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ABSTRACT

In this paper, we report on the rational design, synthesis, characterization, and application of eco-
friendly hydroxyapatite/carbon (HAP/C) composites as effective sorbents for the simultaneous
remediation of organic-inorganic pollution in wastewaters. Carbon content in composites ranged from
ca. 4 to ca. 20 wt.%. Structural and morphological features of the composites were studied by N>
adsorption/desorption analyses, electron microscopy (TEM and HAADF-STEM/EDX) and X-ray
powder diffraction (XRPD). These features were correlated with the composition and the exposure
of surface functional groups. Surface acid-base groups were assessed by liquid-solid acid/base
titrations and results depended on the composition ratio of the two components.

Batch adsorption tests, performed with various initial concentrations of pollutant species and
dosages, proved that composites merged the sorption properties of the two moieties, being able to
simultaneously adsorb organic (methylene blue) and inorganic (Cu(Il) and Ni(II)) pollutants. On the
optimal carbonaceous scaffold content (ca. 8 wt.% carbon), kinetic tests revealed that this composite
could almost completely remove high concentrations of co-present pollutants, namely, Cu(Il), Ni(Il),
(300 ppm) and methylene blue (250 ppm) in ca. 1 hour, with sorbent dosage of 10 g L', In addition,

leaching tests proved the permanent retention of the hazardous species on the composites.

KEYWORDS

Calcium phosphate, activated carbon, eco-friendly material, adsorption process, heavy metal

pollution, organic dye
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GRAPHICAL ABSTRACT

Graphical depiction of the interfacial phenomena of adsorption which take place at the solution-
HAP/CMC composites interface, resulting in the simultaneous removal of organic and inorganic

pollutants from wastewaters.
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1. INTRODUCTION

Polluted waters from anthropogenic activities generally contain multiple pollutants [1] which
belong to different classes of compounds [2]. Inorganic species (monoatomic anions as well as
polyatomic species) account for ca. 30% of the pollutants detected in sewage waters [3]. Stringent
legal limits are set for such species in both irrigation and drinking water because their chronic
assumption is proven to cause bone degeneration, organ, blood, and soft tissue damage [4].

Organic species account for the remaining 70% of the pollutants [3]. In particular, with more
than 3600 species currently under use in the textile sector and a discharge rate of ca. 20% in industrial
effluents, dyes are potent heavy water pollutants [5]. These species exert long-lasting dangerous
effects on aquatic organisms and exhibit proven carcinogenic and mutagenic effects on humans when
ingested [6].

Wastewater remediation by adsorption is currently considered one of the most suitable options
in terms of capital and operational costs, space occupation, operational flexibility and volume
capability [3]. However, single sorbents are generally inadequate for the simultaneous remediation
of organic-inorganic polluted streams [7]. Indeed, the major differences in physical and chemical
properties of diverse pollutants call for materials with a dual nature, able to concurrently interact with
both anions/cations and complex organic structures.

To tackle this issue, composite nano-scaled materials of different nature have been
synthesized and tested in the remediation of polluted wastewater [8—10]. Nevertheless, the design of
effective sorbents, which fulfill both cost and environmental requirements, remains a major challenge.

Hydroxyapatite (HAP, chemical formula Caio(PO4)s(OH)2) is a mineral of the calcium
phosphate family, considered an eco-friendly material in virtue of its non-toxicity, biocompatibility,
and envisaged applications in environmental protection processes [11]. In addition to these features,
it can be extracted from biowastes (mammalian bone, fishbone, eggshell, seashell, algae, plants and

limestone) or chemically synthesized by several low-cost routes [12]. It possesses thermal and
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chemical stability, structure flexibility, and marked water insolubility (Kps = 10 at 25°C) [13]. It
has proven to be an effective sorbent for several inorganic hazardous species (e.g. F and heavy metal
cations), which are retained by means of different mechanisms (ion-exchange, surface complexation
and/or dissolution-precipitation, mainly depending on the sorbate) [11,14-19]. In addition, the
immobilization of such species onto HAP surface is almost permanent [17,18]. By contrast, organic
pollutants are hardly immobilized onto the hydrophilic HAP surface [20].

Carbonaceous materials (hereinafter generally referred to as C) and in particular activated
carbons (AC) are the state-of-art sorbents for organic pollutants thanks to their large surface area and
porosity, surface functionalization degree and ability to establish T—Tt interactions with complex
aromatic molecules [4]. Eco-friendly production of activated carbons may be achieved employing
biomass wastes and agricultural by-products as carbon sources [6,21]. While, functionalization and/or
templating may be carried out using common reagents/templating agents such as HNO3 and ZnCl,,
respectively [22,23]. Activated carbons exhibit modest affinity towards inorganic polluting agents in
the form of ions, with consequent limited adsorption capacity and retention ability [4].

Based on HAP and C complementary features, the proper design of HAP/C composites may
pave the way for the generation of effective sorbents, with their dual nature guaranteeing fast,
effective and simultaneous removal of diverse polluting species from wastewater. Only a few
publications report on the development and use of HAP/C composites and, to the best of our
knowledge, a comprehensive evaluation of the adsorption properties of HAP/C composites is still
missing. In addition, literature lacks a systematic and thorough characterization of composites
themselves and a comprehension of how fundamental design parameters, such as carbon content,
affect the whole sorption performances of the material.

In this paper, we report on the rational design, synthesis, characterization, and application of
eco-friendly HAP/C composites as sorbents for wastewater remediation. The carbonaceous moiety
of the composite has been represented by a mesoporous carbon (hereinafter referred to as CMC)

already presented in literature [22,23] and obtained from a renewable source (i.e. carbohydrate
5
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biomass). The effect of the CMC content on the structural and morphological properties of the
samples have been assessed by means of thermogravimetric analysis (TGA), N>
adsorption/desorption analyses, electron microscopy (TEM and HAADF-STEM/EDX) analyses, X-
ray powder diffraction (XRPD), Fourier-transform infrared (FT-IR), and Raman spectroscopy. In
addition, sample surface acidity/basicity measurements have been performed by means of a pulsed
acid/base titration method in liquid phase. Batch adsorption tests of simulated wastewater containing
benchmark inorganic (Cu(Il) and Ni(Il)) and organic (Methylene Blue, MB) pollutants have been
carried out. The choice of simulated wastewater was dictated by the intention to assess the dual
sorption ability of the composites in the absence of complex matrix effects, typical of real industrial
effluents. The adsorption kinetics and the effect of initial pollutant concentration and
inorganic/organic species co-presence on the overall sorption performance were investigated.

Leaching test were also performed to assess the permanent confinement of pollutants.

2. MATERIALS AND METHODS
2.1. Materials

For the synthesis of pristine HAP and/or HAP/CMC composites, aqueous solutions of calcium
nitrate tetrahydrate, Ca(NO3)2-4H20 (> 99.0%, Merck ACS) and diammonium hydrogen phosphate,
(NH4)>HPO4 (> 98.0%, Sigma-Aldrich) were used as precursors; an ammonium hydroxide solution,
NH4OH (28-30% wt.%, Fluka) was used for pH adjustment. Details for the CMC synthesis have been
reported elsewhere [22,23].

KBr (FT-IR grade, from Sigma-Aldrich) was used to dilute the sample powders for FT-IR
analyses.

Liquid-solid acid/base titrations were performed either in cyclohexane (HPLC grade, VWR) or
water (HPLC grade, VWR), using 2-phenylethylamine, PEA, (> 99.0%, Sigma-Aldrich) and benzoic

acid, BA, (> 99.0%, Carlo Erba) as basic and acid probes, respectively. The samples were packed in
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a sample-holder column subsequently mounted on an adsorption line; acid-purified powder sea sand
(Fluka) and silanized glass wool (Sigma-Aldrich) were used as filling inert materials.

Simulated polluted wastewater have been prepared from copper nitrate trihydrate
Cu(NO3)2:3H20 (>99.5%, Carlo Erba) and nickel nitrate exahydrate Ni(NO3)2-6H20 (>99.5%, Carlo
Erba) salts and methylene blue, MB (> 99.0 %, Sigma-Aldrich).

Lithium hydroxide (purity 99%, Carlo Erba) and oxalic acid (purity > 99%, Sigma-Aldrich)
solution was used as eluent in ion chromatographic (IC) analyses, while a solution of 4-(2'-
Pyridylazo)-resorcinol free acid (PAR, purity 96%, Sigma-Aldrich) in NH4OH (purity 30%, Carlo
Erba) and acetic acid (pure reagent, Carlo Erba) was used as colorimetric indicator for UV-vis
detection of the metal ions. Unless otherwise indicated, all solutions were prepared using MilliQ

water (15.2 MQ, Millipore).

