal-free carbon-doped materials are being tested in 
CO2RR. 

4) Product selectivity: under the application of a cathodic potential, the majority of CO2RR catalysts 
are prone to catalyze HER as well, thus lowering faradic efficiencies (FE) in C-based products. As 
previously discussed in point 1, this problem could be overcome by a proper catalyst design aimed 

to lower the overpotential for CO2RR onset. However, in the case of Cu-based catalysts, the high 
number of electron transferred and the increase in intermediates bonding energy, deducible from 

scaling relations, impede the generation of C1 and C2+ hydrocarbons/oxygenates at mild potentials 
(less cathodic than EOnset HER). Moreover, DFT simulations of CO2RR on Cu depict complex 

mechanisms, where different products of reaction share common intermediates, necessarily 
leading to mixtures of products.  
Selective generation of higher order products on Cu-based materials can be achieved by a deep 

understanding of reaction mechanisms and structure/activity relationships. This topic is further 
discussed in paragraph 4.1.4.1. 

To conclude, although several operational parameters (electrolyte nature, concentration and pH, 
pCO2, temperature etc.) and the cell design have proven to affect both the efficiency and selectivity of the 

process [176,177,184], CO2RR technology cannot refrain from a deeper comprehension of the phenomena 
itself and from the development of rationally designed catalysts on the basis of the present knowledge of the 

process.   

4.1.4 Generation of high-added value products by electrocatalytic CO2RR 

The selective electrochemical conversion of CO2 to CO and HCOO- can be further valorized generating 

higher order products through Fischer-Tropsch process [197] and/or cascade reactions [198] respectively. 
However, the pioneering work of Hori [199] on bulk copper electrodes triggered the chase toward the 

development of direct electrochemical conversion of CO2 to hydrocarbons. In the following section, the state 
of art of CO2RR on Cu-based electrocatalyst is reviewed. 

Recently, metal-free catalysts joined Cu in the pursuit of high FE and selectivity towards high added-

value products [192]. The promising family of carbon-based metal-free CO2RR electrocatalysts is reviewed as 
well, highlighting advantages and drawbacks in respect with Cu ones.  

Finally, the novel application of HAP in CO2 conversion technologies is discussed. Although still not 
applied in the field of electrocatalytic CO2RR, HAP has found use in photocatalytic CO2RR [63,200] where it 

has been exploited as dopant in the role of CO2 activator/reservoir. 
The unique features of each of the above-mentioned materials set the stage for the rationale design 

of novel Cu+HAP/C composite electrocatalysts for the efficient generation of high added-value products by 

electrochemical CO2RR. 

4.1.4.1 Cu-based electrocatalysts 

Copper is hitherto the only metallic element able to catalyze more than 2e- transfers towards CO2, 

thus allowing the generation of higher order products. More than 16 reaction products have been reported 
for CO2RR on Cu-based electrocatalysts [176,177], with a consistent share of them being present in traces or 

however negligible amounts. Among high added-value products, methane, ethylene and ethanol are those 
generally detected in relevant quantities (FE > 10%). Despite the remarkable activity, selectivity of Cu-based 
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catalysts is far from ideal. Extensive studies on these class of catalysts pointed out that both activity and 
selectivity towards higher order products are strictly related to Cu structural features. Therefore, mechanistic 

insight provided by computational studies, together with experimental evidences and synthesis control, are 
leading the way towards more active and selective catalysts. 

The most common product of CO2RR requiring more than 2e- transfers is undisputedly methane. CH4 
formation has been first observed on bulk Cu electrodes with encouraging selectivity (ca. 40%) at applied 

potentials as negative as -1 V vs. RHE [201]. Cu-based nanostructures also proven to generate CH4, with 
different FE depending on Cu NP shape, size and support [178,202–205]. 

Although a proper determination of active sites for hydrocarbons formation onto Cu surfaces have 

not been reported yet, DFT calculations suggest two possible pathways for CH4 generation (Figure 56).  

 

Figure 56: Proposed mechanism of methane and methanol formation onto Cu surfaces. From reference (Yang et al, 2020). 

The pathway of CH4 formation is surely the less understood amid C1 products because of the 

complexity associated to the required 8e- transfers and the numerous intermediate species involved. 
Literature widely agrees on the initial formation of a *CO intermediate, shared with the CO generation route 

[184]. Discussions is instead open on the following steps, especially on the timing of C-O bond cleavage. A 
first reaction route (upper scheme in Figure 56) proposes the protonation on the carbon atom of *CO, leading 

to the formation of formyl *CHO adsorbed species. After a double CPET, the resultant methoxy intermediate 
*OCH3 would finally yield CH4 through a last CPET and C-O cleavage. However, both DFT calculation and 
experimental evidences (H2CO reduction on copper [206]) consistently point to CH3OH as the favorite product 

of CPET on *OCH3 intermediate. Considering the negligible amount of CH3OH generally detected from CO2RR 
on Cu surfaces, another mechanism must be involved in CH4 generation. A pathway passing through a 

carboxyl *COH intermediate and then a carbene one is to date the most credited [184,207]. 

C2+ products generate upon C-C coupling onto Cu surfaces. Ethylene is so far the most studied C2 

product of CO2RR and, thanks to advanced catalyst design, FEC2H4 up to 60% have been recently achieved 
[184]. Studies on single crystal Cu catalysts evidenced the preferential formation of C-C bonds on specific Cu 

facets, thus favoring the generation of ethylene over methane and vice versa [208,209]. In particular, CH4 
resulted to be produced preferentially on Cu(111) facets [209], with a FE ≈ 50% at -1.52 V vs SHE [208]. C-C 
coupling was instead deemed to take place through *CO dimerization on Cu(100) and other high indexed 

surfaces like (911), (711) and (511), yielding ethylene (FE up to ca. 60%) and ethanol (FE up to ca. 18%) at -
1.3 V vs SHE [209]. Since the *CO intermediate is common to C1 generation mechanisms too, a competition 

among C1 and C2+ products can be guessed. Commonly, this balance is rationalized using the ethylene to 
methane molar production ratio. 

Although still unclear, the proposed mechanism of ethylene generation (Figure 57) is to date the 
most reliable among C2+ products. 
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Figure 57: Proposed mechanism of formation of ethylene on Cu surfaces. From reference (Yang et al, 2020). 

 Early studies proposed that generation of ethylene onto Cu surface took place through *CHO and 

subsequent carbene (*CH2) intermediates (upper box in Figure 57). Thanks to the awareness brought by 
single crystal studies, protonation to *CHO intermediate has been confirmed to occur preferentially on Cu 

(111) facet, with further CPET steered towards CH4 generation [208]. To date, the most accredited pathway 
passes though *CO dimerization on Cu(100) facet. Electrokinetic data support *CO dimerization, identifying 

as RDS a pH-independent single ET for CO reduction onto Cu(100) crystal plane [184]. This claim is 
experimentally supported by the facilitated formation of C2+ products in alkaline conditions, under which 
both HER and CH4 generation are suppressed because of the lack of protons. The steps following *CO  

dimerization are uncertain but recently the *COCOH intermediate (labelled (x) in Figure 57) have been 
identified by in-situ DRIFT spectroscopy and further supported by DFT calculation [210].  

 The fundamental role played by Cu crystal facets in determining the mechanisms and thus the 
products of CO2RR onto Cu surfaces generated interest towards differently shaped Cu NPs. In particular, Cu 

nanocubes [205] demonstrated a pronounced selectivity towards CO2RR (FECO2RR ca. 80% at -1.1 vs SHE) and 
specifically towards the generation of ethylene (FE = 41%, with an C2H4/CH4 ratio of 2.03 at -1.1 vs SHE). 

According to the above-discussed mechanisms and the experimental evidences, the enhanced selectivity of 
nanocubes was deemed to originate from the preferential exposure of (100) facets. Simultaneously, the 
abundance of low-coordinated edge sites guaranteed efficient stabilization of reaction intermediates. Best 

results were obtained for nanocubes with an edge length of 44 nm, that the authors claimed to exhibit an 
optimal balance between plane and edge-sites (Nedge/N100 plane = 0.025, Figure 58a). 

 Cu NP size effects have been investigated as well. Testing CO2RR performances of spherical Cu NP in 
the range from 2 to 15 nm and comparing the results with those obtained from a Cu foil, Strasser et al. 

demonstrated a strict size dependency of both catalytic activity and selectivity [204]. As a matter of fact, 
catalytic activity and selectivity towards H2 and CO increased with decreasing particle size. For dimensions < 

5 nm, the exponential increment of H2 and CO production implied an almost complete suppression of 
hydrocarbons generation. CH4 and C2H4 FE reached ca. 15 and ca. 7% respectively at -1.1 V vs RHE on 15 nm 
Cu NP, while standing around 60 and 20% on copper foil (Figure 58b). Thanks to DFT modelling, the authors 

correlated the change in the population of low-coordinated surface sites with the catalytic activity/selectivity 
of Cu NP. Indeed, the smaller the nanoparticle, the higher the fraction of low-coordinates surface sites, thus 

the stronger the *H and *CO chemisorption. Strong interactions limit the mobility of surface species and 
therefore *H and *CO recombination (towards CH4) and/or *CO dimerization (towards C2H4). 
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Figure 58: a) Density of adsorption sites in Cu NC cubes (left) and trend of Nedge/N100 versus nanocube edge length. From reference 
(Buonsanti et al. 2016); b) Particle size effect during catalytic CO2 electroreduction. In the inset, ball model of a 6.9 nm Cu NP and the 
population of surface atoms with specific coordination number as function of particles’ dimension. From reference (Strasser et al. 
2014) 

 Although ethylene is the main multi-carbon product on Cu surfaces under CO2RR conditions, several 

efforts has been made to boost other C2+ products like ethane, ethanol or n-propanol, to cite the most 
studied. Given that Cu(100) facet exhibits the lowest potential for *CO dimerization and thus for C-C bonding, 

further single crystal studies have been performed on the subject. Even if the molecular pathways for such 
products is still unclear, stepped (100) and (110) terraces resulted the most selective surface towards C2+ 

oxygenates [178,184].  
Noticeably, altering the retention time of reactants and intermediates within the catalyst structure 

has also been reported to increase selectivity towards multi-carbon products. For example, the hierarchical 
Cu nanofoams synthesized and tested by Palmore et al. [211], produced detectable amounts of ethane and 
propylene (FE ranging from 0.2 to 1.5% for potentials down to -1.8 V vs Ag/AgCl) together with H2, CO, HCOO-

, CH4 and C2H4. Generation of unexpected C3 products was attributed to the gradient of pores’ diameter in 
the foam which increases retention time of intermediates, thus allowing further electron transfers and C-C 

bonding [211]. 
Other examples of highly porous 3D Cu structures were reported by Mul et al. and Jiao et al. 

[212,213]. The latter registered a FE ≈ 62% towards C2+ products in an electrolyzer operating at -0.67 V vs 
RHE, delivering an impressive current of ca. 653 mA cm-2. Specifically, the detected multi-carbon products 
were ethylene, ethanol, and n-propanol, with FE of 38.6%, 16.6% and 4.5%, respectively. The authors 

demonstrated that C2+ products generation was boosted by the application of high overpotentials (less 
negative potentials favored HER and CO generation) and correlated the rate of C-C coupling to the basic pH 

at the catalyst’s surface. Indeed, when operating at such high current densities, OH- generation due to the 
high initial rate of HER and PTs causes a significant increase of the pH at the catalyst’s surface, suppressing 

further HER and CPET to CH4 while favoring pH-independent *CO dimerization to C2+ products.  

Apart from 3D Cu-based structures, which are intrinsically “self-standing”, active phase/support 

interaction can be exploited to boost Cu NPs activity and selectivity towards specific products, as well as to 
alter intermediates’ retention time on the catalyst surface [178,184,202,203]. In modern catalysis, supports 
with high surface area and a proper degree of functionalization are used to disperse and stabilize NPs against 

aggregation under reaction conditions [178]. In electrocatalysis, another compulsory feature of the support 
is conductivity. Possessing all these requisites, carbon-based materials find large application in the field, in 

the form of carbon black, nanotubes, nanofibers and graphene to cite the most common. However, support 
must not be considered as an inactive beholder in the catalytic process: indeed, understanding active 
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phase/support cooperation in reactants’ adsorption, electron transfer and intermediates’ stabilization is 
fundamental to design performing catalysts.  

For example, it has been reported that, thanks to an optimal dispersion and consequently larger 
electrochemically active surface area, 25 nm Cu NPs on single-wall carbon nanotubes resulted way more 

selective towards C2H4 at -2.2 V vs Ag/AgCl than electrodeposited Cu films (FE ≈ 41% vs. ≈ 19%) [202].  
 The importance of support effects was evidenced even by Sun et al. when studying the catalytic 

activity and selectivity of 7 nm Cu NPs deposited on conventional carbon black and on N-doped graphene 
[214]. When supported on conventional carbon black, Cu NPs yielded a modest C2H4 FE of ca. 6.3% at -1.1 V 
vs RHE while when supported on N-doped graphene FE towards hydrocarbons spiked to 79% for the same 

applied potential. The authors attributed this improvement to the active phase/support cooperation. Indeed, 
N moieties of doped graphene tightly anchor Cu NPs and contemporary, as Lewis basic sites, act as reservoir 

of CO2 and *H species that can then spillover to CO2RR active sites, facilitating the overall process. 
 An outstanding performance was delivered by Cu NPs supported on N-doped carbon nanospikes, 

which converted CO2 into ethanol with a remarkable FE of ca. 63% at -1.2 V vs RHE [215]. Although 
mechanisms of ethanol formation on such a complex surface cannot easily be guessed, DFT calculation 
confirmed the synergistic interaction between support and Cu NPs. In particular, the authors reported that 

the C atoms adjacent to N moieties exhibited a partial positive charge, providing an adsorption site for 
intermediates and thus preventing further reduction to CH4 and/or C2H4.. 

To conclude, Cu-based electrocatalysts are the only metal-based materials able to catalyze CO2 
reduction to higher order hydrocarbons/oxygenates such as methane, ethylene and ethanol among others. 

The generation of these high added-value products is strongly influenced by structure, size and shape of Cu 
NPs as well as by support effects. Even though the mechanisms of generation of hydrocarbons and 

oxygenates are not clear to date, the consistent number of systematic studies and DFT simulations reported 
in literature outline various pathways for the design of efficient and selective Cu-based catalysts. 

4.1.4.2 Carbon-based metal-free electrocatalysts 

As previously discussed in paragraph 4.1.2.2, carbon-based metal-free electrocatalysts present 

potential advantages over the classic metal-based catalysts, resumable in relative cheapness, large 
availability of compositional elements and operative stability. The success of heteroatom-doped carbon 

structures in another electrocatalytic reduction of interest like ORR paved the way to the application of the 
same materials to CO2RR, with N-doped carbon structures being the most studied to date. 

Whether the determination of CO2RR active sites on N-doped carbon structures is still a matter of 

debate, previous ORR-related studies suggest that the catalytic activity of these materials arise from the 
charge-transfer effects induced by the heteroatom [193,216]. So, N atoms percentage content and lattice 

position in the catalyst determine activity and selectivity. Figure 59 illustrates the four different N-sites that 
are generally identified in N-doped carbon structures [217]. Total N content and relative sites percentages 

can be tuned by controlling the doping during the synthetic step [192]. 
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Figure 59: Schematic representation of the variety of N-sites commonly detected in N-doped carbon-based structures. From reference 
(Atanassov et al. 2018). 

Several studies demonstrated that the incorporation of N-moieties in porous carbon structure 
remarkably enhanced the adsorption/absorption of acidic gases [218,219]. A detailed study conducted by Lu 
et al. [220] reported for a N-doped carbon monolith a maximum CO2 capture of ca. 3.13 mmolCO2 g-1 at 

ambient temperature and pressure. Adsorption and desorption tests were performed, demonstrating the 
almost complete reversibility of the process. Authors also confirmed the dependence of CO2 capture 

performance from samples’ N wt.% content and surface area, although without specifying the influence of 
N-sites distribution.  

Enhanced CO2 adsorption properties are for sure beneficial in the view of the application of this class 
of materials in CO2RR, ensuring an increased CO2 concentration at the catalyst’s surface.  

To discriminate between adsorption/absorption phenomena and shed light on the geometry of CO2 
adsorption onto N-moieties, Harada et al. [221] extensively studied CO2 coordination on the surface of N-
doped highly oriented pyrolytic graphite (N-HOPG). Collecting O 1s XPS spectra under CO2-rich atmosphere, 

the authors observed a CO2 binding energy on N-HOPG (533 keV) in the range of chemisorption. According 
to the Walsh diagram of CO2 (Figure 60), the authors proposed that adsorbed CO2 was stabilized onto N-

HOPG surface in bended configuration. Indeed, 2πu 
LUMO splits into 6a1 (parallel to CO2 plane) and 2b1 
(orthogonal to CO2 plane) orbitals upon CO2 bending. 

Thus, charge-transfer from the substrate to the low-
energy 6a1 orbital should result in bended CO2 

stabilization on the surface. However, further XAS and 
IR adsorption analyses confuted the conclusions drawn 
from XPS, suggesting CO2 to be lying flat on N-HOPG 

surface. 
CO2 is then confirmed to be chemisorbed on N-

moieties of N-doped carbon structures. Anyway, the 
adsorption phenomenon does not imply the bending of 

the molecule, thus no lowering of the CO2 → *CO2
●- 

overpotential is foreseen. 

Although N-moieties have been attested as CO2 adsorption sites, the identification of the active sites 
for CO2RR on N-doped carbon is not trivial.  
 Regarding C1 products, Ozin et al. [222] obtained an outstanding 81% FE towards HCOO- using a N-

doped nanoporous carbon/carbon nanotubes. The improvement of catalytic activity and selectivity in respect 
with unsupported N-doped nanoporous carbon was attributed by the authors to the 4x higher content in 

pyridinic N-moieties in the former. Nonetheless, DFT calculations did not indicate pyridinic N-moieties as the 
CO2RR active sites but rather the adjacent carbon atoms. The proposed mechanism is reported in Figure 61a 

Figure 60: Walsh diagram for CO2. From reference (Harada et 
al. 2016) 
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and vaguely resembles those schemed in Figure 54b. Indeed, it suggests CO2 chemisorption to occur by 

interaction of one of its O atoms (δ-) with a basic carbon (δ+).  
On the other hand, Zhou et al. [223] correlated the different catalytic activity and selectivity towards 

CO of several N-doped carbon nanotubes arrays to the content of both pyridinic and graphitic N-sites. No 
identification of the actual CO2RR active sites was claimed.  

