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ABSTRACT

Herein, we report a one-pot wet chemical method adopted to synthesize ad hoc MnO, nanoparticles. By
varying both the manganese salt precursors (e.g. sulphate or chloride) and the oxidizing agents (e.g.
ammonium persulphate, potassium permanganate or potassium bromate), we succeeded in tailoring
MnO, structural, morphological and surface features. Hence, owing to nanopowders peculiar properties,
they were exploited as adsorbents for aqueous Methyl Orange (MO) removal. Particularly, novel MnO,
nanorods (from manganese sulphate and potassium bromate, namely MS_Br) showed the highest
removal efficiency probably due to both its polymorphic composition and its highest percentage of pores
with diameter under 20 nm. Then, this powder was grown on Activated Carbon (AC40, sample
MS_Br@AcC40) pellets to either enhance its adsorption properties or to facilitate the adsorbent removal
at the end of the kinetic test. Novel MS_Br@AC40 shows superior MO removal capabilities, achieving
the almost total pollutant disappearance, thanks to the synergistic adsorption/oxidation features
between carbon (high surface area, i.e. 1200 m? g~!) and MnO,. By means of HPLC-MS on eluates, we also
managed to investigate MS_Br and MS_Br@AC40 degradative power towards MO molecules, thus leading
to a novel degradation pathway. Finally, the adsorbent regeneration capability has been evaluated, show-
ing very promising results.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Due to the rapid pace of global industrialization, the contamina-
tion of water resources has largely occurred [1-3]. Specifically,
organic dyes are used in a wide range of industries, such as textiles,
dying, leather, paper and they are one of the main water pollutants
with severe environmental impact [4,5]. Moreover, the synthetic
origin and complex aromatic molecular structures of these pollu-
tants make them very stable and resistant to biodegradation.
Particularly, Methyl Orange (MO) is a good representative of the
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aromatic azo-dyes and it constitutes about half of the total world
dye market [6]. Furthermore, MO compounds are recognized as
potential carcinogens [6,7] and, therefore, the treatment of
wastewater containing them, prior to disposal, is becoming more
and more urgent [8,9].

A variety of research studies have been recently carried out in
order to remove/degrade MO from wastewaters [10-14]. Many
technologies, such as chemical oxidation [15], photochemical/
ultrasonic degradation [16,17], reverse osmosis [18] and flotation
[19] have been exploited. Among them, adsorption is one of the
most effective methods, due to its easy operation, low cost, avail-
ability of a wide range of adsorbents and, above all, because it is
a non-destructive technology [20-24]. The most common used
adsorbent for wastewater treatment system is bare activated car-
bon, owing to its large specific surface area [21]. However, the
capability of carbon material to unspecifically adsorb all kinds of
pollutant molecules (both dyes and organic species) has led to
use it in the final step of the removal treatment [25].
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Hence, among various available materials, metal oxides have
potential applications in water treatment due to their high surface
area and low regeneration costs [9]. In particular, nanosized man-
ganese dioxide (MnO,) is a multifunctional material, which has
been broadly applied in the areas of electrocatalysis [26,27] and
supercapacitors, as well as in the adsorption technology [9,28].
Furthermore, MnO, nanomaterials may also offer efficient and
innovative solutions for organic pollutant degradation. Indeed,
manganese dioxide can grow in more than 20 different poly-
morphs (having layered or tunneled structures) characterized by
multivalent nature and nonstoichiometric compositions, which
can lead to both high adsorption degree and great oxidative degra-
dation power [9,29]. However, manganese oxides suffer from the
low electron transfer performance and the small surface area
[30]; hence, in order to overcome these issues, a MnO, growth onto
Activated Carbon (AC) support could be performed, achieving com-
posites characterized by enlarged surface area and great adsorp-
tion capabilities [31-33]. Indeed, the possibility to combine
different materials to produce innovative composite with
enhanced performances with respect to the precursors has brought
important results in many research fields [34-36].