2.2 Synthesis of HAP/CMC composites

HAP/CMC composites were synthesized according to a wet room-temperature (RT) co-
precipitation method. Briefly, known amounts of CMC, ranging from ca. 300 to ca. 1200 mg of CMC
(depending on the desired CMC wt.% content) have been dispersed by ultrasonication (15 minutes)
in 100 mL of a 0.400 M (NH4):HPO4 solution. The slurry was then placed in a three necked round
flask equipped with a mechanical stirrer (central neck). The solution pH was adjusted to ca. 9.7 (+
0.2) by addition of ca. 10 mL of a 28-30 wt.% NH4OH solution. Then, 100 mL of a 0.668 M
Ca(NO3)2-4H0 solution was added dropwise by means of a peristaltic pump (1.65 mL min™). The
precursors Ca/P ratio was 1.67 (atom/atom), as to obtain stoichiometric HAP. Precipitation occurred
at RT, under mechanical stirring (200 RPM). Periodic additions of ammonia solution were performed,
to maintain a constant basic pH. When the addition of the Ca(Il) precursor solution was completed,
the suspension was stirred for 5 minutes and then vacuum filtered on Buchner funnel. Powders were
washed with MilliQ water up to the neutrality of the washing waters, then dried for 16 h at 50°C

under vacuum and thermally treated for 8 h at 120°C under air.
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Following this procedure, four composite materials with different CMC content, namely 4-, 8-,
12-, and 16-wt.% (by design) were obtained; such composites will be hereinafter referred to as
HAP/CMC4, HAP/CMCS8, HAP/CMC12 and HAP/CMC16, respectively.

Pristine stoichiometric HAP was synthesized according to the same method but in the absence
of the carbonaceous scaffold. For the CMC synthesis, a carbohydrate sample of various origin was
added into an aqueous solution of ZnCl, and heated at 85°C for 3 h, a reaction occurred giving rise
to glucose and/or fructose and then hydroxymethyl furfural, with final resinification. The dark-brown
viscous resin was cured at 130°C for 1 h to form a black solid. This solid was introduced into a tubular
furnace at 450°C for 2 h for the carbonization under flowing N> (40 mL/min). The carbonized residue
was washed with 1 M HCI and then put in boiling water to remove ZnCl. The sample was dried at
130°C for 6 h. Details can be found in Ref. [22]. Before use, the carbonaceous scaffold was contacted
with a NH4OH containing solution at the same concentration and for the same time used during the

composite synthesis, as to represent a proper comparison with the composites themselves.

2.3 Characterization methods
2.3.1 Structural/morphological characterization techniques

In the following, a brief description of the characterization techniques applied will be given.
More detailed information and data interpretation can be found in the Supporting Material.

The determination of the CMC content in the composites was performed by TGA analyses
(Perkin-Elmer TGA-7) by increasing the sample temperature from 120°C to 800°C at 5°C/min rate
under flowing air. Since several phenomena (i.e. decomposition of carbonates and/or release of
physically/chemically bound water molecules) could take place in the scanned temperature range, a
sort of internal calibration has been performed using ad-hoc prepared HAP-CMC physical mixtures
with known composition ratio of the pristine HAP and C components. The obtained calibration line
is available in the Supporting Material (Fig. S3) together with data of preparation of the physical

mixtures (Table S1).
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N> adsorption-desorption isotherms were collected at liquid nitrogen temperature (-196 °C), by
means of a Sorptomatic 1990 version instrument from Thermo Scientific (Carlo Erba). Ca. 100 mg
of each sample, crushed and sieved in 75-180 um, was used. Surface area (SA) and pore size
distribution (PSD) were determined by the 3-parameter BET equation (adsorption branch, 0.005 <
p/p® < 0.4) and B.J.H. (Barrett-Joyner-Halenda) model (desorption branch, 0.3 < p/p° < 0.95),
respectively.

X-ray powder diffraction analyses were performed using a Philips Powder X-ray diffractometer
equipped with a PW 1830 generator. Phase identification was performed by Match! Software, from
Crystal Impact GbR.

Transmission electron microscopy (TEM) images were recorded by means of a ZEISS LIBRA
200FE microscope with a 200 kV FEG source equipped with in column second-generation omega
filter. Chemical analysis was performed using high angular annular dark field scanning transmission
electron microscopy (HAADF-STEM) 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.

Transmission Fourier Transform Infrared (FT-IR) spectra were collected at RT in the
wavenumber range from 400 cm™! to 4000 cm™! by means of a Perkin-Elmer Spectrum Two Fourier
transform infrared spectrometer. Wafers of the diluted samples with KBr were prepared (4 mg of
sample powder in 200 mg of KBr).

Raman spectra were collected on the sample powder (30-50 mg) using 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. Spectra have been

collected with an acquisition time of 4 s (100 spectra accumulation, background corrected).

2.3.2 Surface acidity/basicity determination
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Surface acid/basic sites of the studied samples were quantified according to a pulsed-injection
titration method described elsewhere [24]. Titrations were performed on a modified HPLC line
equipped with a L-6200 A Merck Hitachi pump, a AS-2000A Merck Hitachi autosampler, a L-5025
Merck column thermostat and a UV-Visible L-4250 Merck Hitachi detector operating at 254 nm (Fig.
S1 in Supporting Material). 2-phenylethylamine (PEA) and benzoic acid (BA) were used as basic and
acid probe molecules, respectively. Titrations were carried out on ca. 20 mg of dried sample, crushed
and sieved as 80-200 mesh particles, at 30.0 £ 0.1°C in cyclohexane (non-polar aprotic solvent) and
in water, as to determine the intrinsic and effective acidity/basicity of the samples, respectively. A
detailed explanation of the method and the calculations performed to quantify the surface sites can be
found in the literature [24,25], while a brief one is reported in the Supporting Material (Paragraph

S1.2).

2.4 Evaluation of sorption ability of HAP/CMC composites

Adsorption isotherms of individual Cu(Il) and Ni(II) onto pristine HAP (ca. 100 mg) and of MB
onto bare CMC (ca. 100 mg) were collected at 30 + 0.1°C in a broad initial concentration range up
to 16,000 ppm, 1200 ppm, and 6000 ppm for Cu(Il), Ni(Il) and MB, respectively.

The sorption ability of pristine HAP and CMC and HAP/CMC composites was evaluated by
means of stirred batch adsorption tests. Sorbents (typically ca. 100 mg) were placed in test tubes,
equipped with magnetic stirrers and contacted with aqueous solutions containing benchmark
inorganic (Cu(Il) and Ni(II)) and organic (MB) pollutants. Tests were carried out with a constant
solid to liquid ratio of 10 grenL!, at 30.0 + 0.1°C, with a contact time of 2 hours. Sorption
experiments on HAP/CMC composites were carried out varying the initial pollutants concentration
in the range from 15 to 300 ppm for individual Cu(II) and Ni(II) containing solutions and from 250
to 500 ppm for MB containing ones. Furthermore, the ability of HAP/CMC composites to

simultaneously remediate organic and inorganic pollution was evaluated contacting the sorbents with

10
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ternary Cu(II)-Ni(IT)-MB solutions with initial concentrations of 300 ppm for both cations and 250
ppm for the organic dye; the pH value of all solutions was 5.5 (+ 0.5).

At the end of the sorption tests, supernatants were collected, properly diluted when necessary,
and then analyzed to determine the residual concentration of pollutant species. Quantification of the
initial and final Cu(Il) and Ni(I) concentrations have been carried out by means of ionic
chromatography (Dionex DX-120 chromatograph equipped with a Dionex IonPacTM CS5A 4 x 250
mm column, derivatization system with PAR solution and a Merck Hitachi L-4200 UV/Vis detector).
Initial and final MB concentration were instead determined by UV-visible spectrophotometry
(Shimadzu UV-3600 spectrophotometer) at fixed wavelength Amax = 662 nm (a calibration curve in
the linear range 1-50 mg L™ was prepared for determining the extinction coefficient 22, = 0.195 +

0.005L- mg!-cm™1).

The adsorption capacity of sorbents towards pollutants was quantified in both percentage of species
removal and in pollutant loaded mass on sorbent mass (mgpoliutantZsorbent '), according to the following

equations:

Percent removal (%) = Ci;_cf X 100 Equation 1

14

Msorbent

Uptake capacity (mgpouutant * Jsorbent) = Equation 2

where C; and Ct are the initial and final concentration of pollutant in ppm (mg L), Vs is the volume
of simulated wastewater contacted with the sorbent (L) and msorbent iS the actual mass of sorbent in
the test tube (g).

The effect of sorbent dosage was investigated as well, following the same batch adsorption
procedure. Specifically, 2 hours-long adsorption tests in ternary mixtures, Cu(1I)-Ni(I)-MB mixtures,
were carried out with different dosages on selected composites, ranging from 0.5 to 25 gsorbenc' L™ and

initial concentrations of Cu(Il) and Ni(II) of 300 ppm, each, and of MB of 250 ppm.