 

Figure 61: a) Proposed mechanism of CO2 electrocatalytic reduction to HCOO- on N-doped nanoporous carbon/carbon nanotubes. 
From reference (Ozin et al. 2017); b) Calculated energy diagrams for the electrocatalytic reduction of CO2 to ethanol on pyridinic and 
pyrrolic N moieties. From reference (Sun et al. 2017). 

Determination of reaction mechanisms and identification of CO2RR active sites is further hindered in 

the case of multiple electron transfer towards C2+ products. Recently, Ajayan et al. [224] reported optimized 
N-doped quantum dots able to reach a total 90% conversion of CO2 at -0.75 V vs RHE. Apart from CO (FE ≈ 

20%), the major products detected under this potential were C2H4 (FE ≈ 31%) and ethanol (FE ≈ 16%). Even 
in this case, the authors indicated pyridinic N-moieties as active sites for CO2RR. The boosted C2+ selectivity 

was imputed to the higher number of pyridinic N edge-sites that can be obtained by doping 0-dimensional 
allotropes like quantum dots. 

Among high added-value C2 products, selective CO2 conversion to ethanol on mesoporous N-doped 
carbon with highly order cylindrical structure have been reported by Sun et al. [225]. The catalyst completely 
suppressed CO generation, yielding only ethanol (FE ≈ 77% at -0.56 V vs RHE) and H2 as by-product. DFT 

calculations were performed by the authors, disclosing that C atoms and quaternary (graphitic) N-sites 
present unfavorable reaction energies towards the first ET (CO2 → *CO2

●-). CO2 reduction should instead take 

place on pyridinic and/or pyrrolic N sites, with the former presenting a way lower reaction energy (-1.68 eV 
vs. -0.12 eV). Then, *CO dimerization and further CPET to ethanol were all calculated to be downhill reactions. 

Pathways of CO2 reduction to ethanol on both sites are reported in Figure 61b; the higher activity of pyridinic 
N moieties (due to the higher electron-richness of the site) can be easily guessed from the diagram obtained 
by the Bader analysis. *CO stabilization by a regular mesoporous surface with high electron density was 

claimed by the authors to favor C-C coupling, thus completely suppressing C1 products generation. 

To an even greater extent than for Cu-based electrocatalysts, the comprehension of CO2RR 

mechanisms on N-doped carbon structures is far from being achieved. However, the origin of N-doped 
carbon materials activity can be surely addressed to N-moieties and specifically to pyridinic N-sites. Although 

we are still at the beginning of the exploitation of carbon-based metal-free catalysts in CO2RR, the results 
already achieved include this class of materials among the most promising for the selective CO2 reduction to 

valuable C2+ compounds. 
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4.1.4.3 HAP as dopant in electrocatalytic CO2RR  

Doping of catalytic materials is a well-established and widespread procedure to improve catalytic 
performances by boosting of the adsorption/activation of reagents, stabilization of reaction intermediates or 

simply by modification of the electronic properties of the active phase. In the relatively immature field of 
CO2RR processes, the use of dopants has not been properly investigated yet. Indeed, even the application of 
active supports, specifically designed to assist the reaction pathway, is of quite recent exploration for this 

technology.  
As presented in paragraph 1.2.2.3, the highly functionalized and amphoteric HAP surface shows a 

particular affinity towards CO2. Among all the possible interactions of CO2 with surface basic and acid sites of 
HAP, adsorption on O2- Lewis basic surface groups is surely the most intriguing in the view of HAP application 

as dopant for CO2RR electrocatalysts. Indeed, chemisorption of CO2 on surface phosphate groups entail the 
bending of the molecule to form reversible (POx)s-carbonates. As previously stated, literature agrees on the 

first ET (CO2 → *CO2
●-, associated overpotential of ca. -1.9 vs NHE) to be the RDS of CO2 electrocatalytic 

reaction on almost all surfaces [176,177,180]. Considering that the high overpotential allegedly derives from 
the breakage of CO2 linearity and stabilization of the radical anion intermediate, doping with HAP could 

diminish the activation energy of CO2 itself thus pushing CO2RR onset to less cathodic potentials.    
To date, only two articles regarding the implementation of HAP in CO2RR have been published, both 

dealing with photocatalytic processes. To the best of our knowledge, no application of HAP in electrocatalytic 
CO2RR has been reported to date. 

In a recent work, Zhang et al. [62] studied Ti-F-doped HAP as photocatalyst for CO2RR. After 
determining the optimal content of dopants (Ti/Ca atomic ratio ≈ 0.1, F ≈ 5.6 wt.%), the authors tested Ti-F-

HAP under UV irradiation in the presence of CO2, obtaining CO and CH4 as main products. Besides the typical 
low throughputs of photocatalytic processes, it is noteworthy that control test on pristine TiO2 and F-doped 
TiO2 showed lower catalytic activity and no CH4 generation. The authors attributed this behavior to the 

peculiar CO2 adsorption/activation properties of HAP, but no evidence of such phenomena was reported. 

HAP has been instead implemented as a dopant by Li et al. [63] on Pt/TiO2 catalysts. The authors 

synthesized four catalyst with increasing amount of HAP and tested them in the photocatalytic CO2RR (λ = 
254 nm). All HAP-doped catalysts exhibited an increased CO2RR activity (up to 40x for sample n°2, Figure 
62a); moreover, the selectivity of the process shifted towards CH4, reaching a maximum of ca. 95% (sample 

n°2 as well, Figure 62b). The volcano-type trends of activity and selectivity suggest that a precise content of 
HAP allows to achieve the best performances; however, the authors did not report a precise quantification 

of HAP onto catalysts’ surface. 

 

Figure 62: a) Average production rates and b) CO and CH4 selectivity for Pt/TiO2 and Pt/HAP/TiO2 with variable HAP content. From 
reference (Li et al. 2018) 
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One of the reasons of the boosted catalytic activity of HAP-doped materials is surely the more 
efficient separation of photogenerated charges due to the insulating nature of HAP. However, HAP was even 

proved to take an active part in directing CO2 reduction. By means of in-situ FT-IR spectroscopy it is indeed 
possible to detect the presence of hydrogenocarbonates (1255 cm-1) and especially surface (POx)s-carbonates 

(1385 cm-1) [95], on the surface of Pt/HAP/TiO2 catalyst (green line in Figure 63b). Both species generated 
upon adsorption of CO2 onto the HAP moieties of the composite. Other peaks, at 3242 and 1640 cm-1, are 

instead ascribable to HAP structural -OH groups and physisorbed water, respectively (Figure 63a and b) [95]. 
Practically no peaks were detected when monitoring the surface of undoped Pt/TiO2 catalysts under the same 
conditions, highlighting the role of HAP doping in increasing both CO2 and H2O concentration on the catalyst’s 

surface. Under light irradiation, the intensity of CO2 and H2O related peaks decreased steadily, indicating the 
participation of these surface-adsorbed species to the reduction process. At the same time, new peaks arose 

in the 3000-2800 cm-1 region. Such peaks could be attributed to symmetric and/or asymmetric stretching of 
alkyl C-H bonds or to a combination of C-O stretching and C-H bending modes. Both attributions support an 

adsorption/stabilization of alkyl-type intermediates probably on the HAP moieties of Pt/HAP/TiO2. 
Stabilization of intermediates can then explain the selectivity towards CH4 instead of CO. 

On the basis of these evidences, the authors proposed the mechanism reported in Figure 63c for CH4 

formation. In the first step, CO2 is adsorbed on HAP Lewis basic sites (phosphate groups’ O2-) to form (POx)s-
carbonates while H2O coordinates to HAP Lewis acid sites (Ca2+ or OH- vacancies). Then, under light 

irradiation, CO2 is converted to the intermediate radical anion *CO2
●- by ET while H2O dissociates, generating 

Ca-OH and PO-H surface groups. Finally, the *CO2
●- and a neighbor PO-H complete a CPET transfer to form a 

*COOH intermediate that is converted to CH4 via consecutive CPETs. 
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Figure 63: a, b) Monitoring of CO2 and H2O adsorption onto the surface of Pt/HAP/TiO2 catalysts under dark (green line) and light 
irradiation (red and blue lines). c) Proposed mechanism of CH4 generation from CO2 reduction onto Pt/HAP/TiO2 surface. From 
reference (Li et al. 2018) 

In summary, HAP proved its ability to coordinate CO2 molecules at its surface, thus boosting CO2RR 
processes. Despite the different energetic input to CO2 reduction, these premises lay the foundation for the 

application of HAP (as dopant) in electrocatalytic CO2RR. However, differently from photocatalytic processes, 
HAP insulating nature could pose serious fulfillment problems to its implementation in electrochemical 
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CO2RR. A thoughtful design of HAP-doped catalysts is then mandatory to maximize HAP-doping advantages 
over conductivity drawbacks. 

4.1.5 Rational design of novel Cu+HAP/C electrocatalysts for CO2RR 

The state of art of electrocatalytic CO2RR towards high order products evidences that hydrocarbons 
and C2+ oxygenates selectivity is driven by multiple factors on different materials. In absence of a clear 

mechanism of generation of these products, the nature of the catalytic motifs able to promote multiple ETs 
and C-C bonding remains unknown. 

Based on experimental evidences and DFT calculations, Cu NPs with size > 15 nm seem to be the most 
promising metal-based catalyst for enhanced selectivity towards high added-value compounds. Regarding 

metal-free catalysts, best performances should be guaranteed by N-doped carbon structures with high 
surface area, controlled porosity, high conductivity and high N content (specifically in pyridinic N-sites). In 
addition, doping with materials exhibiting marked Lewis basicity could further enhance catalytic activities 

through CO2 activation.   
 In the view of combining the unique features of Cu-based and N-doped carbons catalysts, commercial 

Cu NPs (Ø = 25 nm) were supported on three-dimensional N-doped graphene nanosheets (3D-GNS), 
synthesized by sacrificial support method [226]. The resulting Cu/3D-GNS should benefit from (i) optimal 

dispersion and stabilization of Cu NPs onto the carbonaceous support (ii) enhanced CO2 adsorption capacity 
and (iii) partaking of both moieties of the composite (Cu and pyridinic N-sites) to the process. Moreover, 

thanks to the three-dimensional structure and controlled porosity of 3D-GNS, time of retention of reagents 
and intermediates is supposed to be increased, thus favoring multiple ETs and C-C bonding towards C2+ 
products.  

Further doping with HAP will result in the final Cu+HAP/3D-GNS composite. A proper dispersion of HAP 
onto the surface of the catalyst will introduce numerous Lewis basic sites, complementary to those exhibited 

by 3D-GNS. Indeed, while N-moieties of the carbonaceous support adsorbs and convert CO2, O2- basic groups 
of HAP are supposed to exert the function of CO2 reservoirs/activators by adsorption of CO2 in bended 

configuration. In addition, HAP remarkable adsorption properties are expected to further increase 
intermediates’ retention time on the catalyst surface, thus suppressing CO and HCOO- generation. 

Synthesis, physical-chemical characterization and electrocatalytic performances of novel Cu+HAP/C 
are reported in the following sections.  
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4.2 Synthesis and characterization of HAP-doped electrocatalysts for CO2RR 
Cu+HAP/3D-GNS samples have been synthesized according to the procedure reported in the 

Experimental Section, paragraph 8.1.3. Briefly, 3D-GNS has been synthesized following the patented method 
known as Sacrificial Support Method (SSM) [226]. The obtained N-doped carbonaceous material has been 

employed as support for the metallic active phase (commercial Cu NPs, ø = 25 nm) and the dopant (HAP_RT, 
synthesized as reported in the Experimental Section, paragraph 8.1.2). Cu NPs and HAP immobilization onto 

3D-GNS have been performed by a two-step procedure, exploiting the different pHPZC of the individual 
components. Cu/3D-GNS has been obtained by mixing/stirring 3D-GNS and Cu NPs dispersions in IPA, 
adjusting the pH at ca. 10. Cu+HAP/3D-GNS has been instead synthesized by mixing/stirring Cu/3D-GNS and 

HAP_RT aqueous dispersions at neutral pH. This stepwise procedure has been developed in order to 
guarantee the maximum dispersion of both Cu NPs and HAP onto 3D-GNS. Moreover, such procedure 

prevents Cu NPs to be deposited onto HAP decorations, therefore avoiding the presence of electrochemically 
inactive Cu sites (i.e. electrically insulated) in the final Cu+HAP/3D-GNS electrocatalyst. Cu and HAP wt. % 

loadings (by design) were 20 and 10% respectively. 
All synthetic details are reported at paragraph 8.1.3. 

N2 adsorption/desorption analyses (experimental details reported in the Experimental Section, 
paragraph 8.2.3) have been carried out on pristine 3D-GNS, Cu/3D-GNS and Cu+HAP/3D-GNS 
electrocatalysts. All adsorption/desorption isotherms, 2-parameter BET linearization and  pore size 

distribution (according to N2 – DFT model) are reported in the Supplementary Material (Figure 102, Figure 
103 and Figure 104, respectively), while numerical data of surface area and pore volume are gathered in the 

following Table 27. 

Table 27: Surface area and pore volume from N2 adsorption/desorption analyses on pristine 3D-GNS and supported electrocatalysts 

Sample Surface areaa Pore volumeb 
m2 g-1 cm3 g-1 

3D-GNS 209.17 0.214 
Cu/3D-GNS 168.88 0.188 

Cu+HAP/3D-GNS 190.74 0.187 
a Calculated by linear (2-parameters) BET equation; 
b PSD calculated according to N2 – DFT Model 

 All isotherms presented in Figure 102 can be identified as type IV according to IUPAC classification, 

with a H2 hysteresis loop. It is worth noting that, differently from “pure” type IV isotherms, those registered 
on the present samples do not exhibit marked inflection over the low p/p0 range. The typical “knee” that the 
adsorption branch of the isotherm displays at low p/p0 values is generally associated with microporosity 

[113]. Therefore, all samples can be considered as strictly mesoporous materials, with null or at least 
negligible microporosity. The similarities between 3D-GNS, Cu/3D-GNS and Cu+HAP/3D-GNS isotherms 

indicate that neither the functionalization with Cu NPs nor the doping with HAP alter the mesoporous nature 
of pristine 3D-GNS.  

Surface area, calculated applying linear (2-parameters) BET model equation (Figure 103), are in the 
range of 200 m2 g-1. Numerical data gathered in Table 27 indicate that the functionalization of 3D-GNS with 

Cu NPs leads to a substantial decrease of surface area (ca. 20%) while further doping with HAP results in 
slight increment of the latter, although always being lower than the pristine 3D-GNS one. Conversely, pore 
volume is equal for Cu/3D-GNS and Cu+HAP/3D-GNS, exhibiting a ca. 12% decrease when compared to 

pristine 3D-GNS. As for adsorption/desorption isotherms, pore size distribution (calculated according to N2 – 
DFT model, Figure 104) are similar for all three samples, assessing that neither the porosity of pristine 3D-
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GNS is altered by functionalization/doping. Mesopores distribution of all sample exhibits peaks at ca. 10 and 
25 nm in pore width, consistently with the mean diameter of the silicon-based templates used in the 

synthetic route [226]. 

Overall, the decrease in pore volume after Cu functionalization (maintained even after the doping 

with HAP) could be caused by the Cu NPs themselves, their diameter being sufficient to clog some of the 
pores of the support. This phenomenon could even rationalize the marked decrease of surface area noticed 

after Cu functionalization. On the other hand, decoration with HAP may be the responsible for the increased 
surface are of Cu+HAP/3D-GNS samples, despite part of the former 3D-GNS porosity remains hindered. 

Further investigation of structure and morphology of the samples has been carried out by means of 

STEM imaging, coupled with an EDX probe for elemental mapping. Experimental details are reported in the 
dedicated section, paragraph 8.2.3. 

STEM images of pristine 3D-GNS are gathered in Figure 64. 3D-GNS exhibit the expected flake-shaped 
three-dimensional morphology [226]. The material is characterized by the presence of an extended network 

of porous channels (mainly with mesoporous nature), introduced upon HF etching of the silicon-based 
templating agent [227]. The numerous defects and the enhanced porosity impart to 3D-GNS high surface 
area (as previously disclosed by N2 adsorption/desorption analyses) while favoring mass diffusion and 

transfer phenomena [228].  

 
Figure 64: STEM images of pristine 3D-GNS. 

Cu/3D-GNS and Cu+HAP/3D-GNS samples have been characterized as well. STEM images, together 

with EDX elemental maps, are reported in Figure 65 and Figure 66. 

In Cu/3D-GNS the support structure is still visible. The brighter contrast of the material in respect 

with pristine 3D-GNS suggests a homogenous dispersion of the metallic nanoparticles throughout the whole 
support area (Figure 65a and b), despite both Cu aggregates (Figure 65c) and Cu-free zones can be spotted 

on the sampel. EDX elemental mapping (Figure 65d) confirms an overall acceptable dispersion of Cu NPs onto 
3D-GNS has been achieved. Although oxygen is a known constituent of 3D-GNS (with an atomic wt.% of ca. 
2.7, [217]), its EDX map resembles the copper one more than that of carbon. Converting 2D elemental maps 

in counts versus spatial coordinate surface plots, the pairing of Cu with O can be roughly assessed (Figure 
105b in the Supporting Material). From a qualitative point of view, subtractions between elemental EDX maps 

indicate that Cu and O are present in higher amount in the same zones of Cu/3D-GNS (Figure 106, Supporting 
Material). Such results suggest that immobilized Cu NPs could be coated with cuprous and/or cupric oxide 

(Cu2O and/or CuO, respectively). The tendency of Cu0 nanoparticles to rapidly grow surface oxides has been 
indeed extensively observed in literature and assessed to be thermodynamically favored [188]. Apart from 
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this first rough and qualitative evaluation, a proper insight on copper chemical neighbor and oxidation state 
will be provided by XPS measures, discussed hereafter in the present paragraph.  