In this context, we report herein a deep investigation of novel
hydrothermal syntheses of MnO, nanoparticles with peculiar
physico-chemical properties. Indeed, by varying the starting man-
ganese salt precursors and oxidizing agents, ad hoc MnO, nanorods
with different structural and surface features, to be applied in the
wastewater treatment, have been prepared. All the synthesized
nanopowders have been used as methyl orange adsorbents and a
further comparison among their adsorption capabilities has been
made. Further, the most performing powder was grown on Acti-
vated Carbon (AC) to enhance its removal properties. Then, either
pure or activated carbon-based composite were deeply studied
on their adsorption/oxidation power and, since no literature is
available about the complex MO degradation pathway by MnO,
and MnO,@AC, we hypothesized a possible mechanism exploiting
the HPLC-MS on eluates. Finally, the adsorbent regeneration capa-
bility has been evaluated, showing very promising results.

2. Material and methods

All the chemicals were of reagent-grade purity and were used
without further purification; doubly distilled water passed through
a Milli-Q apparatus was utilized. All the reagents used were pur-
chased from Sigma-Aldrich.

2.1. Synthesis of MnO, nanoparticles

In this work, we followed the one-pot hydrothermal procedure
already optimized in our laboratory [27,37]. Herein, we adopted
stoichiometric manganese sulphate monohydrate (MnSO,4 x H,0)
or manganese chloride tetrahydrate (MnCl, x 4H,0) as the salt
precursors, and ammonium persulphate ((NH4),S,0g), potassium
permanganate (KMnQ,) or potassium bromate (KBrOs) as the oxi-
dizing agents. No further calcination steps were required, since all
the synthesized nanopowders have shown a high degree of crys-
tallinity (see in the following).

Samples were labeled as MX_Y according to either the salt pre-
cursor (X =S for manganese sulphate monohydrate or Cl for man-
ganese chloride tetrahydrate) or the oxidizing agent (Y=N for
ammonium persulphate, K for potassium permanganate or Br for
potassium bromate) used (see Table 1).

Pellet Activated Carbon (type Ceca AC40, from Arkema Group,
inset of Fig. S1a) was used in this study.

As concerns the composite powder, MS_Br was chosen to be
grown on the carbon support thanks to its attested superior

Table 1
Mn?* precursors and oxidizing agents adopted in the synthesis.

Sample Precursor Oxidizing agent

MS_N MnSO4 (NH4)2S,08

MS_K MnSO, KMnO,

MS_Br MnSO, KBrO3

MCI_K MnCl, KMnO,4
adsorption/degradation  capacities  (sample labeled as

MS_Br@AcC40). Hence, the analogous synthetic route was adopted,
except for the addition of the activated carbon pellets in the flask
containing the manganese salt solution, with a salt:AC40 weight
ratio of 4:1.

2.2. Sample characterizations

X-ray Powder Diffraction (XRPD) analyses were performed on a
Philips PW 3710 Bragg-Brentano goniometer equipped with a scin-
tillation counter, 1° divergence slit, 0.2 mm receiving slit and 0.04°
soller slit systems. We employed graphite-monochromated Cu Ko
radiation (Cu Ky 4 =1.54056 A, Ko 4=1.54433 A) at 40 kV x 40
mA nominal X-rays power. Diffraction patterns were collected
between 20° and 90° with a step size of 0.1° and a total counting
time of about 1 h. A microcrystalline Si-powdered sample was used
as a reference to correct for instrumental line broadening effects.

Scanning Electron Microscopy (SEM)/Energy Dispersive X-ray
spectroscopy (EDX) were carried out using a LEO 1430 Microscope
(100k magnification, 5 nm resolution) coupled with Hitachi
ED3000 spectrophotometer.

Transmission Electron Microscope (TEM) analyses were per-
formed on LIBRA 200 EFTEM (Zeiss) instrument operated at 200
kV accelerating voltage. The TEM grids were prepared dropping
the dispersed suspension of nanoparticles in isopropanol onto a
holey-carbon supported copper grid and drying it in air at room
temperature overnight.

The BET surface area was determined by a multipoint BET
method using the adsorption data in the relative pressure (p/po)
range of 0.05-0.20 (Coulter SA3100 apparatus). Desorption iso-
therms were used to determine the total pore volume using the
Barrett-Joyner-Halenda (BJH) method.