11
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Adsorption kinetics in ternary Cu(II)-Ni(II)-MB mixtures were studied following the above-
described batch adsorption procedure under stirring, operating with initial concentrations of Cu(II)
and Ni(II) of 300 ppm each, and of MB of 250 ppm, monitoring the supernatant Cu(II), Ni(II) and
MB concentration at successive intervals of contact time, up to 2 hours.

Modeling of experimental kinetic data was carried out using the Runge-Kutta based Excel user
interface provided by Wang et al [26]. Three adsorption reaction models, namely pseudo-first-order
(PFO, Equation 3), pseudo-second-order (PSO, Equation 4) and Elovich (Equation 5) models, have

been applied in their non-linear forms herein reported:

qr = q.(1 — e Fat) Equation 3

_ qdkot Equation 4
e quation
q: = %ln(l + abt) Equation 5
where:

- ¢r Adsorbed amount of adsorbate at time ¢ (mgadsorbate’ gsorbem'l);
- g.: Adsorption capacity at equilibrium (mgadsorbate'Zsorbent );

- t: Time (min)

- ks: Pseudo-first-order rate constant (min™');

- ka: Pseudo-second-order rate constant (ZsorbentMZadsorbate - -min");

a: Initial adsorption rate constant of the Elovich model (mgadsorbate*Zsorbent -min™!);

- b: Energetic/surface coverage Elovich parameter (ZsorbentMZadsorbate )
Time-dependent adsorption rate according to Elovich adsorption model equation has been

calculated applying the derivative form of Elovich equation (Equation 6) itself:

. d - :
Elovich ads.rate = f = qe~bat Equation 6

Leaching tests were carried out on selected pollutant-loaded samples. After adsorption batch

tests, the solids were separated from the solution and dried at 120°C for 16 hours before they

12
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underwent leaching tests. Ca. 0.1 g of loaded sample was suspended in 10 mL of MilliQ water (pH
ca. 5) and stirred for 24 hours at RT. The release of pollutants from used sorbents have been

quantitatively evaluated by means of the same above-described analytical techniques.

3. RESULTS AND DISCUSSION
3.1 Characterization of HAP/CMC composites
3.1.1 Composition, structure and morphology

Four HAP/CMC composites with different CMC content (ranging from 4 to 16 wt.%) were
prepared as described in paragraph 2.2.

First, the effective CMC content in all composites was determined by means of TGA
experiments. Indeed, determining the weight loss ascribable to CMC combustion allows estimating
the amount of CMC in the samples. Fig. 1 comparatively shows the collected thermogravimetric
profiles of the HAP/CMC composites (black lines) and the homo-compositional HAP-CMC physical
mixtures (red lines), the latter used as references to properly correlate samples weight loss with

effective CMC content (calibration line available in the Supporting Material, Fig. S3).

13
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Fig. 1. Thermogravimetric profiles of HAP/CMC4, a); HAP/CMCS, b); HAP/CMC12, ¢); and
HAP/CMC16, d) composites (black lines) and of the related HAP-CMC physical mixtures (red lines)

as functions of time and temperature of analysis.

A major thermal phenomenon, addressable to CMC combustion, takes place in the temperature
range between 400 and 650°C for all samples. Combustion reaches its maximum rate, identified by
the inflection point in the thermogravimetric profile, at ca. 585°C. Making use of the calibration line
obtained from the TG analyses of physical mixtures, the actual CMC content of each composite was
evaluated. The results, collected in the second column of Table 1, show an experimentally determined
CMC content slightly higher than that predicted by design. A moderate mass loss occurs prior to the
triggering of CMC combustion; the temperature range (120°C < T < 400°C) and the overall slow
kinetics of the phenomenon are consistent with thermal decomposition of surface and/or bulk HAP

carbonate species, as already observed in other synthetic hydroxyapatite samples [27].

14



297  Table 1. Compositional, morphological and acid-base surface properties of pristine HAP and CMC components and HAP/CMC composites.

CMC content® Surface Area® HAP/CMC Porosity range® Pore Volume Acid sitesf Basic sitesf
Sample
wt. % m’g! mass®  surface area® nm cm’ gl meqg’' peqgm? meqg’! Leq m™

HAP 0 101 - - 29-6.7 0.306 0.221 2.197 0.016 0.156
HAP/CMC4 6.16 137 15.23 1.24 20-29 0.258 0.156 1.139 0.004 0.030
HAP/CMCS 8.37 130 10.95 0.89 20-39 0.221 0.089 0.687 0.006 0.048
HAP/CMC12 12.95 149 6.72 0.55 20-39 0.224 0.091 0.613 0.020 0.137
HAP/CMC16 19.60 129 4.10 0.33 1.0-4.8 0.113 0.021 0.174 0.003 0.024

CMC 100 1236 - - 1.0-2.9 1.18 0.251 0.203 0 0

298 ¢ Determined by TGA analyses;

299 Y Evaluated by 3-parameters BET equation;

300 ¢ Mass ratio calculated as: —H42 x 100;
mcmMmc

301 “4Surface area ratio calculated as:

mygap X SAgap % 100:

mcemc X SAcmc

302  ° Range of pore size covering the 75% of the total pore volume;

303 ' Intrinsic values, determined by pulsed-injection method in cyclohexane at 30°C. Probe molecules: PEA, for acid site- and BA, for basic site-

304  determination.

15
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Surface area and pore size distributions on pristine HAP, CMC and HAP/CMC composites have
been investigated by measuring N> adsorption/desorption isotherms. Results have been collected in
Table 1 and while the adsorption/desorption isotherms and pore size distributions (PSD) of the
pristine moieties and HAP/CMCS are reported in Fig. 2. All isotherms and PSD are instead available

in the Supporting Material (Fig. S4 and S5).
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Fig. 2. N, adsorption/desorption isotherms and pore size distributions (BJH method, 0.3< p/p° < 0.95)
of pristine HAP, a) and d, HAP/CMC8 composite, b) and e); and pristine CMC, c) and f).

Both pristine moieties and composites exhibit type IV isotherms (according to the IUPAC
classification); typical of mesoporous materials. On the other hand, differences can be spotted in the
desorption hysteresis. Indeed, pristine HAP and HAP/CMC composites up to HAP/CMCI12 exhibited
a H2 type hysteresis, which indicates-mesopores of not-well defined shape. Conversely, CMC and
composite HAP/CMC16 showed H4 hysteresis, suggesting the slight presence of micropores in
addition to the assessed mesoporosity. Such microporous contribution for CMC and HAP/CMC16 is

further confirmed by the PSD (Fig. 2 and Fig. S5 in Supporting Material).
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Pristine HAP and CMC have different surface area values, with a ca. one order of magnitude
larger SA for CMC; both mass and surface area ratios of HAP/CMC composites have been calculated
and reported in Table 1. Obtained values indicate that, the mass ratios between HAP and CMC in the
composites, which are dominated by HAP, are confined in a narrower interval than surface area ratios,
the latter spanning from 0.33 (carbon-rich surfaces) to 1.24 (hydroxyapatite-rich surfaces). Although
no clear trend of the surface area values of composites against CMC content can be spotted, an
unexpected general decrease of the HAP/CMC surface ratios could be noticed. The pore size
distributions of composites indicate a transition from a HAP-like mesoporous morphology (up to ca.
12% CMC addition) to a CMC-like one, in which microporosity dominates. The marked decrease of
pore volume, passing from the CMC sample to HAP/CMC composites, suggests that pore clogging
and/or CMC pore filling with the hydroxyapatitic moiety likely occurred during the disordered
precipitation of HAP onto the carbonaceous scaffold. Such phenomena might explain the limited
values of surface area exposed by the composites in comparison to the expected values.

The collected XRPD patterns of the samples (Fig. 2) revealed for CMC a predominant amorphous
nature. The typical 002 and 101 reflections of graphite [28] are detected in the form of two broad
peaks in the regions between 20°-30° and 40°-45° in 20, respectively. Large full width at half
maximum of the peaks suggests that CMC possesses a disordered structure, composed of small and
randomly stacked hexagonal aromatic sheets [23]. In composites, the XRD pattern of crystalline HAP
was clearly observed (Fig. 3); the overall broadening and simultaneous reduction of intensity of the
HAP peaks as the CMC content increased indicated a progressive decrease in the crystallinity of the

samples.
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Fig. 3. XRPD patterns of pristine HAP and CMC moieties and HAP/CMC composites (brown bars

indicate the expected contributions of graphite reflections).