 
Figure 65: a → c) STEM images of Cu/3D-GNS samples and d) related elemental EDX mapping 

Same considerations made for Cu/3D-GNS structure apply to Cu+HAP/3D-GNS, in which slightly 
aggregation phenomena of Cu NPs can likewise be spotted when surveying the material (see brighter zones 

in Figure 66a and b). However, EDX mapping (Figure 66d) indicate an overall satisfying dispersion of both 
active phase and dopant on 3D-GNS surface. In this case, oxygen map pairs principally with phosphorous, as 

expected from the elemental composition of HAP (containing P in the form of PO4
3- groups); visual 

confirmation can be obtained (always from a qualitative point of view) comparing elemental surface plots of 

Ca, P and O (Figure 107b in Supporting Material). On the other hand, copper map does not match with any 
one of HAP constitutive elements (Ca, P and O). From the rough estimation performed as for Cu/3D-GNS by 
EDX maps subtraction (Figure 108), Cu pairing results quite unlikely (especially considering phosphorus 

chemistry) while pairing with O (i.e. presence of Cu(I) or Cu(II) oxides on the surface of/together with Cu0 
NPs) cannot be ruled out.  

 
Figure 66: a → c) STEM images of Cu+HAP/3D-GNS samples and d) related elemental EDX mapping 
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XPS spectra have been collected on the pristine 3D-GNS support and on both doped and undoped 
electrocatalysts. XPS surveys are reported in Figure 67; the quantitative elemental analysis results are 

reported in the associated Table 28. 
3D-GNS survey (Figure 67a) displays the typical contributions of the constitutive elements of the 

support, namely carbon (C 1s, ca. 285 eV), oxygen (O 1s, ca. 533 eV) and nitrogen (N 1s, ca. 400 eV). In Cu/3D-
GNS spectrum (Figure 67b), a further contribution appears in the region between ca. 930 and ca. 960 eV (Cu 

2p3/2 and Cu 2p1/2), addressable to the presence of Cu NPs; consistently, other Cu-related peaks can be 
assigned (Cu 3s at ca. 125 eV and Cu 3p at ca. 80 eV). Finally, Cu+HAP/3D-GNS spectrum (Figure 67c) displays 
the expected Ca (Ca 2p at ca. 350 eV and Ca 2s at ca. 440 eV) and P (P 2p at ca. 140 eV and P 2s at ca. 195 

eV) contributions in addition to the previously discussed signals.  

The quantification of constitutive elements of 3D-GNS, performed by integration of the XPS signals, 

gives back results which are consistent with literature [217]. Indeed, a slight amount of oxygen can be found 
at the 3D-GNS surface (possibly a residue of imperfect GO reduction, see 3D-GNS synthesis in the 

Experimental Section, paragraph 8.1.3) while N-doping results in the presence of ca. 1.25 at.% of nitrogen.  
Upon immobilization of the active phase, the at.% of XPS probed N-moieties is maintained, indicating 

that Cu NPs do not agglomerate massively onto such functional groups, thus blocking them. In addition, the 

increased O 1s at.% in comparison with pristine 3D-GNS suggest that Cu is present in Cu/3D-GNS as oxide 
and/or hydroxide, consistently with previous STEM/EDX observations. However, Cu at.% assessed by XPS is 

ca. one order of magnitude lower than the expected value (Cu loading in Cu/3D-GNS  = 20 wt.%, which is ≈ 4 
at.%). Since only a slight Cu NPs aggregation could be assessed by STEM (Figure 65) and considering that 

TEM/EDX mapping disclosed relatively wide zones where Cu is homogeneously dispersed in Cu/3D-GNS 
samples, these results could be addressed to (i) the combination of 3D-GNS large surface area and moderate 

Cu loading, which could result in a homogenous Cu dispersion without actually covering the whole support 
surface and (ii) the fact that XPS, as a surface technique, yields an at.% quantification which may not be 
relatable to the volume ratio of the samples’ constitutive elements, especially for composite materials.  

For doped Cu+HAP/3D-GNS catalysts, the at.% of Ca and P are instead adherent to the effective HAP 
wt.% loading and the same applies to the increase in O 1s at.%. This result indicates an optimal dispersion of 

the dopant, corroborating prior EDX mapping (Figure 66). Moreover, the atomic Ca/P ratio obtained is ca. 
1.62, confirming that the stoichiometry of HAP has been retained. Interestingly, the nitrogen content is 

halved in respect with bare support and undoped Cu/3D-GNS, suggesting that HAP doping physically covers 
3D-GNS N-moieties, possibly compromising their reactivity.  
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Figure 67: XPS survey spectra of a) 3D-GNS, b) Cu/3D-GNS and c) Cu+HAP/3D-GNS. For the sake of clarity, only XPS contributions used 
for the elemental quantification (Table 28) are indexed in the figure; other contributions of the samples’ constitutive elements are 
addressed in the main text.  

Table 28: XPS elemental quantification of samples’ components. 

Sample 
Elemental composition (at.%) 

C 1s O 1s N 1s Cu 2p Ca 2p P 2sa 
3D-GNS 95.97 2.98 1.25 - - - 

Cu/3D-GNS 92.71 5.81 1.21 0.27 - - 
Cu+HAP/3D-GNS 75.20 13.52 0.57 0.27 6.46 3.99 

a P quantification was performed on P 2s peak and not on P 2p one as to avoid integration errors caused by the overlapping of P 2p 

and Cu 3s contributions. 

High resolution XPS spectra of C 1s, O 1s, N 1s, Cu 2p, Ca 2p and P 2s regions have been collected on 
the samples depending on their composition. N 1s and C 1s HR spectra of pristine 3D-GNS, which are 

representative for all materials, are reported in Figure 68, while other ones can be found in the Supporting 
Material (Figure 109 and Figure 110). 

The nature of N-moieties has been further investigated by means of peak deconvolution (Figure 68a) 
following a method previously reported in literature and specifically optimized for these materials [217]. The 

related numerical data are reported in Table 29. 
From literature, it is known that nitrogen may be present within graphitic carbon structures in the form 

of different chemical group (Figure 59), which relative abundance can be assessed by XPS. Performing a 

deconvolution of the nitrogen signal according to the 70% Gaussian/30% Lorentzian peak fitting technique, 
the presence of six main types of nitrogen moieties in 3D-GNS have been assessed, which relative abundance 

has been calculated and reported in Table 29. Both pristine 3D-GNS and functionalized/doped 
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electrocatalysts showed a major presence of pyridinic N moieties (N-pyr), addressed by literature as CO2RR 
active [222–224], together with amine, pyrrolic, graphitic, NH-bulk and NO moieties. 

Peak deconvolution and assignment of specific contributions have been performed in the C 1s region 
as well (Figure 68b and Table 29), always following an established procedure [217,229]. 

The results of the deconvolution, even in this case performed according to the 70% Gaussian/30% 
Lorentzian peak fitting technique, revealed the primary presence of sp2 carbon species (graphitic C) in 

concomitance with sp3 species (sp3 C). C-N and Cx-Oy account for the remaining ca. 30 at.% of carbon species. 

 

Figure 68: HR XPS spectra of a) N 1s and b) C 1s regions, collected on the pristine 3D-GNS support. 

Table 29: Contribution of different N-moieties and different C bonding obtained from deconvolution of the HR N 1s and C 1s spectra 
reported in Figure 68. 

 Contributions from HR spectra deconvolution (at.%) 

N 1s 

N pyr N amine N-pyrrol Graphitic N/N+ Bulk NH NO 

10.02 

(403.9 - 405.5 eV) 

31.21 

(398.0 eV) 

23.15 

(399.4 eV) 

16.33 

(400.8 eV) 

13.47 

(401.7 eV) 

5.85 

(402.8 eV) 

C 1s 

Graphitic C sp3 C C-N C-O C=O COOH C Shake 

6.69 

(291.3 – 293.0 eV) 

35.72 

(284.4 eV) 

31.98 

(284.8 eV) 

10.45 

(286.0 eV) 

5.43 

(287.0 eV) 

4.28 

(288.1 eV) 

5.47 

(289.6 eV) 

The HR spectrum of Cu 2p (Supporting Material, Figure 110) has not been deconvolved for two main 
reasons: first, the scarce intensity of the signal (resulting from the low Cu at.%), which do not allow for reliable 

interpretation, and secondly because any result would not be representative of the actual electrocatalysts’ 
surface under reaction conditions. Indeed, under the application of the operative cathodic potential required 

for CO2RR, any copper species detectable by ex-situ XPS would likely reduce to Cu0, which is universally 
acknowledged to be the electrocatalytically active phase for CO2 reduction.  

Although no deconvolution was performed, the peaks pattern disclosed by the Cu 2p HR spectrum is 

consistent with the reference CuO one [230], exhibiting the typical Cu 2p3/2 and Cu 2p1/2 peaks with a ca. 20 
eV spacing (934.5 eV and 954.5 eV, respectively) and the correlated Cu2+ satellite peaks at ca. 944.1 and 963.8 

eV. Interestingly, the spectrum obtained from doped Cu+HAP/3D-GNS (Figure 110b) slightly differs from that 
collected on the undoped electrocatalysts (Figure 110a). At this point of the study, it cannot be stated if the 

differences are caused by a shift in the binding energy of CuO contributions due to support insulation (caused 
by HAP presence) or if such peaks are instead associated with a new phase/compound formed upon HAP 
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doping that has not been identified, with 934.5 eV peak of CuO being still present as shoulder of the novel 
938.7 eV one. 

In summary, the structural/morphological characterizations depict both doped and undoped 
electrocatalysts as high surface area, mesoporous materials, with a pronounced pore volume which is 

foreseen to ensure optimal mass transport of the reactants under reaction conditions, therefore minimizing 
diffusional issues. The results of n-doped 3D-GNS characterizations are in general agreement with what 

reported in literature and patents on this material. The overall successful dispersion of both active phase (Cu 
NPs) and dopant (HAP) in doped and undoped samples guarantees the close contact of the two phases, as 
desired from design. Under ex-situ conditions, Cu NPs were assessed to effectively be CuO, while upon HAP 

doping the creation of a novel Cu-based phase cannot be ruled out.    

  



125 

 

4.3 Electrochemical CO2RR: performances of HAP-doped and undoped electrocatalysts 
Undoped Cu/3D-GNS and doped Cu+HAP/3D-GNS electrocatalysts performance in electrochemical 

CO2RR have been tested in a lab-scale electrolyzer (namely, an electrochemical flow-cell). All the 
experimental details are reported in the Experimental Section, paragraph 8.5. 

Briefly, inks of the catalysts have been prepared dispersing the related powders in IPA and Nafion by 
ultrasonication. The resulting suspensions have been sprayed onto a gas diffusion layer (Sigracet BC29), thus 

obtaining a gas diffusion electrode (GDE, details reported in paragraph 8.5.1.1, Experimental Section). 
Electrocatalysts’ GDE served as cathode in the electrochemical flow-cell, with a Pt GDE serving as anode and 
an Ag/AgCl electrode acting as reference; a scheme of the electrochemical cell used and of the overall 

electrochemical setup can be found in Figure 77a and b, Supporting Material. The electrolyte was an aqueous 
0.5 M KHCO3 solution (pH ≈ 8.1).  

Electrochemical tests, aimed to assessing the electrocatalytic activity of each catalyst, are listed in 
Table 31, Supporting Material. Briefly, cathodes have been conditioned by means of consecutive 

voltammetric cycles (CV) under inert atmosphere (flowing N2). The overall system resistance has been 
evaluated by means of potentiostatic electrochemical impedance spectroscopy (PEIS) and further used to 

correct all applied potentials, as described in paragraph 8.5.1.2, Experimental Section. Linear sweep 
voltammetry (LSV) under both inert (flowing N2) and reactive (flowing CO2) atmosphere have been run to 
extrapolate CO2RR onset potentials (EOnset) and to evaluate the effect of CO2 presence/absence on delivered 

current. Finally, 30-minutes long chronoamperometric tests were run applying increasingly cathodic 
potentials. The quantitative evaluation of both gaseous and liquid CO2RR products, respectively performed 

by GC/TCD and 1H NMR (for details, paragraph 8.5.2, Experimental Section), allowed the calculation of 
electrocatalysts’ selectivity and the assessment of products distribution in terms of faradic efficiency (FE) 

versus applied potential.   

Before embarking in the discussion of the CO2RR performances of the doped and undoped 

electrocatalysts, it is worth to highlight the results obtained from PEIS, which are reported in the form of 
Nyquist plot in Figure 111 (Supporting Material). For both doped and undoped electrocatalysts, the ohmic 

resistance of the circuit is ca. 20 Ω. This result confirms that the synthetic route applied for the HAP-doped 
electrocatalyst allowed the optimal dispersion of HAP onto the carbonaceous scaffold (an insulating ceramic 

material) without compromising the overall electrode conductivity. 

The electrochemical performance of the undoped Cu/3D-GNS electrocatalysts can be assessed from 

the data collected in Figure 69.  
Figure 69a reports the LSV curves under both inert and reactive atmosphere, i.e. feeding respectively 

N2 and CO2 to the cathode through the gas chamber of the electrochemical flow-cell. i vs E vs RHE – IR 
corrected curves exhibit a similar shape; only slight differences (ca. 100 mV) can be spotted in the onset 

potential which under N2 and CO2 flow should relate to HER and CO2RR, respectively. The similar EOnset and 
the almost identical delivered currents in the presence and absence of CO2 suggest that HER and CO2RR share 
the majority of the catalytically active sites (presumably, Cu facets). The i ≠ 0, delivered by the catalyst before 

the actual onset of HER and/or CO2RR, can be addressed to oxygen reduction reaction (ORR). This 
phenomenon is caused by the dissolution of atmospheric oxygen into the electrolyte, which is unavoidable 

in the configuration reported in Figure 77b (Supporting Material), where the electrolyte reservoir is open. 
Figure 69b reports chronoamperometric i vs time curves. As expected, the delivered current increases 

in absolute value as the applied potential becomes more cathodic. It can be moreover noticed that when the 
CO2RR (and parasitic HER) reaction rate increases as function of the applied potential, the consequent 
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evolution of larger quantities of gaseous products of CO2 (or proton) reduction causes violent bubble 
generation and therefore noisy electrochemical patterns. 

 

Figure 69: Electrochemical performance of undoped Cu/3D-GNS electrocatalysts in CO2RR. a) LSV curves collected under inert (N2) and 
reactive (CO2) atmosphere; b) Chronoamperometric i vs. time curves. Combination of electrochemical data and quantitative 
evaluation of reaction products allowed to establish the products distribution in terms of c) products’ faradic efficiency vs. applied 
potential and/or d) products’ generation rate vs. applied potential. 

 Combining the quantitative results from GC/TCD and 1H NMR analyses on gaseous and liquid 

products with the information collected from electrochemical tests (i.e. total quantity of charge QTot delivered 
by the system in a definite amount of time), it has been possible to disclose the products distribution yielded 

by Cu/3D-GNS, reported in Figure 69c as faradic efficiency (FE, %) vs. applied potential. 
 Before focusing the attention on CO2RR products distribution, it should be noticed that the faradic 

efficiency of H2 (green bars in Figure 69c) does not exceed 20% even under the application of largely cathodic 
potentials. Cu/3D-GNS therefore exhibits an overall FECO2RR ≥ 80% in the potential range under study (roughly, 
from 0 to -1 V vs RHE), a result comparable with state-of-art Cu-supported and carbonaceous N-doped 

electrocatalysts [215,223]. 
 Under moderate cathodic potentials (E > -0.2 V vs RHE), Cu/3D-GNS catalyzes the almost selective 

production of ethylene (grey bars in Figure 69c), with traces of other valuable C2+ products like acetate and 
acetone. Detection of such complex products at such low applied overpotential (see Table 26) is unusual and 

may be related to the peculiar structure of the electrocatalyst. Factors like large pore volume and 
mesoporous structure of the carbonaceous supports are indeed known to cause an increase in the retention 

time of both pristine CO2 and reaction intermediates, therefore favoring C-C coupling and multiple electron 
and/or proton transfers [225,231]. Despite the high-added value of these products, the small driving force of 
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the process under such moderate applied potentials results in low delivered current densities and thus 
industrially irrelevant production rates (Figure 69d). 

 Under the application of more cathodic potentials (E < - 0.3 V vs RHE), parasitic HER causes the 
production of H2, while CO2RR products selectivity changes: indeed, ethylene faradic efficiency diminishes 

steadily with decreasing potential, mainly in favor of formate (purple bars in Figure 69c). An almost stable 
FEHCOO- ≈ 55% is achieved at E < -0.6 V vs RHE, in this case with interesting production rates (ca. 4.4·10-3 

mgHCOO- s-1 mgCu
-1, equal to ca. 16 gHCOO- h-1 gCu

-1, Figure 69d). 
 Altogether, Cu/3D-GNS is a CO2RR selective catalysts, with an overall FE towards CO2 ≥ 80%. C2+ 
products (principally ethylene) are generated under the application of slightly cathodic potentials but biased 

by their low production rate. More cathodic potentials change Cu/3D-GNS products distribution, with a slight 
contribution of H2 (from HER) and formate being generated at the expense of ethylene. 

Although electrochemical CO2RR is a relatively recent technology and pathways of reaction are not 
fully understood, comparison with results reported in literature for conceptually similar electrocatalysts may 

help to rationalize the performances of Cu/3D-GNS. Sun et al. reported an almost selective ethylene 
production over Cu dispersed onto pyridinic N-doped graphitic supports [214], postulating the co-operation 
of the two active sites. In the specific, pyridinic N-moieties (known in literature as CO2RR active mainly 

towards 2e- transfer products like CO and HCOO- [214,222,223]) were deemed by the authors to act as *CO 
species producer. *CO intermediates were then supposed to spillover, in virtue of the close contact and 

optimal dispersion of Cu onto the N-doped support, to Cu active sites, where *CO dimerization to C2 products 
(i.e. ethylene) may occur. Differently from what reported by Sun et al., ethylene selective production on the 

here presented Cu/3D-GNS catalysts is obtained at applied potentials < -0.2 V vs RHE, indicating a relevant 
lowering of ethylene formation overpotential in respect with the systems investigated by Sun et al. (the 

selective ethylene production was achieved under the application of -0.9 V vs RHE, [214]). Possibly, this 
difference arises from the bigger dimensions of the Cu NPs in Cu/3D-GNS (ø ≈ 25 nm vs. ø ≈ 7 nm reported 
by Sun et al. [214]), known to favor C-C coupling over H2 and/or CO production [204], as discussed in 

paragraph 4.1.4.1. 
Interestingly, the application of increasingly cathodic potentials shifts the products distribution of 

Cu/3D-GNS towards formate, with a net diminishing of ethylene generation in terms of faradic efficiency. 
This trend is unexpected, since generally the formation of multiple electrons transfer products is boosted by 

increasingly cathodic potentials. The enhanced formate production at the expenses of ethylene may be 
explained considering that, under largely cathodic potentials, HER triggers; proton reduction partially 

occupies CO2RR active sites of Cu NP (see Figure 69a and related considerations), thus hindering *CO 
dimerization. Moreover, the combination of HER and the overall enhancement of reaction rates causes a 
major depletion of protons at the electrode interface; the consequent alkalization favors the generation of 

oxygenates CO2RR products (i.e. formate) instead more reduced and proton-demanding compounds (i.e. 
ethylene). 