In order to investigate Mn oxidation states in the as-prepared
manganese dioxide nanoparticles, Cyclic Voltammetry (CV) analy-
ses were carried out by using MnO,-Glassy Carbon (MX_Y-GC)
electrodes (i.e. diamond powder polished GC was modified by 20
uL drop casting of 1 mg mL™! MnO, nanoparticles suspension in
dimethylformamide). The electrochemical measurements were
performed in a conventional three-electrode cell using a platinum
wire as counter electrode, a Saturated Calomel Electrode (SCE) as
reference electrode and the MX_Y—GC as working electrode. An
acetate buffer (pH 4) was utilized as the supporting electrolyte.
The CVs were recorded at room temperature by using an Autolab
PGStat30 (Ecochemie, The Netherlands) potentiostat/galvanostat
controlled by NOVA 2.0 software for data acquisition. A step poten-
tial of 0.005V and a scan rate of 0.1 Vs~ were adopted, in the
potential range between —1.0 and +1.7 V (vs SCE). For the same
purpose, X-ray Photoelectron Spectroscopy (XPS) analysis was car-
ried out using a Mprobe apparatus (Surface Science Instruments).
The source was the monochromatic Al Ko radiation (1486.6 eV);
a spot size of 200 x 750 mm and a pass energy of 25 eV were used.
The 1s level of hydrocarbon-contaminant carbon was taken as the
internal reference at 284.6 eV. The accuracy of the reported bind-
ing energies (B. E.) can be estimated to be around 0.2 eV and the
resolution is equal to 0.74 eV.
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2.3. Methyl Orange removal tests

The Methyl Orange (MO) adsorption/removal capability was
achieved by mixing 150 mL of MO aqueous solution (100 mg L")
and 75 mg of pure manganese dioxide nanopowders or carbon-
based composite (500 mg L', 5:1 weight proportion absorbent:
MO molecules). All the experiments were carried out at room tem-
perature, at spontaneous pH (~3 for all the samples) and dark con-
ditions, under vigorous stirring both to maintain a good dispersion
of the MnO, nanopowders and to assure interaction between the
adsorbent material and the dye. Indeed, the point of zero charge
(pzc) of all the synthesized MnO, nanopowders is lower than 3,
whereas pK, of MO is around 3.5 [38]. Thus, at pH ~ 3 dye mole-
cules and nanoparticles show a slightly neutral and negative
charge, respectively. So, under these conditions, the adsorption
process is favored. The kinetics were monitored for 2 h by UV/Vis
spectroscopy (MO peak at 465 nm, Shimadzu UV/Vis spectropho-
tometer UV-2600). Every 30 min an aliquot of 5 mL of dispersion
was collected and filtrated using a 0.45 pm acetate cellulose micro-
porous membrane. Then, UV/Vis spectra were registered for each
aliquot (diluted 1:5 before measurement). The amount of MO
adsorbed on the MnO, and MnO,@AC40 during time (q;, mgg™')
was calculated using the following equation:

V(co — ¢
4. = ((;/V 2

where ¢y and ¢; (in mg L~!) are the MO liquid phase concentrations
at the initial and certain time t, respectively; V (in L) is the volume
of the solution and W (g) is the mass of the adsorbent used.

Furthermore, in order to investigate the MO degradation mech-
anism, aliquots of methyl orange eluate (after 2 h) were examined
by using HPLC-MS technique (HPLC Agilent Technologies 1200 ser-
ies instrument coupled with a Thermo Scientific LTQ Orbitrap XL
analyzer). Chromatographic separations were carried out on a Zor-
bax SB-C18 column (150 x 2.1 mm, particle size 3 um), with a sam-
ple volume of 1 mL and a flux rate of 160 uL min~'. The separation
step was made using a mobile phase composed of a first component
A (H,0 + HCOOH 0.1%) and a second component B (acetonitrile,
AcN) in non-isocratic conditions: t =0 min, A=99% and B=1%; t
=18 min, A = 10% and B = 90%. The stop time was fixed at 19 min.
The chromatographic effluent was then ionized by nano-ESI in neg-
ative mode [M—H] . The ESI source settings were: spray voltage 2.5
kV; capillary temperature 250 °C. Mass spectrometric analyses
were done in full scan mode (scan range 60.00-600.00 m/z).