TEM images of HAP/CMC composites are collected in Fig. 4 and those of pristine materials in
Fig. S6. CMC exhibits a disordered sponge-like structure, as already reported in the literature [22,
23] while pristine HAP has an irregularly shaped morphology, forming nanoplatelets of ca. 5x40 nm
dimensions (Fig. S6). Concerning the composites, for low CMC content (up to 12 wt.%) the
morphologic features are dominated by HAP, being HAP crystallites partially covered by amorphous
layers of CMC (Fig. 6a and 6b). Increasing CMC content (HAP/CMC16, Fig. c) a transition towards
the CMC-morphology was clearly observed. The present observation is consistent with the

morphological transition already discussed on the surface area and porosity results of the composites.
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Fig. 4. TEM images of HAP/CMCS, a); HAP/CMC12, b); and HAP/CMC16, c) at two

magnifications: 20 nm (left) and 10 nm (right).

The HAP/CMC composites were also investigated by HAADF-STEM microscopy and HAADF-
STEM /EDX maps. The investigated area of HAP/CMC8 appears homogeneous in composition with
a distribution of the P, Ca and C elements consistent with the co-presence of the HAP and CMC
phases (Fig. 5a). HAADF-STEM/EDX maps of the samples with increasing CMC content
(HAP/CMC12 and HAP/CMCI16, Fig. 5 b and 5 c) show increasing presence of carbon phase. In

particular, the atomic map of HAP/CMC16 shows regions with carbon phase in contact with
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hydroxyapatite (Ca/P =1.3) besides separate C-phase (Fig. 5c). This evidence supports the already

discussed changes in sample morphology with increasing CMC content.

C
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48
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Fig. 5. HAADF-STEM micrographs and HAADF-STEM/EDX mapping of P, Ca, and C (normalized
values) on HAP/CMCS, a); HAP/CMC12, b); and HAP/CMC16, c) samples.
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3.1.2 Surface properties

Transmittance FT-IR spectra of all the studied samples were collected to have further information
on the surface functional groups. All the spectra can be found in Fig. S.

Although the typical low transmittance of (black) carbon-containing materials did not allow
quantitative considerations, a meaningful insight on the surface functional groups of composites could
be provided by this technique. The CMC infrared spectrum showed four broad contributions in four
different IR regions. Such signals could be assigned to (i) stretching mode of O-H (ca. 3404 cm™),
(ii) stretching mode of C=0 (ca. 1700 cm™), (iii) stretching mode of conjugated C=C aromatic bonds
(ca. 1571 cm™!) and (iv) stretching mode of C-O groups of esters/alcohol functionalities (ca. 1264 cm™
1 [22]. Interestingly, the contribution of C-H stretching at ca. 2930 cm™ was not detected, thus
indicating a highly functionalized carbon with limited C-H terminal groups, at the advantage of O-
functionalized terminations. The present results are consistent with the relevant surface oxygen
content (ca. 7.4 at.%) and nature of oxygenated surface groups of CMC, as reported in previous
studies [23].

HAP infrared spectrum showed the typical apatite contributions. Attention has been directed to
two regions: (i) a broad band between 3500 and 3300 cm™, ascribable to O-H stretching modes of
constitutive/surface bond water molecules, together with a sharp contribution of O-H stretching of
structural basic hydroxyl groups at 3570 cm™ and (ii) two low energy bands between 1100 and 500
cm’!, associated to the fundamental vibration modes of phosphate groups (Fig. S). No carbonates
contributions were detected in the typical infrared region (1600 to 1350 cm™'), suggesting that the
synthetic route employed minimizes the incorporation of CO3* groups in the HAP lattice, although
they are common surface compositional impurities found in HAP obtained by wet co-precipitation
methods [27]. It could be guessed that the high concentration of precursor solutions (i.e. high ionic
strength) and fast addition rate of the Ca-containing solution (i.e. short synthetic time) partake in

decreasing the quantity of carbonates available for incorporation in HAP lattice.
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Spectra of all HAP/CMC composites always displayed the typical infrared signals of HAP.
Interestingly, the carbonates bands, not detected on pristine HAP, are clearly visible in HAP/CMC4
spectrum (Fig. S); such contribution is allegedly present in all the composites up to HAP/CMC16
although the continuous decrease of infrared transmittance of the samples (in consequence of the
increase in CMC content) made it difficult to properly assess their presence.

Raman spectra (Supporting Material, Fig. S) were also collected on composites and pristine
moieties, as to complete the qualitative survey of composite surface. Consistently with its
carbonaceous nature, pristine CMC (Fig. Sa) shows the typical G (graphite in plane E>; Raman active
mode, given by ordered domains) and D (Aig D breathing mode, from disordered domains) bands at
ca. 1530-1620 cm™ and ca. 1350 cm’!, respectively. The Ip/IG ratio of pristine CMC (= 0.8) indicates
a mostly amorphous material with moderate presence of small graphitic domains, in the order of ca.
1 nm of size [29]. Therefore, Raman characterization agrees with the previously discussed XRPD
results. The Raman spectrum of pristine HAP (Fig. Sb) is instead characterized by a high-intensity
semicircular pattern typical of phosphorescence phenomena, hampering the collection of any
information on the material.

HAP/CMC composites spectra exhibit G and D bands at the same Raman shift and an Ip/Ig ratio
close to the former 0.8, confirming the carbonaceous scaffold is unaltered by compositing.
Interestingly, a signal at ca. 961 cm! is detected in HAP/CMC4 and HAP/CMCS samples; such peak
is commonly attributed to the v3 symmetric stretching mode of PO4>" groups [30]. The detection of
this contribution at low CMC content and its disappearance at CMC content > ca. 8 wt.% may indicate
a lower surface exposure of phosphate groups (i.e. HAP moieties) when the HAP/CMC surface area

ratio is << 1.

3.1.3 Surface acidity and basicity
The number of acid and basic surface sites of pristine moieties and HAP/CMC composites have

been determined according to a pulsed-injection acid-base titration method. Fig. shows the trend of

22



420

421

422

423

the surface density of the intrinsic acid and basic surface sites (i.e. titrated in cyclohexane, a non-

polar and aprotic solvent) against the CMC concentration in the HAP/CMC composites. The extreme

points of the graph correspond to pristine HAP and CMC. The obtained results are collected in Table

1.
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The density of surface acid sites (right axis of Fig. b) decreases almost hyperbolically passing
from pristine HAP to pristine CMC, the latter exhibiting the lowest density of the series as a
consequence of its one order of magnitude larger surface area (Table 1). Indeed, when the number of
acid sites is plotted as a function of sample mass (meq-g', inset in Fig. b), it can be noticed that CMC
effectively possesses a large number of acid surface sites, mainly constituted by -COOH surface
groups. The overall acidity of CMC sample was lower than what reported in previous studies [21]
because of the basic treatment suffered in this study (see paragraph 2.2 Synthesis of HAP/CMC
composites). The decrease of the density of acid sites for increased CMC concentration in the
composites is consistent with the slight increase of the surface area in respect to pristine HAP and it
is coherent with the increasing share of carbonaceous surface exposed. The number/density of the
surface acid sites of pristine HAP reported in Table 1 is in agreement with the literature values (2.197
peq:m? vs. 1.871 peq'm™ reported in [18]); the small discrepancy is addressable to (i) the slightly
different synthetic route for HAP and (ii) the different acid-base titration technique (pulsed-injection
method vs. LRCM) employed for the quantification of acid surface sites.

Basic sites density (left axis of Fig. b) was barely detectable in both pristine moieties and
throughout the whole composition range of composites. If negligible basicity could be envisaged for
CMC because of its acidic and carbonaceous nature [21], an unexpectedly low number/density of

2 vs. 2.341 peq'm™ reported in [14]).

basic sites was obtained for pristine HAP (0.156 peqm’
Concerning the basicity of HAP/CMC composites, HAP/CMC12 slightly deviates from the observed
trend, although in absolute value the measured density of basic sites is always low (< 0.150 peq'm’
2). The results might indicate a low number/density of strongly interacting basic sites at the HAP
surface (and consequently, on all HAP/CMC composites surface as well). Nonetheless, it should be
taken into account that the sluggish adsorption kinetics of BA onto the surface basic sites (see

discussion in the Supporting Material, paragraph S1.1 and typical chromatograms obtained, Fig. S2)

and the high flowrate of the carrier solvent might lead to an underestimation of the number of basic
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sites. Furthermore, it can be hypothesized that basic sites of HAP are not exposed to the open surface
of HAP but allocated in the channels where it is hard to contact them.

The effective number/density of acid and basic surface sites measured in water of pristine
moieties and composites is reported in the Supporting Material (Table S2). In water, neither effective
acidity nor basicity of any other sorbent than CMC could be titrated. The difficulty in determining
effective surface properties is addressed to the polarity and proton donor/acceptor nature of water
itself, which may be strongly adsorbed by acid and basic surface groups and hardly displaced by the
probe molecules, thus hampering the titration. In the specific case of CMC, the retention of surface
acidity (0.240 peq-m, almost equal to the intrinsic value of 0.204 peq-m2, Table 1) may be addressed
to the hydrophobicity of the material, which prevent water to fully interact with the surface acidic

groups.