The effect of HAP doping onto CO2RR onset potential and products distribution was assessed 
performing the same set of electrochemical tests onto the doped Cu+HAP/3D-GNS electrocatalyst. The 

results are reported in Figure 70.  
Figure 70a and Figure 70b, reporting Cu+HAP/3D-GNS LSV curves and chronoamperometric 

electrochemical data, do not present major differences from those collected on undoped Cu/3D-GNS in 
Figure 69a and b. Indeed, a similar EOnset is disclosed by LSV curves, with the same considerations made about 
CO2RR and HER active sites holding for the doped electrocatalyst as well. Figure 70b indicates that the 

delivered currents upon increasingly cathodic potentials are similar for doped and undoped electrocatalysts; 
however, less noisy chronoamperometric patters are obtained for the doped Cu+HAP/3D-GNS catalysts. The 
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deliverance of similar current densities under the application of the same potential indicates that doped and 
undoped electrocatalysts are characterized by comparable reaction rates. The limited electrochemical noise 

registered for Cu+HAP/3D-GNS chronoamperometric tests suggests that the doped catalysts produce lower 
amounts of gaseous products under the application of large cathodic potentials. This supposition will be 

confirmed by the analysis of products distribution in Figure 70c. 

 

Figure 70: Electrochemical performance of doped Cu+HAP/3D-GNS electrocatalysts in CO2RR. a) LSV curves collected under inert (N2) 
and reactive (CO2) atmosphere; b) Chronoamperometric i vs. time curves. Combination of electrochemical data and quantitative 
evaluation of reaction products allowed to establish the products distribution in terms of c) products’ faradic efficiency vs. applied 
potential and/or d) products’ generation rate vs. applied potential. 

First and foremost, the doping with HAP does not alter the optimal selectivity of the catalyst towards 
CO2RR; FEH2 (green bars in Figure 70c) is indeed always ≤ 20% in the potential range under investigation, 
leading to an overall FECO2RR ≥ 80%, as previously assessed for undoped Cu/3D-GNS. On the other hand, 

products distribution is altered by HAP doping, both under moderate and large cathodic potentials.  
Under the application of moderate cathodic potentials (E > -0.4 V vs RHE), doped Cu+HAP/3D-GNS 

catalyzes the production of high added-value C2+ products. In comparison with undoped Cu/3D-GNS, a shift 
towards more cathodic potentials in the maximum selectivity towards ethylene can be spotted. At the same 

time, HAP doping seems to favor the formation of uncommon C2 and C3 CO2RR products, namely acetate and 
acetone (yellow and blue bars in Figure 70c), at the expenses of ethylene itself. Although it is difficult to 
rationalize the effect of the HAP doping on reaction mechanisms that are not fully disclosed to date, it can 

be envisaged that HAP peculiar adsorption features (paragraph 1.2) may lead to a strong retention of 
oxygenated CO2RR intermediates, thus preventing further reduction to ethylene. In addition, the increased 

retention time of intermediates may itself account for the production of C3 species like acetone.  
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As in the case of undoped Cu/3D-GNS, the application of more cathodic potentials results in the 
increase of formate faradic efficiency and production rates (Figure 70c and d). However, upon HAP doping, 

ethylene production drops to zero in favor of HCOO-, which is then produced with FE ≈ 70%. The only C2 
product detectable in slight amount under E < -0.8 V vs RHE is acetate (FE ≈ 2%). Both formate and acetate 

production are consistent with the preferential formation of oxygenated CO2RR products consequent to 
interface alkalization (as previously discussed for Cu/3D-GNS products distribution under largely cathodic 

potentials).  
The boosting of HCOO- production at the expense of C2 products under these conditions may be 

addressed to HAP doping. Figure 54b indicates that formate exhibits peculiar reaction intermediates, formed 

upon stabilization of the CO2
●- radical anion through oxygen coordination to the reactive surface. Conversely, 

all the other CO2RR products (i.e. CO, C1 and C2+ species) share the same radical anion as common 

intermediate but with a different stabilized configuration onto the catalysts’ surface: in the specific, a carbon-
coordinated intermediate (Figure 54a, Figure 56 and Figure 57). Therefore, the boosting of formate 

production upon HAP doping suggests that HAP plays an active role in stabilizing O-bound radical anion 
species over C-bound ones. A possible stabilization effect of HAP can be envisaged considering the presence 

of acid sites onto its surface (Figure 71): indeed, HAP’s Ca2+ and/or hydroxyl groups vacancies (δOH-) can 

establish electrostatic interactions with the partially negative oxygen atoms of the CO2
●- radical anion, thus 

leading to O-bound species stabilization onto HAP surface. A graphical depiction of the phenomenon is 
presented in the following figure:  

 
Figure 71: Graphical depiction of the hypothesized effect of HAP doping on CO2RR in Cu+HAP/3D-GNS electrocatalysts. On the left, the 
expected (and not verified) action of HAP surface basic groups in CO2 destabilization. On the right, the alleged stabilizing effect exerted 
by HAP acid surface groups onto the CO2●- radical anion. 

The rationale design of the HAP-doped electrocatalyst envisaged a beneficial effect of HAP surface 

basic sites onto CO2RR EOnset and/or products distribution that was not verified. However, the alleged action 
of acidic sites on CO2

●- stabilization may explain the boosting of formate production on Cu+HAP/3D-GNS 

electrocatalysts. Although the result obtained is not the one foreseen during catalyst’s design, acid/base 
doping of electrocatalysts proved to be a valuable tool to tune the selectivity of electrochemical CO2RR 

processes.   
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4.4 Conclusions 
In the present chapter, novel Cu-based HAP-doped electrocatalysts for CO2RR have been rationally 

designed, synthesized, characterized and tested.  
With the aim to maximize the production of C2+ compounds at low applied overpotentials, composite 

electrocatalysts composed by a carbonaceous support (N-doped 3D-GNS), an active phase (Cu NPs) and a 
dopant (HAP) have been synthesized.  

The obtained electrocatalysts exhibited large surface area and a mesoporous nature together with a 
large pore volume; these features ensured optimal mass diffusion and reagents/products transfer under 
reaction conditions. TEM/EDX mapping and XPS analyses disclosed that a satisfactory dispersion of both Cu 

NPs and HAP onto 3D-GNS have been achieved, realizing the close-contact between active phase and dopant 
that was envisaged by design. 

Catalytic inks of both the undoped (Cu/3D-GNS) and doped (Cu+HAP/3D-GNS) electrocatalysts have 
been sprayed onto a GDL, thus realizing GDEs that were employed as cathodes in a lab-scale electrolyzer (i.e. 

an electrochemical flow-cell).  

PEIS measures reveal a low and comparable ohmic resistance for both GDEs (ca. 20 Ω), evidencing that, 
despite its insulating nature, HAP decoration did not affect the overall conductivity of the material thanks to 

the thoughtful design and optimized synthetic route of doped Cu+HAP/3D-GNS electrocatalysts. 
Regarding electrochemical performances, both Cu/3D-GNS and Cu+HAP/3D-GNS catalysts minimized 

parasitic HER, displaying a FECO2RR ≥ 80% throughout the whole potential range under investigation (from ca. 

0 to ca. -1 V vs RHE – IR corrected). 
Both electrocatalysts produced high added-value C2 and/or C2+ compounds under the application of 

relatively small overpotentials. Cu/3D-GNS selectivity towards ethylene under such conditions have been 
addressed to the co-operation between 3D-GNS pyridinic N-moieties (converting CO2 to *CO intermediates) 

and Cu NPs (favoring *CO dimerization and further electron and proton transfers). HAP doping in Cu+HAP/3D-
GNS affected the CO2RR products distribution under such conditions, catalyzing the generation of uncommon 

C2+ compounds (namely acetate and acetone) in spite of ethylene, whose maximum selectivity is reached 
towards more cathodic values. Such results indicate that HAP unique sorption ability alters both retention 
time and energy of CO2RR intermediates towards C2+ products, although the still unclear reaction pathways 

do not allow to properly point out the actual species. 
Under the application of large cathodic potentials, both undoped and doped catalysts exhibited an 

increase in formate production at the expenses of C2 compounds (i.e. ethylene). This transition from reduced 
C2 products towards a C1 oxygenate like formate has been rationalized considering the triggering of HER 

competition with CO2RR onto Cu NPs and the alkalization of the electrode interface due to proton depletion. 
Formate faradic efficiency at E < -0.6 V vs RHE passes from ca. 55% to ca. 70% upon HAP doping, with ethylene 

generation being completely suppressed by Cu+HAP/3D-GNS catalysts. The boosting in formate production 
has been attributed to HAP sorption properties as well: in particular, the presence of acid sites onto HAP 
surface has been deemed to stabilize the CO2

●- radical anion under O-bound configuration, favoring the 

reaction pathway toward formate production at the expenses of ethylene and generally all C2+ products.  

Although the catalysts have been designed to principally exploit HAP surface basic sites (i.e. O2- 

functionalities of phosphate groups), the present results likewise evidence that acid/base doping may be a 
useful tool in directing the selectivity of electrochemical CO2RR processes. 
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5 Final remarks 
In this dissertation the possible use of HAP-based and doped materials for environmental protection 

processes have been studied. The peculiar structural flexibility and surface properties of the material are at 
the basis of HAP ability to efficiently remediate heavy metal cations pollution of industrial wastewater. 

Compositing with a carbonaceous moiety generated novel HAP/C composites which were assessed to 
simultaneously remediate organic and inorganic pollution of wastewater thanks to their dual nature. The 

implementation of HAP in Cu-based CO2RR electrocatalysts indicated that acid/basic dopants may be a tool 
in directing CO2 reduction pathways, thus allowing to tune the selectivity of such processes. 

The research projects and results herein reported are encased in a bigger framework, which is the ideal 
“valorization cycle” of HAP, ideated by our research group. Adhering to the principles of circular economy, 
the cycle aims to exploit HAP as a 360 degrees material for environmental processes, from water to air quality 

control. 
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8 Experimental section  

8.1 Synthetic routes to HAP-based and/or doped materials 

In the following, all the syntheses of the materials studied in this thesis work are reported.  

8.1.1 Synthesis of stoichiometric HAP 

Stoichiometric hydroxyapatite (Ca10(PO4)6(OH)2, atom/atom Ca/P ratio equal to 1.67) has been 
synthesized according to an optimized co-precipitation route. 

250 mL of a 0.100 M (NH4)2HPO4 aqueous solution were placed in a three-necked round flask thus 

equipped: central neck connected to a mechanical stirrer, side-necks fitted with reflux condenser and 
adaptor for peristaltic tube connection, respectively. Under mechanical stirring (200 RPM), (NH4)2HPO4 

solution was heated to 80°C by means of an oil bath. pH was regulated at 9.7 (± 0.2) adding 50 mL of a 28-30 
wt.% NH4OH solution. 

Then, 250 mL of a 0.167 M aqueous solution of Ca(NO3)2·4H2O were fed to the flask  through a 
peristaltic pump (dropping rate = 1.5 mL min-1). Throughout the addition, solution pH was periodically 

checked and kept constant at 9.7 (± 0.2) by dosing precise amounts of 28-30 wt.% NH4OH solution. All 
solutions were prepared from MilliQ water (15.0 MΩ, Millipore). 
Addition of the Ca(II) precursor solution leads to the formation of a milky suspension. HAP precipitates 

according to the following chemical equation:  

10 Ca(NO3)2 + 6 (NH4)2HPO4  + 8 NH3 + 2 H2O →  Ca10(PO4)6(OH)2 ↓ +  20 (NH4)NO3 

Equation 4 

Once the addition of Ca(II) precursor was finished, the suspension was stirred for 5 minutes, then 

hot-filtered under vacuum on Buchner funnel. The obtained white solid was washed with hot MilliQ water 
(ca. 1.5 L), until neutrality of the washing water. HAP powders were then dried for 16 h at 50°C under vacuum 

and then thermally treated for 8 h at 120°C under air.  

8.1.2 Synthesis of HAP/C composites for wastewater remediation and sensing applications 

Synthesis of HAP/C composites has been carried out according to a co-precipitation route similar to 

the one presented in paragraph 8.1.1; main differences lie in (i) the presence of a carbonaceous scaffold 
slurry in the reaction vessel, (ii) precipitation temperature and (iii) volume/concentration of precursors’ 
solutions. Atomic Ca/P ratio of HAP in all composite materials was stoichiometric, i.e. ca. 1.67. 

 Experimentally, ca. 300 mg of carbonaceous scaffold were dispersed by ultrasonication (15 minutes) 
in 10 to 40 mL of MilliQ water, depending on the hydrophobicity of the scaffold itself. This suspension was 

then introduced in a three necked round flask containing 100 mL of a 0.400 M (NH4)2HPO4 solution. Flask was 
equipped with a mechanical stirrer (central neck) and the resulting slurry was stirred at 200 RPM for 5 

minutes. pH of the solution was adjusted to ca. 9.7 (± 0.2) by addition of ca. 10 mL of a 28-30wt. % NH4OH 
solution. Then, 100 mL of a 0.668 M Ca(NO3)2·4H2O solution were added dropwise by means of a peristaltic 

pump (1.65 mL min-1). Precipitation occurred at RT, under mechanical stirring (200 RPM); periodic additions 
of base were performed, as to keep pH constant at ca. 9.7. All solutions were prepared with MilliQ water. 
 After completing the addition of the Ca(II) precursor’s solution, suspension was stirred for 5 minutes 

and then vacuum filtered on Buchner funnel. Powders were washed with MilliQ water up to neutrality of 
washing water, then dried for 16 h at 50°C under vacuum and thermally treated for 8 h at 120°C under air. 

Carbonaceous scaffolds employed were (i) commercial carbon nanofibers (CNFs PR24-HHT, 
purchased from Pyrograf), (ii) biomass-derived mesoporous carbon (CMC, furnished by the group of Prof. 
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Shen from Nanjing University and synthesized according to [168]) and (iii) extra pure granular activated 
charcoal (purchased from Sigma Aldrich). 

Given that HAP precipitation yield is almost quantitatively (> 99%) and considering both the 
concentration of precursors’ solutions and the mass of carbonaceous scaffold used, HAP/C composites 

obtained have a carbon content equal to ca. 4.3wt %. Effect of the HAP:C ratio on the material performance 
was studied for the most promising samples. HAP/C composites with a carbon content up to ca. 20wt. % 

were synthesized following the above presented route but increasing the amount of carbonaceous scaffold 
in the slurry. “Bare” HAP (herein referred to as HAP_RT) has been synthesized according to the same route 
but in absence of the carbonaceous scaffold. 

8.1.3 Synthesis of HAP-doped electrocatalysts for CO2RR 

8.1.3.1 HAP-doped Cu/3D-GNS electrocatalysts 

Synthesis of 3D-GNS has been performed according to the patented Sacrificial Support Method (SSM) 
[226] and as reported in the literature [232]. Briefly, graphene oxide (GO), synthesized by a modified 

Hummers method [233], was exfoliated in aqueous solution by ultrasonication (600 kJ were delivered to 10 
g of GO in 1 L of MilliQ water for 2 hours). 20 g of EH-5 fumed silica (Cab-O-Sil, surface area ≈ 400 m2 g−1) 

were then added to the mixture. The suspension was sonicated for 1 more hour and then dried at 85°C 
overnight. Dry powder was ball-milled at 400 RPM for 15 minutes prior to be reduced at 800°C under a 7% 
H2 in Ar flux (flowrate = 100 ccm) for 1 hour. The reduced sample now constituted by a graphene nanosheets-

silica mixture (GNS-SiO2) has been ball-milled as previously described. SiO2 support was leached by acidic 
etching with 25 wt.% HF (24 hours). Leached sample was filtered and washed with MilliQ water until 

neutrality of the wash water was reached. The resulting powders where dried at 85°C overnight and then 
doped with nitrogen by means of a thermal treatment (850°C for 2 hours) in 10% NH3 in Ar (flowrate = 100 

ccm). Such obtained 3D-GNS powders have been stocked and used as support for Cu NP and HAP.  
Ca. 85 mg of 3D-GNS were dispersed in ca. 40 mL of isopropyl alcohol (IPA). The pH of the suspension 

was adjusted to 10 by the addition of 0.7 mL of a 0.1 M KOH aqueous solution. Similarly, ca. 24 mg of 
commercial Cu NP (Sigma-Aldrich, CAS 7440-50-8, ø = 25 nm) were dispersed in ca. 40 mL of IPA, adjusting 
the pH as indicated for the 3D-GNS suspension. Both mixtures were sonicated for 30 minutes as to achieve 

optimal suspension. Then, the Cu NP suspension was added in a single shot to the 3D-GNS one. The resulting 
mixture was stirred at RT for 48 h. After the immobilization step, the powder was vacuum filtered on 0.45 

µm Nylon membrane, washed with MilliQ water and dried at 110°C for 45 minutes. Such obtained sample 
was labelled Cu/3D-GNS. 

Ca. 100 mg of Cu/3D-GNS were suspended in ca. 90 mL of MilliQ water. The pH of the suspension 

was adjusted to 7 adding 42 µL of a 0.1 M KOH aqueous solution. Analogously, ca. 12 mg of HAP_RT (synthesis 
reported in paragraph 8.1.2), were dispersed in ca. 20 mL of MilliQ water, adjusting suspension pH at 7 by 

adding 15 µL of a 0.1 M KOH solution. Both mixtures were sonicated for 45 minutes, to favor samples 
suspension. Then, the HAP suspension was added to the Cu/3D-GNS suspension in a single shot; the resulting 

mixture was stirred at RT for 48 h. Finally, the powder was vacuum filtered on 0.45 µm Nylon membrane, 
washed with MilliQ water and dried at 110°C for 3 hours. Such obtained sample was labelled Cu+HAP/3D-
GNS. 