The used MnO, powders were then investigated by Attenuated
Total Reflectance Fourier Transformed Infrared (ATR-FTIR) spec-
troscopy to confirm both the MO adsorption and the possible by-
products formation.

Finally, MO desorption from MnO, or MnO,@AC40 powders
was studied by adding NaOH (the suitable amount to increase
the pH up to 10) in order to evaluate the adsorbent regeneration
by analysing the UV/Vis spectra of the filtrated solutions.

3. Results and discussion

3.1. Physico-chemical characterizations of pure and carbon-based
MnO, materials

The physico-chemical properties of all the prepared MnO, sam-
ples were finely tailored by varying the starting salt precursors/
oxidizing agents.

From the morphological point of view, TEM images of each sam-
ple show sticky-shaped nanoparticles, having a diameter in the
range 20-50 nm and lengths up to several hundred of nanometers
(Fig. 1) [27,37]. Thus, the use of different synthetic reagents does

not seem to significantly influence the nanopowders morphology.
Concerning the MS_Br@AC40 sample, the growth of manganese
dioxide seems to provoke a perceivable change in the surface tex-
ture, since a more sponge-like structure could be appreciated by
SEM technique with respect to the bare activated carbon (Fig. S1a
and b). Furthermore, the effective presence of manganese onto car-
bon support (Fig. S1c and d) has been corroborated by EDX maps.

Instead, the structural analysis reveals a diversity in the poly-
morphic composition among the bare MnO,. Indeed, MS_K sample
is the only powder composed by the o phase, whereas all the other
samples show the presence of a secondary polymorph, ie. B-
ramsdellite one (Fig. S2, 20 at around 22° and Table 2, 2nd column).
Therefore, by keeping constant the manganese sulphate precursor
and by varying the oxidizing agent, we evidenced the pivotal role
played by both the cations and anions of the latter species. Actually,
as already reported in the literature [27,39], the presence of K* ions
(MS_K sample) favors the formation and growth of a-MnO, which
is, by contrast, hindered by NH3 (MS_N sample) that promotes the
B-ramsdellite polymorph. The adoption of a third oxidant species
(i.e. KBrOs, MS_Br nanopowder) has led to the same structural com-
position as in the case of MS_N. Indeed, notwithstanding the pres-
ence of potassium cations, the Brp gaseous molecules (deriving
from bromate anions) could have inhibited the selective growth
of the a-MnO-, on behalf of the ramsdellite one (Fig. S2). Moreover,
as concerns the adoption of manganese chloride instead of sulphate
as the Mn?* precursor, the formation of p-ramsdellite is probably
due to the adsorption of CI~ ions which could hinder the growth
of the a-phase along its preferential directions [37].

A further evaluation of the main role played by the adopted
reagents was obtained by BET surface analysis. Once again, the use
of the oxidants with potassium cations (in combination with man-
ganese sulphate) has led to a higher value of Sger(e.g. 116 and 108
m? g~ for MS_K and MS_Br, respectively; see Table 2, 3rd column)
whereas the presence of NHj provoked a higher particle sintering
degree [27,40], thus resulting in a lower surface area value (41 m?
g~ 1). On the contrary, the manganese chloride/potassium perman-
ganate couple (MCI_K sample) has led to only 69 m? g ! (Table 2).
This fact is probably due to the presence of the chloride (instead of
sulphate) anions that could remain adsorbed on the MnO, surface,
promoting the sintering process and subsequently a lower surface
area[37]. We also believe that SO3~ groups (from sulphate Mn?* pre-
cursor) and the surface —OH groups on the manganese oxide mate-
rials may interact with each other and form a steric barrier, thus
preventing nanoparticles from further aggregation [37]. For
MS_Br@AcC40, a huge increase in the surface area has been observed
with respect to MS_Br (Table 2, 4th and 7th lines), thanks to the car-
bon support (having a Sger value of 1220 m? g~ !). Moreover, the
growth of the oxide nanoparticles on it has led to the increase of
the pores with diameter smaller than 20 nm (Table 2, 4th and 5th
columns), which are pivotal for the final MO adsorption (see in the
following). Further, the difference in the pore features can be clearly
observed by analyzing the shape of the adsorption isotherms curves
(Fig. S3). All the bare MnO, samples present an isotherm shape sim-
ilar to type II, typical of mesoporous powders with slit-shaped pores
opened at both ends and characterized by diameters larger than
micropores [41]. On the contrary, the presence of the carbon support
drastically changes the profile curve and the hysteresis loop into
those typical of “bottle-neck” pores, i.e. pores with a narrow opening
and a wide body (according to McBain’s theory) [41].