3.2 Sorption ability of HAP/CMC composites
3.2.1 Sorption of individual organic/inorganic polluting species

HAP/CMC composite ability to remove hazardous pollutants have been evaluated in simulated
wastewaters individually containing Cu(Il), as benchmark heavy metal pollutant species, Ni(I), as
representative of emerging inorganic pollutant detectable in electrical industries effluents [17], and
MB, as a typical organic pollutant.

At first, maximum adsorption capacity of bare HAP and CMC towards inorganic (Cu(Il) or
Ni(Il)) and organic (MB) benchmark pollutants have been respectively evaluated collecting
adsorption isotherms at 30°C. The adsorption isotherms of individual Cu(II) and Ni(II) onto HAP and

of MB on CMC are reported in Fig. 7.
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Fig. 7. Adsorption isotherms, collected at 30°C according to the stirred batch adsorption method for
Cu(II), a) and Ni(II), b) onto pristine HAP and for MB, c¢) onto bare CMC (Ni(Il) adsorption isotherm,
already published [17], is reported for the sake of clarity).

In the case of metal ion adsorption by hydroxyapatite, the isotherms showed sharp inflection (knee)
from which a near horizontal portion starts, asymptotically approaching a ceiling value corresponding
to the saturation of the HAP surface with the metal species. These isotherms curves could be well
modelled by the Langmuir equation (Table 2). It is evident the higher affinity of HAP for Cu(II) ions
(ca. 80 mg-g!) compared to Ni(II) (ca. less than 20 mg-g!). The preferential adsorption of Cu(Il) over
Ni(II) is consistent with previous data reported in the literature by our group [17,31] and other authors
[14]. Considering that both Cu(Il) and Ni(II) have been demonstrated to be immobilized onto the
HAP essentially by surface complexation mechanism [17,31], the different affinity of the surface
groups of HAP (namely -OH, -POH and, eventually, -COH) towards Cu(II) and Ni(Il) species could
justify the observed discrepancy in the cation maximum adsorption capability. Actually, by
comparing the complexation constants of analogous aqueous complex (i.e metal-phosphate, metal-
hydroxyl and metal carbonate complexes) for Cu(Il) and Ni(II), the higher stability and interaction
strength of copper complexes compared to those involving Ni(II) clearly emerged (Table S3).

The MB adsorption isotherm on CMC showed an almost vertical initial part of the experimental curve
(the portion before the knee); this profile, classified as H-isotherm [32,33], is a special case of the

Langmuir isotherm, occurring when adsorbate has such high affinity towards the sorbent that in dilute
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solutions it is quantitatively retained. In this case, the first part of the isotherm can be modelled by
the Henry’s isotherm. The high affinity of CMC towards MB is confirmed by the remarkable

maximum adsorption capacity (ca. 400 mg-g™).

Table 2. Maximum adsorption capacities of HAP and CMC towards inorganic and organic

pollutants

Maximum ads. capacity (qe)
Pollutant species Sorbent Adsorption model equation
mgpoliutant'8 -IHAP

Cu(Il) HAP Langmuir 79.5+1.2
Ni(II) HAP Langmuir 18.6 +£0.2
MB CMC Henry / Empirical ~ 380+ 10

Table 2 demonstrate that pristine HAP and CMC are efficient sorbents for inorganic and organic
polluting species, respectively, displaying complementary adsorption features.

Then, HAP/CMC composite ability to remove individual pollutants were evaluated by means of
stirred batch adsorption tests at different initial pollutant concentration. In Table 3, the remediation
performances shown by HAP/CMC composites are reported. In the Supporting Material (Fig. S and

Fig. S6), the same data have been graphically displayed.
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510 Table 3. Adsorbed inorganic pollutants by pristine moieties and HAP/CMC composites.“
Individual pollutant species Simultaneous pollution
Adsorbed Cu(II) Adsorbed Ni(II) Adsorbed MB Cu(ID) Ni(II) MB
Sample r y y -1
mgcwi)'8 sorbent MENi1)'8 sorbent MgmB'8 ~sorbent Mgpollutant’8 ~ sorbent
Co=250
Co=15ppm Co=75ppm Co=300ppm | Co=15ppm  Co=75ppm  Co=300ppm Co=500ppm | Co=300ppm  Co=300ppm  Co=250ppm
ppm
1.53 7.93 32.02 1.45 5.85 10.53 391 6.44 29.76 7.34 0.64
HAP
(98.1%)" (99.6%) (99.8%) (88.5%) (70.0%) (42.3%) (16.9%) (13.5%) (98.6%) (27.0%) (2.8%)
1.55 8.01 26.66 1.34 6.34 14.36 20.09 25.59 28.55 7.77 21.62
HAP/CMC4
(98.7%) (99.7%) (98.6%) (88.2%) (76.1%) (44.7%) (80.8%) (52.8%) (95.4%) (28.8%) (93.7%)
1.59 7.87 30.43 1.40 6.18 11.42 24.83 37.95 29.29 7.37 24.10
HAP/CMCS8
(99.6%) (99.8%) (98.4%) (89.8%) (76.4%) (37.2%) (100%) (78.6%) (93.1%) (26.0%) (99.4%)
1.39 6.33 30.23 1.45 6.50 13.13 24.58 40.95 30.13 4.72 24.12
HAP/CMC12
(99.7%) (99.8%) (98.5%) (89.6%) (80.1%) (40.0%) (100%) (88.9%) (96.3%) (17.2%) (99.9%)
1.56 5.99 29.23 1.37 5.55 9.74 25.06 47.36 28.75 3.78 24.17
HAP/CMC16
(99.5%) (99.6%) (96.4%) (90.1%) (78.4%) (29.0%) (100%) (99.7%) (91.5%) (14.1%) (99.8%)
1.52 6.48 12.21 1.67 5.00 6.49 25.06 48.78 15.33 2.68 25.21
CMC
(100%) (85.5%) (39.4%) (100%) (65.1%) (20.1%) (100%) (100%) (46.9%) (9.1%) (99.9%)
511 @ Sorption tests performed according to a stirred batch method, T = 30°C, contact time = 2 h, pH 5.5 (£0.5).
512 b Percentage removal calculated on the initial amount of pollutant in solution. All percentage data reported in the Table are affected by ca. 2% error.
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Table 3 indicates an almost complete removal of Cu(Il) by all HAP/CMC composites, stemming
from the pronounced affinity of HAP with this cation [14,31,34], which is in turn confirmed by the
sorption performance of pristine HAP itself (Fig. 7a and 7b).

On the opposite, pristine CMC is characterized by a limited sorption ability towards Cu(Il),
exhibiting a ca. 40% removal when Cu(Il) initial concentration was 300 ppm. The recognized low
affinity of activated carbons for cations adsorption and the almost null amount of (basic) surface
effective functionalities of CMC [35] are supposed to determine such negative performances. In a
similar fashion, Ni(II) adsorption ability of HAP/CMC composites (Table 3) is consistent with the
pristine HAP ability towards Ni(Il); a slight decrease in removal performance can be spotted for
increasing CMC content when the initial concentration of the pollutant was higher than 75 ppm. Apart
from these considerations on HAP/CMC composites, Ni(II) confirms to be hardly adsorbed on usually
efficient low-cost sorbents like HAP [14-16].

Regarding MB, HAP sorption capacity towards this organic pollutant is modest, as expected from
literature [20]. Conversely, CMC fully immobilizes the dye, mainly thanks to the peculiar ability of
carbonaceous materials to establish TI—Tt interaction with molecules bearing aromatic rings [20,36].
Notwithstanding the low CMC content, the HAP/CMC composites possess excellent sorption
properties towards MB. The HAP/CMC16 sample ensured total removal of the species under both
testing conditions, while an amount of CMC corresponding to ca. 8 wt.% content was sufficient to
completely remediate MB pollution when its initial concentration was 250 ppm. The relatively low
amount of CMC in composites guaranteed fast and effective sorption of MB, retaining the peculiar

CMC sorption features despite the compositing with HAP.

3.2.2 Simultaneous removal of organic and inorganic pollutants
After assessing the ability of HAP/CMC composites to adsorb individually both inorganic and
organic pollutants, the sorbents performances were evaluated contacting them with ternary solutions,

containing 300 — 300 — 250 ppm of Cu(II), Ni(II) and MB, respectively (Table 3 and Fig. S7).
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The results obtained for pristine HAP and CMC confirmed the complementary adsorption ability
of the two moieties, already observed. HAP displayed an optimal adsorption capacity towards the
inorganic species (almost full removal of Cu(Il) and ca. 26% removal of Ni(Il)) while CMC exhibits
outstanding ability in trapping MB. Interestingly, the high affinity of hydroxyapatite towards Cu(II)
ions resulted in preferential adsorption of this species at the expense of Ni(Il) ions. Differently, the
performances of CMC are not varied, except for Ni(II) uptake, which also in this case suffers from
the co-presence of MB and Cu(Il).