By means of the reported procedure, two electrocatalysts have been synthesized: a non-doped 
Cu/3D-GNS, with a 20 wt.% Cu loading (by design) and a HAP-doped Cu+HAP/3D-GNS, with a 20 wt.% Cu and 
a 10 wt. % loading of HAP (by design). 
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8.2 Physical-chemical characterization techniques  

8.2.1 General structural and morphological characterization of HAPs materials 

Synthetic HAP-based and/or doped samples have been structurally and morphologically 
characterized through several investigation techniques: nitrogen adsorption-desorption isotherms (N2 
ads/des), scanning transmission electron microscopy (STEM), routine and synchrotron X-ray powder 

diffraction (XRPD), Fourier Transform Infrared Spectroscopy (FT-IR) and zeta-potential measurements.  
N2 adsorption-desorption isotherms were collected at liquid nitrogen temperature, by means of a 

Sorptomatic 1990 version instrument from Thermo Scientific (Carlo Erba), that uses a static volumetric 
technique. The analysis was controlled by computer processing using the MILES-200 program and the 

MILEADP software for computations. Low-pressure part of the adsorption branch of the isotherm has been 
modeled by 3-parameter BET equation (0.05 < p/p0 < 0.4) whilst the desorption branch has been interpreted 

by B.J.H. (Barrett-Joyner-Halenda) model (0.3 < p/p0 < 0.95 ), as to determine specific surface area (Sa) and 
pore size distribution (PSD), respectively. Prior to the analysis, dried samples (ca. 150 mg) were outgassed 
for 4 h at 150°C under a residual pressure of 0.1 mbar, in order to ensure the fully removal of water from 

meso and micropores. Nitrogen used for the analyses was 99.9995% purity. The adsorbed volume, expressed 
in cm3(STP) g-1, was converted into pore volume (cm3 g-1), using N2density at normal liquid state (0.8081 g cm 

g-1); molecular area of N2 was taken as 16.2 Å2.  
To determine Ca/P ratio, ca. 100 mg of HAP were mineralized in HNO3 (65wt. %) and diluted; the 

resulting solution was analyzed by Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES), 
using a Perkin Elmer, Optical Emission Spectrofotometer, Model Optima 8000 DV. Calcium and phosphorous 

standard solutions (1,000 μg/mL, 2% HNO3 from Perkin Elmer) were used for ICP-AES calibration. 
ZEISS LIBRA 200FE microscope with a 200 kV FEG source, in column second-generation omega filter 

was used for transmission electron microscopy (TEM). Chemical analysis was performed using HAADF-STEM 

(High Angular Annular Dark Field Scanning Transmission Electron Microscopy) facility and Energy-dispersive 
X-ray (EDX) probe (Oxford INCA Energy TEM 200). EDX spectra and element maps were collected along with 

HAADF-STEM micrographs. After grinding in an agate mortar, HAP powders were suspended in isopropanol 
and sonicated to achieve optimal dispersion. Suspensions were deposited onto a lacey carbon-coated copper 

grid (300 mesh) and the solvent was allowed to evaporate at RT. 
X-ray powder diffraction analyses were performed using a Philips Powder X-ray diffractometer 

equipped with a PW 1830 generator. Monochromator was made in graphite, operating with Cu Kα (λ = 1.5418 

Å) radiation. The X-ray tube worked at 40 kV×40 mA. The acquisition range 2θ range of the diffraction 
patterns was from 8° to 60°. Scan rate was fixed at 0.6° min-1 with a step size of 0.05°. Phase identification 

was performed by Match! Software, from Crystal Impact GbR.  
High resolution XRPD diffractograms of HAP were collected at the ID22 beamline of the European 

Synchrotron (ESRF) in Grenoble, France. Patterns have been also registered after the addition of crystalline 
TiO2 (≈ 15wt. %, internal standard), as to detect possible amorphous phases. Data were collected at room 

temperature in high-resolution setup, using an X-ray wavelength of 0.354260(3) Å up to 2θ = 32° (Qmax ≈ 10.8 
Å–1) for a total counting time of about half an hour per pattern. Rietveld analysis was executed adopting the 
GSAS suite of programs [234]. In the refinement, scale factors, unit cell parameters, atomic positional degrees 

of freedom, and atomic isotropic mean square displacements parameters (adp, one for each element) were 
varied as well as the background and line shape parameters. As to the Pair Distribution Function (PDF) 

analysis, the same HAP “as prepared” sample was measured at the ID15 beamline of ESRF using a Dectris 
Pilatus 2M CdTe. The X-ray energy was around 100 keV (λ = 0.123984 Å). Sample-detector distance (250.9 

mm), detector tilt, beam position, and wavelength were calibrated using the diffraction pattern of CeO2 via 
the library pyFAI [235]. The images were then radially integrated using pyFAI, the PDF was calculated as the 
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G(r) described in the literature [236] after background subtraction, suitable corrections and normalization 
using the program PDFGetx2 [237]. Maximum value of momentum transfer used for PDF calculation was 

Qmax=24 Å–1. The PDF data were refined against structural models using the program PDFGui [238]. 
Rough preliminary unit cell refinement was performed using CelRef V3 software (developed at 

Laboratoire des Matériaux et du Génie Physique, Ecole Nationale Supérieure de Physique de Grenoble). 
Fourier Transform Infrared (FT-IR) spectra were collected in the wavenumber range from 400 cm-1 to 

4000 cm-1, at RT, using a Perkin-Elmer Spectrum Two Fourier transform infrared spectrometer. Prior to the 
analysis, samples were dried for 16 h at 120°C under air and then padded in mixture with dried KBr (sample 
to KBr weight ratio ca. 1:30). 

Zeta-potential measurements have been carried out in a Malvern dip-cell for laser Doppler 
electrophoresis (electrophoretic light scattering). Suspensions of HAP were prepared, adjusted at the desired 

pH by means of HCl and/or NaOH 0.1 M. Then, dip-cells were filled and zeta-potential evaluated by light 
scattering.    

8.2.2 Additional structural and morphological characterization of HAP/C composites for 

wastewater remediation and sensing applications 

In addition to the typical physical-chemical characterization techniques listed and detailed in the 
previous paragraph (nitrogen adsorption-desorption isotherms (N2 ads/des), transmission electron 

microscopy (TEM), X-ray powder diffraction (XRPD), Fourier Transform Infrared Spectroscopy (FT-IR)), HAP/C 
composites were further characterized by means of: thermogravimetric analyses (TGA), Raman spectroscopy 

and powder conductivity measurements by linear sweep voltammetry (LSV). 
N2 ads/des analyses, routine XRPD and FT-IR measurements have been carried out according to what 

reported in paragraph 8.2.1. 
To determine the exact carbon wt.% in the composites TGA analyses were carried out on the samples, 

using a Perkin-Elmer TGA-7. Physical mixtures with precisely known ratio between HAP and carbonaceous 

scaffolds have been analyzed as well, as to obtain a weight loss vs carbon wt.% calibration line.  
Ca. 10 mg of HAP/C composite were weighted in a crucible and pyrolyzed according to the following 

thermal ramp: 
- Heating from RT to 120°C at 10.00 °C min-1 under flushing N2 (20.00 mL min-1); 

- Isothermal step at 120°C (60 minutes); 
- Heating from 120 to 800°C at 5.00°C min-1 under flushing air (20 mL min-1); 

- Cooling down to RT at 20°C min-1 under flushing N2 (20 mL min-1). 
TEM observation were performed using an EFTEM Leo912 ab (Zeiss, Oberkochen, Germany) 

transmission electron microscope equipped with a tungsten filament source operating at 100 kV under 

vacuum. Regarding samples preparation, ca. 7 mg of samples were weighted, dispersed and sonicated in 
water for 15 minutes. The suspension was further homogenized in a vortex mixer (ca. 10 s) and then diluted 

(dilution factor 1:100). 10 μL of the resulting suspension were dropped on 300 mesh formvar/carbon copper 
grids (Cu 300 FC); grids were then left to dry for 16 h at RT. 

Raman spectra have been collected on a micro-Raman spectrometer equipped with a Jasco RPM-100 
probe, provided with a notch filter and an Olympus 50x objective and interfaced to the laser and to a Lot-

Oriel MS125 spectrometer. Cooling of the detector (Andor CCD, 1024 × 128 pixels) was was operated by a 
Peltier device. A frequency-doubled Nd:YAG laser emitting at 532 nm was used as excitation source. Spectra 
have been collected with an acquisition time of 4 s (100 spectra accumulation, background corrected). 

Conductivity of HAP/C composites were measured by LSV. The measurement cell consisted of two 
PVC plates with plugging channels, to provide an electrical contact with top and bottom gold-plated copper 

electrodes. Powders were placed in a PTFE cylinder, serving as sample holder, further positioned between 
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the PVC plates. The large PVC cap on top of the upper copper electrode is used as the basement for applying 
the mass used to press the powder inside the cylinder. Applied pressure ranges from 72 kPa to 5.3 MPa. The 

thickness of the powder sample was monitored by a laser engraved scale on the contact rod of the upper 
copper electrode. The resistance/conductivity measured were corrected accordingly to the real powders 

thickness at each precise applied pressure. LSV measures were carried out with a ModuLab®XM ECS 
potentiostat/galvanostat system (Solartron Analytical XM PSTAT 1 MS/s). Potential was linearly scanned from 

2 to 100 mV at a 10 mV s-1 scan rate. The slope of applied potential vs registered current was taken as the 
material’s resistance and further converted in conductivity through Ohm’s second law. 

8.2.3 Structural and morphological characterization of HAP-doped electrocatalysts for CO2RR 

N2 adsorption/desorption analyses have been performed using a Micromeritics 3Flex Analyzer, 
operating under the same conditions previously described for similar analyses in paragraph 8.2.1. Low-
pressure part of the adsorption branch of the isotherm has been linearized according to the linear 2-

parameter BET equation (0.01 < p/p0 < 0.35) whilst the desorption branch has been interpreted by N2 – DFT 
model, as to determine specific surface area (Sa) and pore size distribution (PSD), respectively. 

Aberration-corrected scanning transmission electron microscopy (AC-STEM) characterization was 
performed using a JEOL Grand ARM300F with two spherical aberration correctors at 300 kV for both probe-

forming and TEM imaging; the instrument was further equipped with an EDX probe for the collection of 
elemental maps. 

XPS measurements were carried out on an AXIS Supra instrument (Kratos Analytical), equipped with 
a dual anode Al/Ag monochromatic X-ray source. XPS data treatment was performed using CasaXPS software. 

8.2.4 Surface acid/base characterization of HAP 

Surface acidity and basicity of HAP samples have been determined by means of liquid-solid acid/base 
titration. Because of the different nature of “bare” HAP and HAP/CMC composites, different techniques have 
been applied, namely Liquid Recirculation Chromatographic Method (LRCM, closed-line conditions) and 

pulsed-injections mode, respectively detailed in the following paragraphs 8.2.4.1 and 8.2.4.2.  

8.2.4.1 LRCM liquid-phase acid/base titration of HAP 

Quantification of surface acid and basic sites of “bare” HAP was performed by liquid-solid phase 

titration, using 2-phenylethylamine (PEA) and benzoic 
acid (BA) as basic and acid probe, respectively. 

Titrations were carried out in cyclohexane 
(determination of intrinsic acidity and basicity, I.A. and 
I.B.) and in water (effective acidity and basicity, E.A and 

E.B.). A scheme of the modified HPLC line employed for 
the titrations is reported in Figure 72.  

Dried HAP sample (ca. 80 mg, crushed and 
sieved as 80-200 mesh particles) was placed in a 

sample holder (stainless steel tube, Ø = 2 mm, h = 12 
cm) between two sand pillows. HAP sample was then 

activated by thermal treatment (150°C in 8 mL min-1 air 
flux for 4 h) and successively vacuum-wetted with the 
appropriate solvent (water or cyclohexane). The sample 

holder was then mounted on a recirculation modified 

Figure 72: Scheme of the closed modified HPLC line employed 
for liquid-phase acid/base titrations according to LRCM 
principles 
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chromatographic line (HPLC), equipped with a Waters 515 pump and a monochromatic UV detector (Waters, 

model 2487, working at fixed λ = 254 nm). During the analyses, the sample was thermostated at 30.0 ± 0.1°C.  

By means of successive injections of known amounts of PEA (50 µL, ca. 0.10 M in both solvents) or 

BA (50 µL, ca. 0.05 M in cyclohexane and ca. 0.025 M in water) solutions, a characteristic “step 
chromatogram” was obtained: each step indicates the achieving of adsorption equilibrium. 

After the collection of a first adsorption isotherm (I run), pure solvent was flowed through the saturated 
sample for ca. 16 h, thus permitting desorption of the probe molecules adsorbed on weakly interacting sites. 

Then, a second PEA or BA titration was performed on the same sample (II run), as to discriminate strong and 
weak adsorption sites. 

Details on the numerical treatment of collected data are reported in supplementary material, 
paragraph 10.1.1. 

8.2.4.2 Pulsed-injection mode liquid-phase acid/base titration of HAP/C composites 

In the case of HAP/CMC composites, the quantification of surface acid/basic sites has been 

performed according to a pulsed-injection titration method, a slightly modified procedure in respect with the 
recirculation mode liquid-phase titration reported in paragraph 8.2.4.1. The modified HPLC line was 

constituted by a L-6200 A Merck Hitachi pump, a AS-2000A Merck Hitachi autosampler and a UV-Visible L-
4250 Merck Hitachi detector operating at 254 nm (Figure 73). 

 
Figure 73: Scheme of the modified HPLC line for pulse liquid-solid titrations (main figure) and a typical chromatogram obtained from 
an acid/basic titration (inset). 

Same acid/basic probes have been used (2-phenylethylamine, PEA, and benzoic acid, BA). Even in 

this case, titrations were carried out in cyclohexane (determination of intrinsic acidity and basicity, I.A. and 
I.B.) and in water (effective acidity and basicity, E.A and E.B.).  

Previous to the actual experiment, a dried sample mass of ca. 20 mg was crushed, sieved as 80-200 
mesh particles, and then placed in a sample holder (stainless steel tube, Ø = 2 mm, h = 12 cm) between two 

sand pillows. The sample was then thermally activated for 3 h at 150°C under flowing air (7 mL min−1) and 
successively vacuum-wetted with the proper solvent. The filled sample holder was then put mounted on the 
modified HPLC line and thermostated at 30°C (L-5025 Merck column thermostat).  

Analysis was carried out with a liquid flow rate of 5 mL min-1 and injections of fixed volume of probe 

solution were regularly made (∆tinj = 5 min, 10 μL of ca. 0.12 M PEA in both solvents for acid sites titration; 
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∆tinj = 40 min and 40 μL of ca. 0.05 M BA in cyclohexane and ca. 0.025 M in water for basic sites titration). A 
chromatogram, constituted by successive increasing peaks, was obtained. Saturation was considered to be 
reached when for successive injections constant peaks’ height and area were obtained. All details regarding 

the numerical interpretation of the collected data are reported in paragraph 10.2.2.1. 

8.2.4.3 Gas-phase acid/base calorimetric titration of HAP 

Adsorption microcalorimetry measurements were performed at 80 °C in a heat flow calorimeter 
(Calvet C80 from Setaram, Figure 74) fitted with a conventional volumetric line and equipped with a Barocel 

capacitance manometers for pressure measurements.  

 

Figure 74: Picture of the differential heat-flow microcalorimeter (left) and related scheme of the volumetric line (right). 

C80 calorimeter works in a differential configuration, with two identical calorimetric vessels 
connected in opposition. During the analysis, one vessel contains the sample under investigation while the 

other, usually empty, serves as reference. Thanks to the differential assembly of the calorimetric vessels, all 
parasitic phenomena, such as all thermal effects other than the adsorption onto solid surface of the sample, 

are compensated. The heat flux derived from the thermopiles was calibrated by Joule effect experiments 
[239]. 

During the acid-base titration, volumetric data of adsorption of a chosen acid/basic probes (SO2 and 
NH3) were collected by multi-introduction of dosed amounts of the probe. Adsorbed amount was determined 
monitoring the decrease of pressure by means of transducer gauges (pressure values are corrected taking 

into account the gas fall due to the expansion phenomena). Moles of adsorbed gas probe (nads) were properly 
expressed per either unit mass (nads gHAP

-1) or unit surface area (nads mHAP
-2) of the adsorbent. Once achieved 

the equilibrium pressure and that corresponding to the heat release during adsorption, successive amount 
of probe was sent on the sample. 

In a typical experiment, ca. 100 mg of dried sample were pre-treated in the calorimetric quartz cell 
for 16 h at 150°C, under a residual pressure of 10-2 Pa.  NH3 (Air Liquide, purity > 99.9%) and SO2 (Air Liquide, 
purity >99.9%) were used as basic and acid probe, respectively. A high temperature of adsorption (80 °C) was 

chosen to minimize probes physisorption. The differential heats of adsorption were then measured as a 
function of coverage/moles of adsorbed probe, introducing by subsequent injections small doses of the 

adsorbate in the thermostated calorimetric cell. Titrations were considered concluded when an equilibrium 
pressure of about ca. 0.66 mbar was reached (I run). Then, samples were outgassed for 30 min at 80°C, and 

a second identical titration was performed (up to an equilibrium pressure of ca. 0.3  mbar, II run), as to 
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discriminate between reversibly and irreversibly chemisorbed amount of the probe molecules (i.e. distinction 
between weak and strong adsorption sites towards the probes). 

8.3 Pollutants’ adsorption tests 

8.3.1 Heavy metal cations removal from simulated wastewater by stoichiometric HAP  

8.3.1.1 Static batch adsorption tests and adsorption isotherms 

HAP adsorption ability towards several metal cations, namely Cu(II), Pb(II), Cr(III), Co(II) and Ni(II) has 

been evaluated according to a batch method in static condition: this system configuration was employed 
since similar to industrial remediation procedures in settling/sedimentation tanks.  

In a typical experiment, a determined volume of single or multi-metal containing solution was 
introduced in a test tube containing HAP powders (solid to liquid ratio equal to 10 gHAP L-1) and then placed 
in a thermostatic bath at 30°C (± 0.1). At given time intervals, the supernatant was collected, diluted as 

necessary, and analyzed by ICP-AES (Perkin Elmer, Optical Emission Spectrophotometer, Model Optima 8000 
DV) or IC-UV/Vis (Dionex DX-120 chromatograph equipped with a derivatization system and a Merck Hitachi 

L-4200 UV/Vis detector), depending on metal’s nature and speciation. Copper, lead, chromium, cobalt and 
nickel standards (1,000 μg/mL, 2% HNO3 from Perkin Elmer) were used for both ICP-AES and IC-UV Vis 

calibrations.  
All solutions were prepared using MilliQ water (15.0 MΩ, Millipore) and the corresponding nitrate 

salts of the above listed metals. Concentration of metal solutions ranged from 15 to 300 ppm. Depending on 
the test, solution pH has been adjusted at 4, 7 and 9 (± 0.2) by dropwise addition of 0.5 M HNO3 or NaOH 
(CyberScan 500 pHmeter equipped with a combined glass electrode). 

All adsorption tests were performed in triplicate.  
Metal loaded HAP samples (Me-HAP) were separated from liquid by centrifugation/filtration, dried 

at 120°C for 16 h and then structurally and morphologically characterized according to paragraph 8.2.1. 
Double check analyses were carried out on selected Me-HAPs: these samples have been mineralized in HNO3 

(65wt. %), diluted and then analyzed by ICP-AES or IC-UV Vis, depending on metal’s nature and speciation.  
Leaching tests were also performed:  ca. 0.1 g of metal-loaded HAP were suspended in test tubes 

containing with 10 mL of deionized water and stirred for 24 h at RT. Metal species content in the supernatants 
were quantitatively assessed by ICP-AES or IC-UV Vis.  

Adsorption isotherms were collected retaining batch adsorption test operative parameters but under 

vigorous stirring. Initial metal concentration ranges were expanded accordingly to the metal nature and 
affinity to HAP surface. The time at which the adsorption equilibria was reached depended on metal’s nature 

and was previously assessed by literature checking and explorative tests. Analytical techniques for 
determination of residual metal concentration and Me-HAP samples characterization are the same presented 

above.  
Equilibrium data gathered from the experiments were then fitted according to the most appropriate 

theoretical model isotherms. Equations applied in the present study are presented in the 10.1.3. 

8.3.1.2 Microcalorimetric study of metal species adsorption onto HAP surface 

Thermochemical effects of selected metal cations adsorption onto HAP surface were by means of 
microcalorimetric titration. Experiments were carried out on a titration heat flow calorimeter with 

differential configuration (Titrys, from Setaram, Figure 75), fitted with stirred stainless-steel calorimetric cells 
(h = 80 mm; Ø = 17 mm).  The calorimeter was connected to a syringe pump (Figure 75) for a dosed 

introduction of given amounts of a solution containing known concentration of metal cations. 
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Figure 75: Depiction of the differential microcalorimeter (left) and measurement cell details (right). 

On a typical experiment, the reference cell was filled with 1.5 ml N2 degassed HPLC water while a 

slurry ca. 100 mg of HAP in the same volume of degassed HPLC water was put in the measurement cell. HAP 
samples were activated ex-situ, by outgassing for 2 h at 150°C. Cells were then thermostated at 30°C. Ca. 3 

h were needed to ensure a stable heat flux signal.  
By means of a programmable syringe pump (PH 2000, Harvard Apparatus), connected to the 

calorimeter by capillary tubes, successive pulsed injection of known amounts of metal solutions were fed to 
both reference and measurement cells. A preheating furnace allowed to inject probe solutions at exactly 
30°C, thus minimizing the thermal noise of the injection itself. All metal solutions were prepared using 

degassed HPLC water and the corresponding nitrate salts of the studied metal cations.  
Titration conditions has been optimized as a function of the adsorption thermal effect of each metal 

species, modifying interval time, number and volume of injections. Concentration of metal solutions ranged 
from 0.05 to 0.3 M and were case by case optimized, considering both the solubility of the metal salts and 

the experimental thermal response.  

8.3.2 Remediation of simultaneous organic and inorganic pollution of simulated wastewater 

by HAP/C composites 

HAP/C composites adsorption ability towards a benchmark inorganic pollutant, namely Cu(II) and 

Ni(II), has been evaluated according to a batch method in static condition, as reported in paragraph 8.3.1.1. 
Sorption experiments have been conducted in test tubes, contacting HAP/C composites (solid to liquid ratio 

equal to 10 gHAP/C L-1) with metal containing solutions (concentration ranging from 300 to 15 ppm) for 2 h at 
30°C (thermostatic bath). At the end of the test, the supernatant was collected, diluted as necessary, and 

analyzed by IC-UV/Vis (Dionex DX-120 chromatograph equipped with a derivatization system and a Merck 
Hitachi L-4200 UV/Vis detector). Copper and nickel standards (1,000 μg/mL, 2% HNO3 from Perkin Elmer) 

were used for both ICP-AES and IC-UV Vis calibrations. All solutions were prepared using MilliQ water (15.0 
MΩ, Millipore) and the corresponding nitrate salts of the above listed metals. pH of the solutions was checked 
before and after the adsorption test.  

Ability of HAP/C composite to remove organic pollutants have been tested as well, applying the same 
experimental procedure reported for inorganic pollutants in paragraph 8.3.1.1. Methylene blue (MB) has 

been selected as benchmark organic pollutant. The initial concentration of MB in the simulated wastewater 
was ranging from 250 to 500 ppm.  The initial and final MB concentrations were determined by UV-visible 

spectrophotometry, by measuring the absorbance at the maximum absorption wavelength (λmax = 662 nm) 
using a Shimadzu UV–3600 spectrophotometer. 
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Finally, the sorption ability of HAP/CMC materials towards co-present organic and inorganic 
pollutants has been tested by contacting ternary solutions (300 ppm Cu(II) + 300 ppm Ni(II) + 250 ppm MB) 

with HAP/CMC composites according same experimental setup detailed in paragraph 8.3.1.1. 

After the adsorption tests, pollutant-loaded HAP/C samples were separated from liquid by 

centrifugation/filtration, dried at 120°C for 16 h. Selected samples underwent leaching tests according to the 
same experimental procedure reported in paragraph 8.3.1.1.  
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8.4 Sensing of heavy metal cations in aqueous solution  

8.4.1 Crafting of free-standing HAP/C based electrodes 

Free-standing HAP/C based electrodes has been crafted in form of sheets by means of a rolling, 
cutting and shaping procedure of HAP/C pastes containing 8 wt.% of PTFE. 

Ca. 155 mg of HAP/C composite have been grinded in an agate mortar and then dispersed in 8-10 mL 

of absolute ethanol by ultrasonication (2 minutes), as to obtain a homogeneous suspension. 15 µL of PTFE 
(chemical binder) has been added by a micropipette and the mixture has been ultrasonicated for other 15 
minutes. The suspension was then placed on a heating plate and the solvent slowly evaporated. The obtained 

paste was recovered, rolled, cut and shaped in ca. 2x3 cm HAP/C sheets. 
A layered electrode was then assembled (Figure 76), composed (bottom to top) by a graphite foil 

(current collector), conductive glue (E-dug) and HAP/C sheet. Kapton has been used to wrap the final 
electrode and to preferentially expose a normalized area of ca. 0.5x0.5 cm.  

 
Figure 76: Exploded view of a) the layered HAP/C based electrode and b) final assembled electrode. 

Electrodes underwent a final curing process (necessary for conductive glue polymerization) for 30 
minutes at 80°C under air and with a 5 kg weight on top.   

8.4.2 Cell setup and applied electrochemical techniques 

All electrochemical tests aimed to the identification and quantification of metal species in simulated 
polluted wastewater have been conducted in a 5 mL three-electrode cell. HAP/C based electrodes have been 

used as working electrodes (WE), a Pt wire has been used as counter electrode (CE) while a saturated calomel 
electrode (SCE) has been used as reference electrode (RE). Electrochemical data were collected by means of 
a Gamry Interface 1000 potentiostat/galvanostat. Simulated polluted wastewaters were produced by adding 

known amounts of metal containing solution (taken from stock standard solutions of corresponding nitrate 
salts) to a 0.1 M KNO3 solution. The concentration of metal species in solution varied from ca. 10-4 to ca. 10-

7 M, depending on the electrochemical response of the metal/HAP/C composite system. When needed, pH 
was regulated by small additions of 0.5 M HNO3 or NH4OH. All solutions were prepared in MilliQ water. 

Cyclic voltammetry (CV) has been the electrochemical technique applied for a preliminary system 
evaluation (response of different HAP/C composite-based electrodes to different metal species, at variable 

concentration and pH). Analyses were conducted at different potential scan rates (ranging from 10 to 50 mV 
s-1) in the potential window amid -1.5 and 1.5 V vs SCE. 

Square wave anodic stripping voltammetry (SWASV) experiments were performed in order to asses 

quality and quantity (after adequate calibration) of metal species traces in simulated polluted wastewater. 
After a variable open-circuit potential period (OCP), dependent on the nature of both the tested HAP/C 

composite and metal species, cations were accumulated by reduction (reductive pre-concentration step) at 
the electrode surface by apply for 1 minute a potential of -1.0 V vs SCE. Then, potential has been scanned in 

the anodic sense (anodic stripping) with a scan rate of 50 mV s-1. Oxidation of reductively pre-concentrated 
metal species at electrode surface resulted in peculiar peaks: associated potential (i.e. peak position) and 

current density (i.e. peak height) pertained to metal nature and concentration, respectively.  
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8.5 Electrocatalytic CO2RR 
The electrocatalytic activity of Cu-based HAP-doped materials has been evaluated in an ad-hoc 

designed electrochemical flow-cell. The catalysts have been dispersed by spraying on a carbon-based gas 
diffusion layer (GDL), thus obtaining gas diffusion electrodes (GDEs). 

Such GDEs have been assembled in the flow-cell, using Cu-based GDEs as cathodes and commercial 
Pt/C-based GDE as anodes. Catalysts have been studied under flowing conditions by means of different 

electrochemical techniques, such as linear sweep voltammetry and chronoamperometry. The products of 
CO2RR (and eventual parasite reactions, like HER) at different applied potentials have been collected and 
further analyzed. Gas phase products have been identified and quantified by GC-TCD analyses whilst liquid 

phase products were analyzed by 1H NMR. 

GDE preparation, cell design and assembly, applied electrochemical techniques and the analytical 

methods for the determination and quantification of reaction products are detailed in the following 
paragraphs. 

8.5.1 Electrochemical cell setup 

8.5.1.1 Preparation of a gas diffusion electrode (GDE) 

A proper gas diffusion layer (GDL) was crafted by hot pressing for 10 minutes (210°F, applied pressure 

ca. 6-7 tons m-2) a 5 cm2 square of Sigracet BC29 carbon paper to a STERLITECH laminated PTFE 1.0 µm pore 
size membrane filter. Such obtained GDL has been used as physical support for spraying the studied 

electrocatalysts.  
Inks of electrocatalysts have been prepared mixing a precise amount of catalyst (Cu-based for the 

cathode, commercial Pt/C for the anode) and Nafion solution (5 wt.%) in IPA and sonicating for ca. 30 

minutes. As rule of thumb, the Nafion/C content of catalyst ratio of the cathode’s ink has been set at ca. 0.3 
and the overall Cu loading on the GDE set at ca. 5 mg cm-2. On the other hand, Pt/C based ink (for anodes) 

have been according to what reported in literature by Sasikumar [240]. The following table summarizes all 
the details for ink preparation. 

Table 30: Desired active phase loading on GDEs and related quantities for ink preparation. 

 
Electrodic material Desired loading mElectrodic material VNafion solution (5 wt%) VIPA 

- mg cm-2 mg µL mL 

Anode Commercial Pt/C 5.00 (Pt/C) 85.0 60 5-6 

Cathode 
Synthetic 

Cu(+HAP)/3D-GNS 
0.75 (Cu) 70.0 380 5-7 

Once a completely homogeneous ink was obtained, catalyst deposition onto GDE was carried out. 
GDEs were placed on a heating plate at 135°F, as to guarantee the fast evaporation of the solvent and a 
regular deposition of the catalyst itself. The top reservoir of a clean spraying gun, connected to an air 

compressor, was filled up with the electrocatalyst’s ink. GDEs were then sprayed in a rastering fashion, 
homogeneously and letting a few seconds to let the ink dry before each pass. Periodical weighting of the 

GDEs ensured to reach the desired catalyst loading (Table 30). Once completely dried, electrical connections 
to GDEs were realized by means of copper tape prior to assembling the electrochemical cell. 
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8.5.1.2 Flow-cell assembly and operativity 

The ad-hoc designed electrochemical cell is composed of three pieces, which are assembled as 
depicted in Figure 77a. Such flow-cell mimics (at lab scale) a CO2RR electrolyzer, where CO2 is directly fed to 

the surface of the electrocatalyst through a GDE-like setup, thus allowing a proper evaluation of the catalyst’s 
performances under industrially relevant conditions. 

 
Figure 77: a) Exploded view of the electrochemical flow-cell and b) complete flowsheet of the electrochemical system used to perform 
CO2RR tests. 

 After assembling the cell as reported in Figure 77a, external connections were made as to flow both 

electrolyte (central part of the cell) and CO2 (gas chamber on the cathodic compartment of the cell) in the 
cell. A schematized flowsheet of the system is reported in Figure 77b.  

35 mL of a 0.5 KHCO3 aqueous solution (pH ca. 8.1), used as electrolyte, was continuously flowed 
through the central compartment of the cell (Figure 77a) by means of a Masterflex L/S® peristaltic pump, at 
a flowrate of ca. 1 mL min-1. After passing through the cell, the electrolyte was conveyed to a 50 mL beaker, 

which acted as reservoir. The reference electrode (standard Ag/AgCl) was placed in the beaker and held in 
place by a ring stand; all electrodes were connected to a BioLogic - SAS, model VSP300 potentiostat, 

controlled using the EC Lab software interface.  
 CO2 was continuously delivered to the cathodic GDE from a CO2 cylinder (99.99% pure, Matheson) at 

a constant flowrate of 10.00 sccm by means of an Alicat MC series mass flowmeter. Gases leaving the cell 
(i.e. unreacted CO2 and gas phase CO2RR and HER products) were flushed through the sampling vial. 

Electrochemical tests performed on each electrocatalyst followed the scheme reported in Table 31 

and were aimed to characterize the system and, in combination with gas and liquid phase sampling, to assess 
the products distribution in function of the applied potential.  
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Table 31: Electrochemical techniques applied to the study of CO2RR electrocatalysts and their derived outcomes  

Technique Outcomes Parameters 

PEIS  
(Potentiostatic 

Electrochemical Impedance 

Spectroscopy) 

Resistance of the system; 
Correction of applied potential 

Initial E = 0 vs EOC 
Range: from 200 kHz to 100 mHz 

Nd = 7 (per decade) 
Sinus amplitude Va = 10 mV 
Na = 2 (measures per frequency) 

CV  

(Cyclic Voltammetry) 

Conditioning of the GDE surface Initial E = -0.5 V vs Ref 

dE/dt = 500 mV s-1 
Vertex E = -0.5 V vs Ref 

Reverse E = -2.4 V vs Ref  
n = 50 cycles 

LSV  

(Linear Sweep Voltammetry) 

Evaluation of onset potential of the 

reaction; 
Comparison of delivered i in the presence 
and absence of the reactant 

Initial E = -0.5 V vs Ref  

Final E = -2.4 V vs Ref 
dE/dt = 20 mV s-1 
Gas feed: N2 (blank) or CO2  

CA  

(Chronoamperometry) 

Evaluation, together with gas and liquid 

phase sampling, of products distribution 
and faradic efficiency at different applied 

potentials 

Potentiostatic scan 

E range: from -0.9 to -2.0 V vs Ref 
t = 30 minutes 

 
Knowing the pH of the electrolyte, the applied potential has been first converted from E vs Ag/AgCl 

to E vs RHE; then calculating the actual resistance of the overall system from PEIS tests, IR-correction of E vs 
RHE have been performed. All the electrochemical data are indeed reported as E vs RHE – IR Corrected, in 
terms of potentials.  

Both gas and liquid phase were sampled at the end of each chronoamperometric scan, as to 
determine the nature and quantity of CO2RR and thus, the related faradic efficiency.  

Gas phase sampling was allowed by the presence of a sampling vial on the outlet of the cathodic gas 
chamber, as depicted in Figure 77b. The continuous flow of the exiting gas mixture guaranteed a complete 

purging of the vial from air; sampling was carried out by contemporary pulling out the secondary exit needle 
and the outlet tube from the septum ca. 30 seconds before the end of the chronoamperometric step. 

Liquid phase was instead sampled, at the end of each chronoamperometric scan, withdrawing precise 

and known amounts of electrolyte from the reservoir with a micropipette and then refilling with the same 
amount of fresh electrolyte. 

Both liquid and gas phase samples were stocked and further analyzed as detailed in the next 
paragraph to detect and quantify CO2RR products. 

8.5.2 Analysis of gas and liquid phase products 

Gas phase products have been separated and identified by means of gas chromatography coupled with 

a thermal conductivity detector (GC/TCD). Experimentally, 200 µL were withdrawn from the vial using a 500 

µL Vici® gas-tight syringe and injected in an Agilent 7890 gas chromatograph mounting a 19095P-MS6 HP 

MOLSIEVE Column (Ø = 530 µm length = 30m). Different gas carriers, oven temperatures and flowrates have 
been used for the determination of different gas phase products.  

H2 has been separated by the columns at 40°C using N2 as gas carrier (flowrate = 27.7 mL min-1) while 
CO and CH4 separation method involved the same parameters but He as carrier (flowrate = 57.7 mL min-1). 
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Peaks were previously assigned to specific molecules performing injections of the above-mentioned gases; 

calibration lines (peak area vs. V/V% or µmol) were obtained too, injecting the same gases at different 
concentration (dilution performed with N2). The last of expected products, ethylene, was not directly 

detected; it concentration, and thus faradic efficiency, was calculated by difference from the total charged 
passed through the system during the CA scan (Qtot) and the sum of all partial charges obtained from all the 

other detected products (ΣQi) applying Faraday’s second law of electrolysis. 
Calibration of N2 and O2 signals were as well performed through injection of different volumes of 

atmospheric air; the knowledge of the relation between N2 and O2 peak area vs Vair injected allowed an accurate 
evaluation of air contamination in the samples and thus the calculation of their real concentration.  

All peaks integrations have been performed manually using the dedicated tool in Agilent Clarity 

interface. 