The dual nature of HAP/CMC composites conferred them unique adsorption capacity towards both
organic and inorganic pollutants. In particular, Cu(Il) was trapped on HAP/CMC composites with a
removal efficiency ranging from 85 to 95% throughout the whole range of CMC content studied,
evidencing that the diminished amount of HAP moiety in the composite did not affect the uptake of
this metal species. On the other hand, Ni(II) removal percentage decreases from ca. 25 to ca. 17%
passing from HAP/CMC4 to HAP/CMCI16. MB pollution is instead fully remediated by all
composites containing a CMC content higher than ca. 4 wt.%, suggesting that a moderate CMC
content (i.e. ca. 8 wt.%) is adequate to impart to HAP/CMC composites proper adsorption properties
towards organic pollutants. Therefore, HAP/CMCS8 emerged as the best performing composite, able

to assure the simultaneous removal of organic and inorganic polluting species.

3.2.3 Adsorption kinetics on HAP/CMCS8
Adsorption kinetics of the three pollutants on HAP/CMCS8 were investigated according to the
stirred batch adsorption methodology. Fig. a reports the concentration profiles of the pollutants as a

function of time (Table S4 and Table S5 report the numerical data).
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Fig. 8. a) Adsorption kinetics onto HAP/CMCS8 composite in ternary solution: residual concentration

of pollutants vs. time; b) fitting of experimental kinetic data with Elovich adsorption reaction model.

From a qualitative point of view, the curves reported in Fig. a disclose a defined trend in the
adsorption rate of pollutants, being MB > Cu(II) > Ni(II). Kinetic curves of the MB and Cu(Il) species
exhibit an almost exponential decrease in their concentration within the first 10-15 minutes, reaching
a stable value after ca. 30 and 60 minutes, respectively. On the opposite, Ni(II) adsorption kinetics
was way more sluggish; a stable residual value could not be achieved within 2 h of test.

Experimental kinetic data were then non-linearly fitted according to three adsorption reaction
models, which all find large application in describing the adsorption phenomena at the liquid-solid
interface [26]: pseudo-first-order (PFO), pseudo-second-order (PSO) and Elovich models. Figure 8b
reports the kinetic data fitted according to the Elovich model (the optimal kinetic parameters are
collected in Table 4) which was the best model for our data (PFO and PSO fittings and experimental
data are collected in Table S5).

Although Elovich adsorption reaction model is an empirical equation with no definite physical
meaning [26], it could be meaningful in terms of comparison of the adsorption kinetics of different
species on a sorbent. Initial adsorption rate (represented by the Elovich equation parameter a) of MB

onto HAP/CMC8 approaches infinite, consistently with the concentration versus time curve reported
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in Fig. a. Fast initial adsorption rate are calculated for Cu(Il) as well, while on the opposite Ni(II)

adsorption resulted ca. 4 order of magnitudes slower.

Table 4. Non-linearly regressed Elovich adsorption reaction model equation for pollutants adsorption

onto HAP/CMCS in ternary solutions.

a b R?
Pollutant
mg-g min!  gmg! -
Cu(II) 636.8 0.310 0.987
Ni(II) 0.062 0.0045 0.912
MB ~7-10’ 0.808  0.997

3.2.4 Sorbent dosage effect

The effect of HAP/CMCS dosage on the sorption performance were investigated by contacting
the sorbent with the ternary mixture solution employing different solid to volume ratios. Residual
pollutants concentrations after 2-hours long stirred batch adsorption tests at different HAP/CMCS

dosage are reported in Fig. , while numerical data are collected in Table S7.
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Fig. 9. Effect of HAP/CMCS8 dosage on sorption performance of ternary mixtures: Cu(II)-Ni(I[)-MB
mixtures (initial concentrations of Cu(Il) and Ni(II) of 300 ppm, each, and of MB of 250 ppm).
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As expected, overall performances were enhanced by the increase in the sorbent dosage,
although different trends were displayed by each pollutant. MB is progressively adsorbed for
increasing solid to liquid ratio, with 10 guapicmcs' L' representing the optimal sorbent dosage to
completely remediate MB pollution. No competitive effect could be spotted between MB and metal
cations, consistently indicating that MB trapping occurs preferentially on the carbonaceous moiety of
the composite, towards which metal cations show limited affinity.

On the other hand, evidences of Cu(Il) and Ni(Il) competition (presumably on the
hydroxyapatitic moiety of HAP/CMC8) may be detected. For sorbent dosage up to 5 guapcmcs-L,
Cu(Il) adsorption seemed to take place preferentially to Ni(Il) one. It is indeed evident that Ni(II)
adsorption was increased when almost all Cu(II) have been removed from solution (at sorbent dosage
10 guapicmcs L) and that a major improvement in Ni(II) removal was achieved when sorbent dosage
reaches the value of 25 guapicmcs'L'. Such a boost in the Ni(Il) adsorption performance by
HAP/CMCS could be addressed to the disappearance of the competition with Cu(Il) and the overall

increase of sorbent active sites available for Ni(II) trapping.

3.2.5 Leaching tests

After being contacted with the solution containing the three pollutants (contact time 2 hours,
sorbent dosage 10 guapicmcs' L), selected samples, namely HAP and CMC pristine moieties and
HAP/CMCS8 composite, underwent leaching tests, as to assess the permanent nature of pollutants
confinement onto their surfaces. The quantities of leached pollutants from the loaded sorbents are

reported in Fig. .
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Fig. 10. Results of the leaching tests of pollutants from HAP, CMC, and HAP/CMCS sorbents.

When contacted with fresh water, pollutants-loaded pristine HAP almost totally retained Cu(Il)
and MB; it must however be considered that the latter is trapped in negligible amounts during the
prior adsorption test (Table 3). Conversely, a relevant leaching affects Ni(Il), ca. 6.5% of the
immobilized Ni(II) was in fact released.

Pollutants-loaded pristine CMC shows whole retention of MB while major leaching phenomena
occurred for inorganic cations, despite the limited amount of Cu(Il) and Ni(II) adsorbed during the
adsorption tests (Table 3).

Interestingly, HAP/CMCS8 combines HAP and CMC permanent confinement features: Cu(Il) and
Ni(Il) leaching was indeed comparable to what observed for pristine HAP while an almost total

retention of MB was guaranteed by the CMC moiety of the composite.

3.3 Preliminary economic considerations

Adsorption is an easy and fast technology for wastewater treatment, whose processing costs are
essentially determined by production costs of adsorbents and energy consumption [37]. The price of
adsorbents is affected by several cost factors (e.g. labor costs, raw materials, energy consumption,

transport, taxes, storage). Although the adsorbent cost is a key factor for doing proper comparison,
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just indicative estimates can be proposed, since the costs may vary enormously depending on the
availability of raw materials, countries, processing required.

The two components in the composite adsorbents, presented in this work, can be considered as low-
cost materials. Actually, taking into account costs deriving from chemicals (calcium nitrate,
diammonium phosphate, ammonium hydroxide solution), water and electricity [38], a production cost
of ca. 1.25 USD/kg can be estimated for synthetic hydroxyapatite. If the cost is seen in relation to the
adsorption capacity towards Cu(Il), synthetic hydroxyapatite results on an equal footing with other
common low-cost sorbents (Table 5). If then hydroxyapatite was sourced from wastes, its use as
adsorbent would be even more convenient.

Similarly, concerning CMC, although literature data reported a production cost of around 3.24
USD/kg for analogous biomass activated carbon prepared using ZnCl, template [39], the high
adsorption capacity towards MB makes the CMC more convenient than other low-cost adsorbents
(e.g. fly ash, Table 5).

Finally, it is worth recalling another argument in favor, that is the possibility to achieve through
HAP/CMC composite materials the simultaneous remediation of inorganic and organic pollution,

with no negligible savings of time and money.
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Table 5. Production costs and performance of some relevant low-cost sorbents

Production costs Adsorption capacity
Material Target pollutant Ref.
(USD kg™ (mg-gh)

Hydroxyapatite 1.25 Cu(I) 79.5 This work
Chitosan 16 Cudl) 222 [40]
Bentonite 0.05 Cudl) 4.75 [40]
Sphagnum peat moss 0.02 Cu(I) 14.3 [40]
CMC 3.24 MB 380 This work
Cement-carbon composite 5.99 MB 9.06 [41]
Coal fly ash 3.1 MB 28.65 [42]
n-Layer amino-functionalized 1900 MB 3036 [43]

graphene oxide
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3.4 Final remarks and conclusions

Hydroxyapatite is a multifunctional biomaterial which has high potentiality for successful
application in the field of environmental management. A recent review highlighted the factors which
make hydroxyapatite an eco-friendly material [11]. Actually, HAP is a biocompatible, no toxic
compound, which can be sourced from several waste materials, thus contributing to mitigate
environmental issues and costs associated with the disposal of these undesirable materials.
Alternatively, hydroxyapatite can be synthesized starting from cheap precursors. A recent Life Cycle
Assessment (LCA) study of nanohydroxyapatite preparation identified electricity consumption,
H3PO4 production and transports for reagent acquisition as the three most environmentally damaging
items with wide margins of improvement [44].

On the other hand, CMC is a porous carbon material prepared starting from soluble carbohydrate
biomasses in the presence of the zinc chloride template. The use of cheap raw materials, the low
impurity content of the resulting carbon materials as well as the easy removal and reuse of the
template make the synthesis of CMC a facile and sustainable process [22].

Starting from HAP and CMC, eco-friendly HAP/CMC composites have been synthesized
according to a simple co-precipitation route.

Extensive compositional, structural, morphological and surface characterization allowed
rationalizing the effect of material composition on structural/morphological features and sorption
performances. Thanks to the dual nature exhibited by the composites, simultaneous remediation of
organic and inorganic pollution has been achieved in a one-step adsorption process, with the almost
complete abatement of hazardous species concentrations. The obtained results demonstrate that a
limited content of the carbonaceous moiety (ca. 8 wt.% CMC) is sufficient to impart optimal sorption
performances.

Despite the appealing of eco-friendly and efficient materials, only a few publications report on
the development of HAP/C composites as dual sorbents for simultaneous removal of organic and

inorganic pollutants from wastewaters [20,45-48]. Besides, HAP/C sorption ability has been mainly
38
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evaluated for inorganic benchmark pollutants (i.e. Pb(II) and Cu(Il)), often individually present in
solution. Under these conditions, the carbonaceous moiety of the composites acts merely as
support/dispersant of the hydroxyapatitic one, without exerting any assessable sorption action.

In this scenario, the remarkable adsorption features and the permanent nature of pollutant
confinement onto the HAP/CMC composites presented in this study prove that simultaneous removal
of both organic and inorganic pollutants from wastewater may be achieved combining two eco-
friendly and easily available moieties like hydroxyapatite and activated carbons. This study may serve
as the starting point for the development of sustainable and multifunctional chemical formulations
for the environmental remediation. In the circular economy perspective, the next step should provide
for the formation of HAP/C composites directly from waste materials. In this regard, biogenic wastes,
with high content of both phosphate salts and carbohydrates, might represent the ideal raw materials
for the production of such composites.

Furthermore, additional studies will be aimed to assess the effect of naturally occurring
complexing agents (e.g. fulvic and humic acids) on the stability and adsorption capacity of

composites, as to evaluate their possible application in the remediation of real wastewaters.
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SUPPORTING MATERIAL

Tuning the sorption ability of hydroxyapatite/carbon composites for
the simultaneous remediation of wastewaters containing organic-

inorganic pollutants

Michele Ferri, Sebastiano Campisi, Laura Polito, Jiany Shen, Antonella Gervasini

S1 Experimental details

S1.1 Operative conditions in materials characterization
Herein the operative conditions applied in materials characterization are detailed.

Thermogravimetric_analyses (TGA): In a typical TGA experiment, ca. 10 mg of HAP/CMC

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™! under flushing N (flowrate 20.00 mL min™);
 Isothermal step at 120°C under flushing N2 (flowrate 20.00 mL min™') for 60 minutes;
+ Heating from 120 to 800°C at 5.00°C min™' under flushing air (flowrate 20.00 mL min™');
+ Cooling down to RT at 20°C min™! under flushing N2 (flowrate 20.00 mL min™).

N2 _ads/des isotherms: N> adsorption-desorption isotherms were collected at liquid nitrogen

temperature, by means of a Sorptomatic 1990 version instrument from Thermo Scientific (Carlo
Erba). The analysis was controlled by computer processing using MILES-200 program and
MILEADP software for computations. Low-pressure part of the adsorption branch of the isotherm
has been modeled according to the 3-parameter BET equation (0.005 < p/p° < 0.4) as to determine
specific surface area (Sa). The desorption branch has been interpreted by B.J.H. (Barrett-Joyner-
Halenda) model (0.3 < p/p® < 0.95), thus obtaining the pore size distribution (PSD). Prior to the

analysis, dried samples (ca. 150 mg) were outgassed for 4 h at 150°C under a residual pressure of 0.1
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mbar, in order to fully remove water from meso and micropores. Nitrogen used for the analyses was
99.9995% purity.

XRPD measures: X-ray powder diffraction analyses were performed using a Philips Powder X-

ray diffractometer equipped with a PW 1830 generator, mounting a graphite monochromator,
operating with Cu Ko (. = 1.5418 A) radiation. The X-ray tube worked at 40 kVx40 mA. Diffraction
patterns were collected from 10° to 60° in 20, with a scan rate of 0.6° min™' and a step size of 0.05°.
Phase identification was performed by Match! Software, from Crystal Impact GbR.

TEM imaging: Grids for TEM imaging were prepared as follows: for each sample, ca. 7 mg of
dried material 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 uL of
the resulting suspension were dropped on dried 300 mesh formvar/carbon copper grids (Cu 300 FC).

Transmission FT-IR: Spectra were collected on pads made from mixtures of dried samples (16 h

at 120°C under air) and dried KBr (FT-IR grade, from Sigma-Aldrich), with a constant sample to KBr
weight ratio of ca. 1:30.

Raman spectra: 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 x 128 pixels) 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).

Surface acidity/basicity determination: Surface acid-basic features have been determined

according to a pulsed-injection method, operated on a modified HPLC line. Previous to the
experiment, ca. 20 mg of dried sample were crushed, sieved as 80-200 mesh particles, and placed in
a sample holder (stainless steel tube, @ = 2 mm, h = 12 cm) between two sand pillows. The sample
was thermally treated to ensure the full removal of water from meso and micropores (3 h at 150°C

under flowing air at flowrate of ca. 7 mL min™!). After vacuum-wetting with the solvent of choice,
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the sample holder was placed on the modified HPLC line and thermostated at 30°C. A typical analysis
was performed under a liquid flow rate of 5 mL min'!. Regular injections of known amounts of probe
solution were performed (Atinj = 5 min, 10 pL of ca. 0.12 M PEA in both solvents for acid sites
titration; Atinj = 40 min and 40 pL of ca. 0.05 M BA in cyclohexane and ca. 0.025 M in water for
basic sites titration), thus obtaining a chromatogram composed of successive and increasing peaks.

The differences in the Atiyj and in the probe Viyj between acidity and basicity measures origins from
the different adsorption kinetics of PEA and BA, the latter being characterized by a slow and constant
desorption under high solvent flowrate, thus hampering a precise collection of experimental point at
small Atiyj (see Fig. S2 for two typical titration chromatograms). Saturation was considered to be
achieved (i.e. complete titration of all surface sites) when constant peaks- height and area were
obtained for 3 consecutive injections. Mathematical interpretation of the results can be found in the

following paragraph.

Evaluation of HAP/CMC composites sorption ability: Adsorption tests were performed according

to a stirred batch setup described in the main text. Quantification of the initial and final Cu(Il) and
Ni(II) concentrations have been carried out using a Dionex DX-120 chromatograph equipped with a
Dionex IonPacTM CS5A 4 x 250 mm column (eluent: 50 mM Oxalate/95 mM lithium hydroxide pH
4.80), a derivatization system (post-column reagent: 0.4 mM 4-(2-pryidylazo)resorcinol (PAR)/ 1M
acetic acid / 3 M ammonium hydroxide) and a Merck Hitachi L-4200 UV/Vis detector. Copper and
nickel standards (1,000 pg/mL, 2% HNO3 from Perkin Elmer) were used for IC-UV Vis calibrations.

Initial and final MB concentration were instead determined by UV-visible spectrophotometry

(Shimadzu UV-3600 spectrophotometer) at fixed wavelength (Amax = 662 nm).

S1.2 Acid-base pulsed-injections titration method
In a pulsed-injections titration, dosed amount of acid or basic probe molecules are sent to the
sample, collected in a sample holder as described in the “Materials and methods™ Section, under a

continuous flow of the pure solvent of choice.
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Fig. S1. Scheme of the modified HPLC line for pulsed-injection liquid-solid acid-base titrations (main

figure) and a typical chromatogram obtained from an acid/basic titration (inset).

In the configuration reported in Fig. S/, the non-adsorbed probe is revealed by the UV-vis
detector as a peak (inset in the upper right corner of Fig. S7). The integrated peak area can be directly
correlated to the quantity of probe itself after proper calibration. Thus, by difference with the (known)
amount of injected probe, it is possible to obtain the quantity of adsorbed probe molecules. As result
of the increasing surface saturation after each injection, the peaks area tends to increase accordingly,
as the quantity of probe adsorbed by the sample reduces. Once saturation is attained, the peaks display
a constant area, identifying the end point of the titration.