Liquid phase products were detected and quantified by quantitative 1H NMR, applying the internal 

standard method. Briefly, 0.1 mL of D2O and 0.1 mL of 6 mM DSS (2,2-Dimethyl-2-silapentane-5-sulfonate, 
internal standard) were added to 0.5 mL of the sample in an NMR tube. 1H NMR spectra of the samples were 

then acquired using a Bruker CRYO500 MHz NMR spectrometer with a 6 sec pre-scan delay, an acquisition 
time of 106 s for a total number of 16 scans. The free induction decays (FIDs) were weighted by a 90-degree 

phase-shifted sine-bell function before Fourier transformation. The signal of water, standing around at 4.78 
ppm, have been systematically suppressed using pulsed field gradients method. NMR peaks have been 
assigned to each CO2RR product by comparison with NMR spectra collected on standard solution. 

Quantitative evaluation of such products has been carried out using the internal standard method and the 
peak area ratio, also taking into account the multiplicity (i.e. number of protons) of the signals themselves. 

The applied formula was: 

=  × ×  

where C is the molar concentration, A the peak area and N the multiplicity associated with the peak, 

with subscripts x and Cal indicating the compound under study and the internal standard, DSS, respectively.  
The DSS peak selected for the formula application was the singlet positioned at chemical shift 0 ppm, 

with multiplicity equal to 9.   
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10 Supplementary material  

10.1 Chapter 1 

10.1.1 Physical-chemical characterization of synthetic hydroxyapatite 

Numerical treatment of acid/base recirculation mode liquid-phase titration data 

The isotherms of PEA and BA adsorption on HAP collected in I and II runs have been modeled 
according to Langmuir model equation.  

From the linearized equation, the relevant parameters nmax, and bads can be obtained: 

= 1
 +  

Equation 5 
in which, Ce is the PEA or BA probe concentration in solution (M); nmax is the maximum amount of 

absorbed probe (molProbe gHAP
-1); and bads is the adsorption constant (M-1). 

I run isotherm can be associated with probe adsorption on both strong and weak acid/basic sites of 

the sample surface: so, its linear regression gives back the total number of surface acid/basic sites. 
Conversely, II run adsorption accounts only for probe adsorption on weak acid/basic sites, since strongly 

interacting ones will not be freed by the mild desorption step occurred between the two titrations.  
Due to the presence of different nature of acid/basic sites on HAP surface, it was not possible to obtain a 
satisfying fitting of I run isotherm straightforwardly applying Langmuir model equation. This limitation 

originates from the physical-chemical underpinning of Langmuir equation, that postulates homogeneity of 
sorbent sites toward adsorbate species (see paragraph 10.1.3.1). However, such a constrain has been 

overcome through mathematical data treatment. 
At first, the adsorption isotherm of the II run was linearly regressed according to Equation 5, to obtain 

nmax and bads, parameters, both referring to weak adsorption sites. Then, at given probe concentrations, 
subtraction of the amount of probe adsorbed in II run from that adsorbed in I run was made. The so computed 

amount of probe adsorbed gave a new series of data, associated with the amount of probe adsorbed on 
strong acid/base sites. Even for this calculated isotherm, Langmuir parameters (nmax and bads, related to 
strong adsorption sites) were regressed according to Equation 5. Finally, by summing up the Langmuir 

isotherm modeled on II run experimental data and that pertaining to strong acid/base sites, a Langmuir 
isotherm able to effectively describe I adsorption run was obtained, together with the relevant parameters 

(nmax, and bads, related to total acid/basic sites). 
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Figure 78: N2 adsorption/desorption analysis results for HAP after exposure to an acidic aqueous solution. a) Adsorption and 
desorption isotherms; b) fitting of the low-pressure portion isotherm by 3-parameters B.E.T. equation (0.05 < p/p0 < 0.4); c) total pore 
volume (full markers) and pore volume distribution, according to B.J.H. model. 

 

Table 32: Refined unit cell parameters for pristine and acid-exposed HAP. 

Sample 
a b c Volume 

Å Å Å Å3 

Theoretical HAPa 
9.4338 9.4338 6.8853 530.7 

- - -  

Pristine HAP 
9.4119 9.4119 6.8642 526.6 

± 0.0226 - ± 0.0012  

Post acid exposure 
HAP 

9.4364 9.4364 6.8789 530.6 
± 0.0117 - ± 0.0003  

a Calculated from data reported in reference [35].   
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Figure 79: EDX spectrum of synthetic HAP from coupled TEM/EDX imaging and related elements quantification. 
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Figure 80: a) XRPD patterns of HAP sample after treatment in water at pH 3 for 24 h; b) synthetic HAP+TiO2 sample; c) HAP+TiO2 
sample after treatment in water at pH 3 for 24 h; d) G(r) refinements in the 5-15, 15-25 and  25-35 Å r intervals using the real space 
Rietveld method for the as prepared HAP sample. Vertical dashed lines delimitate different fitting ranges. 

 

Table 33: Regressed Langmuir parameters for PEA and BA adsorption isotherms collected at 30°C in cyclohexane (intrinsic 
acidity/basicity) and water (effective acidity/basicity). 

 
Intrinsic Acidity Intrinsic Basicity 

nmax 

meq g-1 

bads 

L mol-1 
R2 

nmax 

meq g-1 

bads 

L mol-1 
R2 

I Runa 0.159 9554 0.988 0.196 137488 0.999 
II Run 0.121 8345 0.983 0.115 133654 0.999 

Strong Sites 0.0378 11860 0.906 0.0845 80342 0.974 
Langmuiran Sum 0.159 9085 1 0.199 105111 1 

 
Effective Acidity Effective Basicity 

nmax 

meq g-1 

bads 

L mol-1 
R2 

nmax 

meq g-1 

bads 

L mol-1 
R2 

I Runa 0.0333 7189 0.968 - - - 
II Run 0.0189 12679 0.984 - - - 

Strong Sites 0.0108 9230 0.955 - - - 
Langmuiran Sum 0.0297 11298 1 - - - 

a Isotherm computed for I adsorption run, not shown in Figure 14. 
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Figure 81: Experimental data collected for NH3 isothermal calorimetric titration of HAP. 
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Figure 82: Experimental data collected for SO2 isothermal calorimetric titration of HAP. 
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10.1.2 Remediation of simulated polluted wastewaters by HAP: removal efficiencies and 

mechanisms 

 

Table 34: Efficiencies of metal species removal (%) by stoichiometric synthetic HAP in static batch adsorption tests under acidic (pH 4) 
and alkaline (pH 9) conditions. tcontact = 24 h, T = 30°C, solution volume to solid ratio ca. 100 mL gHAP-1, initial Men+ conc. = 300 ppm.  

pH 
Removal efficiencies (%) 

Cu(II) Pb(II) Cr(III) Ni(II) Co(II) 
4 74 99 58 34 40 
9 100 100 99 98 96 

 

 

Table 35: Refined unit cell parameters for pristine and metal-loaded HAPs. 

Sample 
a b c Volume 

Å Å Å Å3 

Pristine HAP 
9.4119 9.4119 6.8642 526.6 

± 0.0226 - ± 0.0012  

Ni-HAP 
9.4295 9.4295 6.8576 528.1 

± 0.0393 - ± 0.0032  

Co-HAP 
9.4278 9.4278 6.8617 528.2 

± 0.0289 - ± 0.0013  

Cu-HAP 
9.4299 9.4299 6.8896 530.6 

± 0.0094 - ± 0.0003  

Cr-HAP 
9.4292 9.4292 6.8856 530.2 

± 0.0095 - ± 0.0003  

Pb-HAP 
9.4377 9.4377 6.8834 531 

± 0.0107 - ± 0.0003  

 

Table 36: Refined unit cell parameters for hydroxyl pyromorphite (theoretical calculation from literature data) and Pb(II)-loaded HAP. 

Sample 
a b c Volume 
Å Å Å Å3 

Theoretical 
Pyromorphite 

9.7871 9.7871 7.307 606.1 

- - -  

Pb-HAP 
9.7952 9.7952 7.2931 606.0 

± 0.0256  ± 0.0030  
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Figure 83: Speciation of the target heavy metals in aqueous solution.  
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Table 37: Model equations’ parameters and correlation coefficients obtained from regression of Cu(II) experimental data according 
to the reported isotherm models. 

Isotherm Model Parameter Value R2 

Langmuir 
nmax (mmol gHAP

-1) 1.25 ± 0.02 
0.997 

b (L mmol-1) 0.369 ± 0.169 

Freundlich 
nF 6.05 ± 1.20 

0.660 
KF (mmol gHAP

-1) 0.599 ± 0.128 

Temkin 
B (J mmol-1) 0.109 ± 0.010 

0.892 
AT (L mmol-1) 667 ± 72 

Toth 
nmax (mmol gHAP

-1) 1.31   

0.128a b (L mmol-1) 53.0   

n 0.371   

Fowler-Guggenheim 
w (KJ mol-1) -0.824 ± -2.77 

0.0423 
KFG (L mmol-1) 2.32 ± 2.84 

Flory-Huggins 

n 0.745 ± 0.092 

0.867 KFH (L mmol-1) 0.0634 ± 0.0034 

ΔG (J mmol-1) -6.95 ± 0.14 
a Sum of residual squares from non-linear regression 

 

 

Table 38: Model equations’ parameters and correlation coefficients obtained from regression of Pb(II) experimental data according 
to the reported isotherm models. 

Isotherm Model Parameter Value R2 

Langmuir 
nmax (mmol gHAP

-1) 2.42 ± 0.03 
0.999 

b (L mmol-1) 2.75 ± 0.96 

Freundlich 
nF 3.18 ± 0.27 

0.927 
KF (mmol gHAP

-1) 1.10 ± 1.11 

Temkin 
B (J mmol-1) 0.261 ± 0.022 

0.930 
AT (L mmol-1) 341 ± 33 

Toth 
nmax (mmol gHAP

-1) 3.54   

0.412a b (L mmol-1) 35.6   

n 0.312   

Fowler-Guggenheim 
w (KJ mol-1) 6.88 ± 2.51 

0.556 
KFG (L mmol-1) 21.5 ± 3.80 

Flory-Huggins 

n 0.0868 ± 0.0094 

0.887 KFH (L mmol-1) 0.0207 ± 0.0001 

ΔG (J mmol-1) -9.77 ± 0.01 
a Sum of residual squares from non-linear regression 
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Table 39: Model equations’ parameters and correlation coefficients obtained from regression of Cr(III) experimental data according 
to the reported isotherm models. 

 Isotherm Model Parameter Value R2 
Fi

rs
t b

ra
nc

h 

Langmuir 
nmax (mmol gHAP

-1) 0.631 ± 0.007 
0.999 

b (L mmol-1) 38.1 ± 35.6 

Freundlich 
nF 5.00 ± 0.81 

0.864 
KF (mmol gHAP

-1) 0.577 ± 0.160 

Temkin 
B (J mmol-1) 5.64E-02 ± 4.76E-03 

0.959 
AT (L mmol-1) 23428 ± 2184 

Toth 

nmax (mmol gHAP
-1) 0.660   

8.91E-03a b (L mmol-1) 1434   

n 0.433   

Fowler-Guggenheim 
w (KJ mol-1) 3.57 ± 2.56 

0.493 
KFG (L mmol-1) 621 ± 78 

Flory-Huggins 

n 0.133 ± 0.015 

0.939 KFH (L mmol-1) 0.168 ± 0.003 

ΔG (J mmol-1) -4.50 ± 0.05 

Se
co

nd
 b

ra
nc

h 

Langmuir 
nmax (mmol gHAP

-1) 1.69 ± 0.76 
0.713 

b (L mmol-1) 0.171 ± 0.167 

Freundlich 
nF 2.45 ± 2.18 

0.389 
KF (mmol gHAP

-1) 0.417 ± 0.406 

Temkin 
B (J mmol-1) 0.400 ± 0.358 

0.384 
AT (L mmol-1) 1.49 ± 7.98 

Polynomial fit 
(DoseResp)b 

A1 0.625 

N.D. N.D. 
A2 1.2 

log(x0) 7.85 
p 5.22 

a Sum of residual squares from non-linear regression 
b Fit performed according to the mathematical DoseResp logarithmic model. 
Model equation: qe = A1 + (A2-A1)/(1+10 (̂(log(x0)-Ce)·p)) 
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Table 40: Model equations’ parameters and correlation coefficients obtained from regression of Ni(II) experimental data according to 
the reported isotherm models. 

Isotherm Model Parameter Value R2 

Langmuir 
nmax (mmol gHAP

-1) 0.317 ± 0.004 
0.998 

b (L mmol-1) 2.88 ± 0.59 

Freundlich 
nF 3.02 ± 0.42 

0.838 
KF (mmol gHAP

-1) 0.174 ± 0.011 

Temkin 
B (J mmol-1) 0.0426 ± 0.0038 

0.925 
AT (L mmol-1) 140 ± 14 

Toth 
nmax (mmol gHAP

-1) 0.371   

7.20E-03a b (L mmol-1) 11.8   

n 0.492   

Fowler-Guggenheim 
w (KJ mol-1) 0.336 ± 2.590 

0.004 
KFG (L mmol-1) 4.92 ± 2.26 

Flory-Huggins 

n 0.406 ± 0.031 

0.945 KFH (L mmol-1) 0.327 ± 0.019 

ΔG (J mmol-1) -2.82 ± 0.14 
a Sum of residual squares from non-linear regression 

 

 

Table 41: Model equations’ parameters and correlation coefficients obtained from regression of Co(II) experimental data according 
to the reported isotherm models. 

Isotherm Model Parameter Value R2 

Langmuir 
nmax (mmol gHAP

-1) 0.382 ± 0.009 
0.994 

b (L mmol-1) 3.70 ± 1.66 

Freundlich 
nF 3.70 ± 0.25 

0.951 
KF (mmol gHAP

-1) 0.228 ± 0.009 

Temkin 
B (J mmol-1) 0.0398 ± 0.0032 

0.934 
AT (L mmol-1) 850 ± 75 

Toth 
nmax (mmol gHAP

-1) 1.77   

6.05E-03a b (L mmol-1) 2.74E+04   

n 0.125   

Fowler-Guggenheim 
w (KJ mol-1) 10.8 ± 1.1 

0.953 
KFG (L mmol-1) 156 ± 9 

Flory-Huggins 

n 0.318 ± 0.040 

0.863 KFH (L mmol-1) 0.259 ± 0.016 

ΔG (J mmol-1) -3.40 ± 0.16 
a Sum of residual squares from non-linear regression 
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Figure 84: Linear regression of experimental data for all metal species according to a) Langmuir, b) Freundlich, c) Temkin, d) Fowler-
Guggenheim and e) Flory-Huggins isotherm model equations. Regressions of Cr(III) data were performed only on the first branch of 
the isotherm since the second one is supposed to be related to an immobilization phenomenon that does not strictly correlate to 
adsorption onto HAP surface. 
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Figure 85: Linear regression of experimental data for Cu(II) according to Langmuir isotherm model equation. 

 
Figure 86: Linear regression of experimental data for Pb(II) according to Langmuir isotherm model equation. 

 

Figure 87: Calorimetric isotherms of a) Cu(II) and b) Cr(III) adsorption onto HAP surface. As stated in the main text, collection of 
experimental points in a narrow qe range, too close to nmax, preclude a reliable analysis of slopes and thus the calculation of correct 
∆absH. 
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Figure 
88: Summary view of all the experiments of metal uptake performed by using synthetic HAP sample, of all the blank tests (using silica 
as sorbent) and of all the leaching tests from Cr/HAP samples, and from Cr-Pb-Ni/HAP samples (molar ratio of the Cr(III):Pb(II):Ni(II) 
solution at fixed total molar concentration of ca. 6 mM). From reference (Ferri et al. 2019). 

 

Table 42: Amounts of nickel and cobalt uptake on HAP measured from static batch single metal adsorption tests at 30°C, solution 
volume to solid ratio ca. 100 mL gHAP-1, at different pH, initial metal concentration and contact time. 

 
Ni(II) adsorbed (mmol gHAP

-1) 
pH 4 pH 9 

Contact time (h) 
Initial Ni(II) Concentration 

0.221 mM 1.141 mM 4.174 mM 0.221 mM 1.141 mM 4.174 mM 

0.25 0.00336 0.0185 0 0.0234 0.0788 0.337 

8 0.00822 0.0350 0.0907 0.0226 0.105 0.362 
24 0.00889 0.0475 0.132 0.0231 0.104 0.368 

 

 
Co(II) adsorbed (mmol gHAP

-1) 
pH 4 pH 9 

Contact time (h) 
Initial Co(II) Concentration 

0.240 mM 1.205 mM 4.327 mM 0.240 mM 1.205 mM 4.327 mM 

0.25 0.0097 0.0357 0.0289 0.0252 0.104 0.418 
8 0.0100 0.0556 0.0980 0.0237 0.114 0.453 

24 0.0145 0.0642 0.165 0.0234 0.112 0.442 

 



180 

 

 

Figure 89: Linear regression of experimental data for Ni(II), Co(II) and Ni(II) + Co(II) according to Langmuir isotherm model equation. 
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10.1.3 Adsorption Isotherms 

10.1.3.1 Langmuir isotherm 

Langmuir adsorption isotherm is principally used to describe gas-solid adsorption phenomena. 
Adsorption of different species can be quantitatively compared by means of this model. Postulates of the 

model are the homogeneity of the sorbent sites toward the target species, the absence of interaction 
between adsorbate species on the surface, mono-layer coverage of the surface and constant heat of 

adsorption. 
The linear form of Langmuir adsorption isotherm is the following: 

= 1
 +  

Equation 6 
where:  

- Ce is the equilibrium concentration in the bulk phase (mmol L-1); 
- qe is the concentration of the adsorbate on the sorbent (mmol g-1); 
- nmax is the maximum monolayer coverage of the adsorbate on the sorbent (mmol g-1); 

- bads is the Langmuir constant (L mmol-1), indicative of the adsorbate-sorbent interaction 
strength. 

10.1.3.2 Freundlich isotherm 

Freundlich adsorption isotherm is an empirical relation applicable to adsorption processes occurring 
on heterogenous surfaces, postulating an exponential energy distribution of the surface-active sites. Thus, 
the isotherm parameters describe surface heterogeneity and the distribution and energy of surface sites of 

the sorbent. 
Linear form of the Freundlich isotherm is the following: 

= + 1
 

Equation 7 
where: 

- KF is the sorbent adsorption capacity (mmol g-1); 

- 1/n is indicative of the adsorption intensity. 