It is therefore possible to quantify the number of surface acid/base sites by computing the
amount of probe adsorbed and assuming a given stoichiometry (in this specific case, 1:1) between the
probe and the surface acid/base site:

[probe] ' VInj . Asat - Ai

robe adsorbed; =
P ' Meat Agat

where:

- probe adsorbed (mmol g'!') = quantity of probe molecule adsorbed on the sample
during the i injection;
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- [probe] (mol L") = concentration of the injected probe (PEA or BA) solution;

- Vi (mL) = volume of the single i injection;

- Mmea (g) = mass of sample put in the sample holder;

- Asa = average chromatographic area of the peaks at saturation (when constant area
value is attained);

- A; = chromatographic area of the i 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
and it is possible to express the total number of surface acid/base sites of the sample as meq g or

meq m>.

In the following, two typical chromatograms, registered on HAP/CMCS8 composite, when
titrating with a) PEA and b) BA in cyclohexane under the operative conditions reported in the

“Materials and methods” Section.

40 80
a) b)

304 60 4
S S
E E
= 20 — 404
g g
2 o
(7] ()

i U L k‘ } k )

0 K ; . ; ; 0 'K . ; . :
0 30 60 90 120 150 0 30 60 90 120 150 180
Time (min) Time (min)

Fig. S2. Typical chromatograms registered on HAP/CMC composites under the operative conditions
detailed in the “Materials and methods” Section. In the specific: a) acid sites titration with PEA in
cyclohexane (i.e. intrinsic acidity); b) basic sites titration with BA in cyclohexane (i.e. intrinsic

basicity).
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Fig. S3. Calibration line of thermogravimetric weight loss versus CMC content (wt.%) obtained from

TG analyses on physical mixtures with known HAP:CMC massive ratio.

Table S1: Weighted masses of pristine HAP and CMC for the creation of HAP-CMC physical

mixtures.

Sample - Physical mixture

m CMC mHAP CMC wt. %

mg %
HAP-CMC4 4.9 4.49
HAP-CMC8 9.0 8.88
HAP-CMC12 13.9 13.43
HAP-CMC16 17.9 18.10
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Fig. S4. N> adsorption/desorption isotherms registered on a) pristine CMC; b) pristine HAP; c)
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Fig. S5. Pore size distribution (PSD) calculated according to BJH method (0.3 < p/p° < 0.95) for a)
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Fig. S7. FT-IR transmission spectra of pristine moieties and HAP/CMC composites.
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Fig. S8. Comparison between transmittance FT-IR spectra of HAP/CMC4 (composite) and HAP-
CMCH4 (physical mixture).
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Table S2. Number/density of intrinsic (already presented in Table 1, reported here for the sake of

clarity and comparison) and effective surface acid and basic sites of pristine moieties (HAP and CMC)

and HAP/CMC composites.

Total acid sites

Total basic sites

Sample Intrinsic (Cy) Effective (H20) Intrinsic (Cy) Effective (H20)
meq g’ peqgm? | meqg’ peqm? | meqg'  peqgm? | meqg’  peqm?

HAP 0.221 2.197 N.D. N.D. 0.016 0.156 N.D. N.D.
HAP/CMC4 0.156 1.139 N.D. N.D. 0.004 0.030 N.D. N.D.
HAP/CMC8  0.089 0.687 N.D. N.D. 0.006 0.048 N.D. N.D.
HAP/CMC12 0.091 0.613 N.D. N.D. 0.020 0.137 N.D. N.D.
HAP/CMC16 0.021 0.174 N.D. N.D. 0.003 0.024 N.D. N.D.
Pristine CMC  0.251 0.203 0.355 0.240 0 0 N.D. N.D.
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S3 Sorption ability of HAP/CMC composites

Table S3. Complexation constants of the target metal species with the functional groups representing

the main basic surface moieties of HAP.

Log Kc?
Metal species -OH -POH -COOH
25°C u=0 25°C u=05 25°C p=0
Cu(l) 6.3 3.2 9.6
Ni(l1) 4.1 2.1 6.9

9 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 ti=0

a) = - b) e
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Fig. S10. Percentage removal of a) Cu(Il) and b) Ni(II) achieved in single component solutions by
pristine moieties and HAP/CMC composites, starting from different initial concentrations of pollutant

species. Sorption tests performed according to a stirred batch method, T = 30°C, contact time = 2 h,
pH 5.5 (£ 0.5).
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1021  Fig. S6. Percentage removal of MB achieved in single component solutions by pristine moieties and
1022 HAP/CMC composites starting from different MB initial concentrations. Sorption tests performed
1023  according to a stirred batch method, T = 30°C, contact time =2 h, pH 5.5 (£ 0.5).
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1025  Fig. S7. Percentage removal of Cu(Il), Ni(Il) and MB achieved in ternary solutions by pristine
1026  moieties and HAP/CMC composites. Sorption tests performed according to a stirred batch method,
1027 T =30°C, contact time = 2 h, pH 5.5 (£ 0.5). Cu(II) and Ni(II) initial concentration was set at ca. 300

1028  ppm while MB initial concentration was ca. 250 ppm.
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1030 Table S4. Kinetic data of pollutants adsorption onto HAP/CMCS in ternary mixtures. On the left,
1031  residual concentration (ppm) vs. time; on the right, adsorbed amount of pollutants (mgpolutant

1032 guapcmcs ') vs. time

Time Residual pollutant concentration Adsorbed pollutant
min ppm Mg Pollutant gHAP/CMC8']
Cu(Il) Ni(Il) MB Cu(Il) Ni(Il) MB

0 330.8 306.0 268.6 - - -

0.5 167.7 301.9 52.5 15.7 0.4 20.8

1 152.0 3024 41.7 17.8 0.4 22.6

3 135.7 284.4 38.1 19.5 2.2 23.1

5 120.0 307.4 23.5 20.8 0.0 242

10 92.4 296.8 9.1 23.2 0.9 25.2

15 58.6 291.8 8.2 26.8 1.4 25.7

30 35.5 289.2 2.8 29.3 1.7 26.4

60 22.8 271.8 1.7 30.3 3.4 26.3

120 22.8 229.8 1.7 30.3 7.4 26.3
1033
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1035  Fig. S8. a) Cu(Il), b) Ni(Il) and c) MB fitting of experimental kinetic data (full circles) with PFO
1036  (dotted black line), PSO (dotted red line) and Elovich (dotted blue line) adsorption reaction models.
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Table S5. Non-linearly regressed parameters of pseudo-first-order (PFO), pseudo-second-order

(PSO) and Elovich adsorption reaction models for pollutants adsorption kinetics onto HAP/CMCS in

ternary solutions.

PFO PSO Elovich
2 2 2
Pollutant Qe R k2 Qe - R a B R
min’’! mg g'] - g mg'] min! mg] J - mg g'] min! g mg'] -
Cu(II) 1.523 25.0 0.847 0.068 27.1 00916 636.8 0.310 0.987
Ni(II) 0.0017 379  0.909 0.0002 224  0.892 0.062 0.0045 0.912
MB 3.338 25.0 0.980 0.303 256 0992 67713150 0.808 0.997

Table S6. Calculated time-dependent adsorption rate (according to Elovich model) of pollutants onto

HAP/CMCS.

t
min

Cu(Il) Ni(ID) MB

7
MmgAds gSorbent ~ MIN

0
0.1
0.2
0.3
0.4
0.5

120

636.8 0.062 67713150
30.74  0.062 12.38
15.75 0.062 6.19
10.59 0.062 4.13
797  0.062 3.09
6.39  0.062 2.48
3.21  0.062 1.24
1.61  0.062 0.62
1.07  0.062 0.41
0.81 0.062 0.31
0.65 0.062 0.25
0.32  0.062 0.12
022  0.061 0.08
0.11  0.061 0.04
0.07  0.061 0.03
0.05 0.061 0.02
0.04 0.060 0.01
0.03  0.060 0.01
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1046  Table S7. Residual pollutant concentration (ppm) and amount of adsorbed pollutant (mgpolutant L

1047  guapicmcs’') at different HAP/CMCS dosage.

HAP/CMCS8 dosage  Residual pollutant concentration Adsorbed pollutant
gHap/cmcs L ppm mgPpoltutant L gHar/cMCS!
Cu(ll) Ni(Il) MB Cu(ll) Ni(Il) MB
0.5 300.3 306.8 211.4 3.07 0.00 5.76
1 245.8 310.1 175.2 4.06 0.00 4.46
5 53.6 297.2 40.7 0.54 0.02 0.44
10 22.8 229.8 1.7 0.30 0.07 0.26
25 6.0 151.7 0.1 0.13 0.06 0.11
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1050 Fig. S9. Effect of contact time on the remediation efficiency of pristine HAP towards Ni(II) pollution.
1051  Initial Ni(Il) concentration, both in individual (bars on the left) and ternary (bars on the right)
1052  solutions, is 300 ppm.
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