10.1.3.3 Temkin isotherm 

Temkin isotherm model is commonly used for systems in which the effects of indirect 
adsorbate/adsorbate interactions on the adsorption process are not negligible. Temkin isotherm is applicable 

for intermediate concentration of adsorbate, since it unrealistically derives for low and high adsorbate 
concentrations. Assumption of the model is the linear decrease of the heat of adsorption of the adsorbate 

when surface coverage increases. 
Linearization of Temkin isotherm model is the following: 

=  +   with =    

Equation 8 



182 

 

where: 
- bT is a Temkin isotherm constant (adimensional); 

- B is a constant related to heat of sorption (J mmol-1); 
- AT is the Temkin isotherm equilibrium binding constant (L g-1). 

10.1.3.4 Toth isotherm 

Toth isotherm is an empirical modification of the Langmuir equation, introducing an exponential n 

factor, useful to describe heterogeneous adsorption systems.  When n=1, the equation reduces to the 
classical Langmuir isotherm, while deviates from 1 in correlation with the increased heterogeneity of the 

sorbent surface.  
Linearization of Toth isotherm could be expressed as follows: 

− =  ( ) +  ( )     

Equation 9 

where: 
- n is the Toth isotherm constant (adimensional);  

- nmax and bads have the same meaning they have in Langmuir isotherm. 
The values of parameters of the Toth model can be evaluated by nonlinear curve fitting method.  

10.1.3.5 Fowler-Guggenheim isotherm 

Fowler-Guggenheim isotherm is a modification of the Langmuir model equation that takes into 

consideration the lateral interaction between adsorbed species. Also, it postulates a linear correlation 
between heat of adsorption and adsorbate loading onto the surface.  

Linearization of Fowler-Guggenheim equation can be expressed as: 

ln (1 − ) =  − ln +  2  

where: 

− KFG is the Fowler-Guggenheim equilibrium constant (L mg−1): 

− θ is fractional coverage; 

− w represents the interaction energy between adsorbed molecules (kJ mol−1). 

Since the adsorbate species could interact both attractively and repulsively, w parameter can take 
positive or negative values (in case of attraction and repulsion, respectively), indicating a linear increasing or 

decreasing heat of adsorption as surface coverage increases. The model stands up to θ = 0.6, then deviations 
could occur because of the high surface coverage degree. In case lateral interaction are negligible, w reduces 
to zero and Fowler-Guggenheim equation to the Langmuir one. 

10.1.3.6 Flory-Huggins isotherm 

Flory-Huggins isotherm can express the feasibility and spontaneity of an adsorption process, since 

from its parameters it is possible to calculate the standard Gibbs’ free energy variation related to the 
adsorption process. The equation describes the degree of surface coverage characteristics of the adsorbate-

sorbent system.  
Linearization of Flory-Huggins isotherm is commonly expressed as the following: 
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= +  (1 − )  

Equation 10 

where: 
- C0 is the initial adsorbate concentration in bulk solution (mmol L-1); 
-  is degree of surface coverage; 

-  is number of occupied adsorption sites; 
- KFH is Flory-Huggins equilibrium constant (L mmol-1). 

 
As previously written, it is possible to calculate the standard Gibbs’ free energy variation of the 

adsorption process (ΔG0) from KFH, correlating the parameters by the following equation: 

= ( ) 
Equation 11  
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10.2 Chapter 2 

10.2.1 Preliminary screening of different carbonaceous scaffold 

14.5 

 
Figure 90: N2 adsorption/desorption analysis results for HAP_RT. a) Adsorption and desorption isotherms; b) fitting of the low-pressure 
portion isotherm by 3-parameters B.E.T. equation (0.05 < p/p0 < 0.4); c) total pore volume (full markers) and pore volume distribution, 
according to B.J.H. model. 

 
Figure 91: N2 adsorption/desorption analysis results for HAP/CNF composite. a) Adsorption and desorption isotherms; b) fitting of 
the low-pressure portion isotherm by 3-parameters B.E.T. equation (0.05 < p/p0 < 0.4); c) total pore volume (full markers) and pore 
volume distribution, according to B.J.H. model. 
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Figure 92: N2 adsorption/desorption analysis results for HAP/CMC composite. a) Adsorption and desorption isotherms; b) fitting of 
the low-pressure portion isotherm by 3-parameters B.E.T. equation (0.05 < p/p0 < 0.4); c) total pore volume (full markers) and pore 
volume distribution, according to B.J.H. model. 

 

 
Figure 93: N2 adsorption/desorption analysis results for HAP/AC composite. a) Adsorption and desorption isotherms; b) fitting of the 
low-pressure portion isotherm by 3-parameters B.E.T. equation (0.05 < p/p0 < 0.4); c) total pore volume (full markers) and pore 
volume distribution, according to B.J.H. model. 
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10.2.2 HAP/C composite materials for efficient wastewater remediation 

Table 43: Weighted masses of CMC and HAP and related CMC wt. % in HAP_CMC physical mixtures. 

Sample - Physical mixture 
m CMC m HAP CMC wt. % 

mg mg % 

MIX_HAP_CMC_4 4.9 104.3 4.49 

MIX_HAP_CMC_8 9.0 92.4 8.88 
MIX_HAP_CMC_12 13.9 89.6 13.43 

MIX_HAP_CMC_16 17.9 81.0 18.10 

 

 
Figure 94: Calibration line of thermogravimetric weight loss versus CMC wt. % content obtained from TG analyses on physical mixtures. 

 

 
Figure 95: Comparison of the Raman intensities of pristine HAP_RT (yellow line) versus HAP/CMC composites and pristine CMC. 
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Figure 96: N2 adsorption/desorption isotherms for a) pristine CMC ; b) pristine HAP_RT; c) HAP/CMC4; d) HAP/CMC8; e) HAP/CMC12 
and f) HAP/CMC16. 
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Figure 97: 3-parameters BET linearization for a) pristine CMC ; b) pristine HAP_RT; c) HAP/CMC4; d) HAP/CMC8; e) HAP/CMC12 and 
f) HAP/CMC16. 
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Figure 98: Pore size distribution, calculated according to the BJH model, for a) pristine CMC ; b) pristine HAP_RT; c) HAP/CMC4; d) 
HAP/CMC8; e) HAP/CMC12 and f) HAP/CMC16. 
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Table 44: Number of intrinsic and effective surface acid and basic sites of pristine moieties (HAP_RT and CMC) and HAP/CMC 
composites. Value normalized by the surface area are reported in µeq m-2 for the sake of clarity (i.e.to avoid the use of the scientific 
numeric format). 

Sample 

Total acid sites Total basic sites 
Intrinsic (Cy) Effective (H2O) Intrinsic (Cy) Effective (H2O) 

meq g-1 µeq m-2 meq g-1 meq g-1 µeq m-2 meq g-1 

HAP_RT 0.221 2.197 0 0.016 0.156 0 

HAP/CMC4 0.156 1.139 0 0.004 0.030 0 

HAP/CMC8 0.089 0.687 0 0.006 0.048 0 

HAP/CMC12 0.091 0.613 0 0.020 0.137 0 

HAP/CMC16  0.021 0.174 0 0.003 0.024 0 

Pristine CMC 0.251 0.203 N.D. 0 0 N.D. 

 

10.2.2.1 Numerical treatment of acid/base liquid-phase pulsed titration data 

In a pulsed titration, the non-adsorbed probe is revealed by the UV-vis detector as a peak whose area 
can be directly correlated to the quantity of probe itself (by a previous calibration of the system). Thus, by 

difference with the amount of injected probe, it is possible to obtain the quantity of adsorbed probe 
molecules. Because of increasing surface saturation, the peaks area tends to increase with the number of 

injections, as the quantity of probe adsorbed by the sample tends to diminish. Once saturation is attained, 
the peak areas have constant value, identifying the end point of the titration. 

It is possible to quantify the number of surface acid/base sites by computing the amount of probe 
adsorbed and assuming a given stoichiometry between the probe and the surface acid/base site: 

probe adsorbed = ·  · −
 

Equation 12 

where: 

- probe adsorbed (mmol g-1) = quantity of probe molecule adsorbed on the sample during the 
ith injection; 

- [probe] (mol L-1) = concentration of the injected probe (PEA or BA) solution; 
- VInj (mL) = volume of the single ith injection; 
- mcat (g) = mass of sample put in the sample holder; 

- Asat = average chromatographic area of the peaks at saturation (when constant area value is 
attained); 

- Ai = chromatographic area of the ith peak. 

When a 1:1 stoichiometry between the probe and the site is assumed, the number of acidic/basic 

sites of the analyzed sample corresponds to the total amount of probe molecule adsorbed. It is then possible 
to draw isotherm-like plots (Figure 43a), where the actual amount of adsorbed probe is plotted against the 

injected amount, and to express the total number of surface acid/base sites of the sample as meq g-1 or meq 
m-2. 
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Figure 99: Typical chromatograms registered on HAP/CMC composites under the operative conditions detailed in paragraph 8.2.4.2. 
a) Surface acidity liquid-solid pulsed injection titration (probe molecule: PEA); b) Surface basicity liquid-solid pulsed injection titration 
(probe molecule: BA). 
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10.2.2.2 Simultaneous removal of organic and inorganic pollutant in simulated wastewater by HAP/CMC 

composites 

 

Table 45: Percentage (left entries) and mass on mass (mgCu(II) g-1Sorbent) removal of Cu(II) by pristine moieties and different composites. 
Sorption tests performed according to a stirred batch method, T = 30°C, contact time = 2 h, natural pH (ca. 6). 

Sample 

Adsorbed Cu(II) 

% Removal Mass on mass removal (mgCu(II) g-1
Sorbent) 

C0 ≈ 15 ppm C0 ≈ 75 ppm C0 ≈ 300 ppm C0 ≈ 15 ppm C0 ≈ 75 ppm C0 ≈ 300 ppm 

HAP_RT 98.18 99.63 99.80 1.53 7.93 32.02 
HAP/CMC4 98.73 99.73 98.63 1.55 8.01 26.66 

HAP/CMC8 99.60 99.82 98.39 1.59 7.87 30.43 
HAP/CMC12 99.68 99.80 98.53 1.39 6.33 30.23 

HAP/CMC_16 99.53 99.59 96.44 1.56 5.99 29.23 
CMC 100.00 85.50 39.43 1.52 6.48 12.21 

 

Table 46: Percentage (left entries) and mass on mass (mgNi(II) g-1Sorbent) removal of Ni(II) by pristine moieties and different composites. 
Sorption tests performed according to a stirred batch method, T = 30°C, contact time = 2 h, natural pH (ca. 6). 

Sample 

Adsorbed Ni(II) 

% Removal Mass on mass removal (mgNi(II) g-1
Sorbent) 

C0 ≈ 15 ppm C0 ≈ 75 ppm C0 ≈ 300 ppm C0 ≈ 15 ppm C0 ≈ 75 ppm C0 ≈ 300 ppm 

HAP_RT 88.49 69.91 42.32 1.45 5.85 10.53 
HAP/CMC4 88.24 76.08 44.66 1.34 6.34 14.36 

HAP/CMC8 89.76 76.42 37.21 1.40 6.18 11.42 
HAP/CMC12 89.57 80.10 39.94 1.45 6.50 13.13 

HAP/CMC_16 90.78 78.43 29.05 1.37 5.55 9.74 

CMC 100.00 65.09 20.14 1.67 5.00 6.49 

 

Table 47: Percentage (left entries) and mass on mass (mgMB g-1Sorbent) removal of MB by pristine moieties and different composites. 
Sorption tests performed according to a stirred batch method, T = 30°C, contact time = 2 h, natural pH (ca. 6). 

Sample 

Adsorbed MB Removal Projections 

% Removal Mass on mass removal (mgMB g-1
Sorbent) mgMB g-1

Sorbent 

C0 ≈ 250 ppm C0 ≈ 500 ppm C0 ≈ 250 ppm C0 ≈ 500 ppm C0 ≈ 500 ppm 

HAP_RT 16.87 13.46 3.91 6.44 - 

HAP/CMC4 80.82 52.76 20.09 25.59 18.25 
HAP/CMC8 99.99 78.55 24.83 37.95 30.31 

HAP/CMC12 99.97 88.86 24.58 40.95 42.37 
HAP/CMC_16 99.99 99.74 25.06 47.36 54.43 

CMC 99.95 99.98 25.06 48.78 - 
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Table 48: Consecutive MB adsorption tests on CMC, carried out to determine the qmax MB on the sorbent (bold value on the last row, 
on the right). Operative conditions are the same as other stirred batch adsorption tests.  

Run Initial MB Conc. Removed MB qSingle Run qCumulative 

n° ppm % mgMB g-1
CMC mgMB g-1

CMC 

1 610 100.00 60.3 60.3 

2 305 100.00 30.2 90.5 
3 305 100.00 30.2 120.7 

4 305 100.00 30.2 150.8 
5 305 100.00 30.2 181.0 
6 305 100.00 30.2 211.2 

7 305 100.00 30.2 241.3 
8 305 100.00 30.2 271.5 

9 305 99.46 30.0 301.5 

 

 

Table 49: Percentage (left entries) and mass on mass (mgPollutant g-1Sorbent) removal of Cu(II), Ni(II) and MB (in ternary mixtures) by 
pristine moieties and different composites. Sorption tests performed according to a stirred batch method, T = 30°C, contact time = 2 
h, Cu(II) & Ni(II) initial concentration ca. 300 ppm and MB initial concentration ca. 250 ppm, natural pH (ca. 6). 

Sample 
Cu(II) Ni(II) MB Cu(II) Ni(II) MB 

% Removal Mass on mass removal (mgPollutant g-1
Sorbent) 

HAP_RT 98.56 26.95 2.76 29.76 7.34 0.64 
HAP/CMC4 95.43 28.78 93.71 28.55 7.77 21.62 
HAP/CMC8 86.65 25.96 99.39 27.25 7.37 24.10 

HAP/CMC12 96.29 17.20 99.94 30.13 4.72 24.12 
HAP/CMC_16 91.52 14.09 99.75 28.75 3.78 24.17 

CMC 46.86 9.09 99.93 15.33 2.68 25.21 
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10.2.2.3 Development of HAP/C based electrodes for electrochemical sensing of heavy metal cations’ 

traces in waterbodies 

 

Figure 100: Conductivity versus applied pressure of HAP/CMC composites powders and related values extrapolated from the plateau. 

 

Figure 101: Stripping voltammograms envelopes registered on HAP/CMC8 in the presence of a) Cu(II) 10-5 M and b) Pb(II) 10-6 M at 
different OCP preconcentration times.  

 

Table 50: Regression parameters for HAP/CMC8-based electrodes’ calibrations. Experimental data and regression line are graphically 
reported in Figure 52. 

  Slope Intercept R2 

Cu(II) 
Sequential 23033.4 -0.0372 0.910 

Timely 29367.1 -0.0714 0.812 

Pb(II) 
Sequential 40245.1 -0.0580 0.966 

Timely 56973.4 -0.127 0.819 

 

Sample 
Conductivity 

S m-1 

HAP_RT 1.37·10-5 

HAP/CMC4 1.70·10-4 
HAP/CMC8 5.27·10-4 

HAP/CMC16  1.33·10-3 

Pristine CMC 1.95·10-3 
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Table 51: Initial, final and percentage variation of electrical conductivity of HAP/CMC8-based electrodes immerged in Pb(II) or Cu(II) 
containing solutions. 

Solution 

Immersion 

time 
[Me(II)] 

Electrode conductivity (σ) 

µS m-1 

min µM Pristine Post-immersion ∆σ (%) 

MilliQ H2O 50 - 0.66 0.57 -14 

Pb(II) in 

MilliQ H2O 
50 

1 
0.66 

0.45 -32 
10 0.23 -65 

100 0.13 -80 

Cu(II) in 

MilliQ H2O 
60 

1 

0.66 

0.20 -70 

10 0.11 -84 
100 0.086 -87 
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10.3 Chapter 3  

10.3.1 Characterization of HAP-doped electrocatalysts for CO2RR 

 
Figure 102: N2 ads/des isotherms of a) 3D-GNS; b) Cu/3D-GNS and c) Cu+HAP/3D-GNS. 

 
Figure 103: BET linearizations (2-parameters), performed on the adsorption branch of the N2 ads/des isotherms (0.01 < p/p0 < 0.35), 
of a) 3D-GNS; b) Cu/3D-GNS and c) Cu+HAP/3D-GNS. 
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Figure 104: Pore size distribution of a) 3D-GNS; b) Cu/3D-GNS and c) Cu+HAP/3D-GNS, calculated according to the N2 – DFT model.  

 

Figure 105: Elemental surface plots in counts vs. spatial coordinate (b) related to STEM/EDX elemental maps of Cu/3D-GNS (a, herein 
reported from Figure 65 for the sake of clarity)  
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Figure 106: EDX maps (left side in each box) and counts vs. spatial coordinate surface plots (right side in each box) obtained by 
subtraction of pristine elemental EDX maps of Cu/3D-GNS. Reported maps and plots are the result of a) C with Cu and b) C with O 
subtraction. 

 

Figure 107: Elemental surface plots in counts vs. spatial coordinate (b) related to STEM/EDX elemental maps of Cu+HAP/3D-GNS (a, 
herein reported from Figure 66 for the sake of clarity) 

 

Figure 108: EDX maps (left side in each box) and counts vs. spatial coordinate surface plots (right side in each box) obtained by 
subtraction of pristine elemental EDX maps of Cu+HAP/3D-GNS. Reported maps and plots are the result of a) Cu with O and b) Cu with 
P subtraction. Pristine Cu EDX map has been reported as well (c) for the sake of clarity. 
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Figure 109: HR XPS spectra collected in the a) Ca 2p and b) P 2p regions for doped Cu+HAP/3D-GNS electrocatalysts. 

 

Figure 110: HR XPS spectra collected in the Cu 2p region for a) undoped Cu/3D-GNS and b) doped Cu+HAP/3D-GNS electrocatalysts. 

 

10.3.2 Electrochemical CO2RR: performances of HAP-doped electrocatalysts 

 

Figure 111: Nyquist plot obtained by EIS onto Cu/3D-GNS (red data) and Cu+HAP/3D-GNS (blue data) modified GDEs. 
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