3.2. MO adsorption/degradation by pure and composite MnO, samples
3.2.1. MO adsorption capability by tailored MnO, nanopowders

The MO adsorption capacities of the different MnO, nanopow-
ders have been evaluated by comparing the amount of dye mole-
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Fig. 1. TEM images of (a) MS_N, (b) MS_K, (c) MS_Br and (d) MCI_K.

Table 2

Physico-chemical features (e.g. XRPD polymorphic composition, surface area (Sggr), total pore volume (Vior. pores) and relative percentages of pore size distribution) of both bare

MnO, and carbon-based composite samples.

Sample XRPD polymorph Sger (M2 g™1) Viot. pores (cm® g~!) % d <20 nm % 20<d<80nm % d >80 nm
MS_N o+ 41 0.201 25 60 15

MS_K o 116 0.895 8 74 18

MS_Br o+ 108 0.430 30 53 17

MCI_K o+ 69 0.576 13 71 16

AC40 — 1220 1.990 6 1 94
MS_Br@AC40 — 800 0.234 83 12 5

cules (q;) adsorbed during time. Thus, among the pure MnO, sam-
ples MS_Br sample seems to be the most performing adsorbent
material (Fig. 2), followed digressively by MS_N, MCI_K and
MS_K powders. As widely known [9,28,42], the adsorption capabil-
ity of a certain material is deeply connected with its surface fea-
tures (i.e. the higher the surface area, the greater the adsorption
performances). However, in this study, q; (Fig. 2) values do not fol-
low the Sger trend (Table 2, 3rd column) since MS_K sample (Sger =
116 m? g~!) shows the worst adsorption behavior. According to the
study reported by Liu et al. [43], the adsorption capacities could
also depend on the MnO, crystallographic composition. Particu-
larly, in our case, the growth of the secondary polymorph (B-
ramsdellite, Table 2 and Fig. S2) seems to enhance the adsorbents
performances. A further parallel explanation could be traced back
to the total pore volume and the different pore size distribution
(Table 2; from 4th to 7th column) of the tailor-made nanoparticles.
Actually, methyl orange has a molecular size of around 26 A in

aqueous solution [44], therefore powders with pore diameters
nearly or larger than 30 A could be filled by MO molecules. As it
can be noticed in Table 2, MS_Br and MS_K samples have the high-
est and lowest percentages of pores with diameter under 20 nm,
respectively [27]. Hence, this surface feature goes hand in hand
with the adsorption capability, since smaller pores seem to pro-
mote the entrapment of the dye molecules, which is not guaran-
teed by a high percentage of bigger ones, due to the possible
establishment of an adsorption/desorption equilibrium. Moreover,
by comparing the IR spectra of both the synthesized nanopowders
and MO, MnO, adsorbent performances previously observed have
been corroborated. Indeed, some of the methyl orange characteris-
tic peaks (highlighted in the MO spectrum of Figs. S3 and 54, e.g.
stretching of C=C (1599 cm™!), S=0 (1115 cm™' and 1035 cm™1),
C=N (1313cm™!) and N=N (1519 cm™!), and bending of C—C
(1193 cm™') and C—H (750-800 cm™') [28,43,45]) are still present
in the spectra of used MS_N, MCI_K and MS_Br samples. On the
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Fig. 2. Effect of contact time on the adsorption capability (q,) of all the samples,
both pure and composite one. Experimental conditions: 100 mg L™" of initial MO,
75 mg of the adsorbent powder, total volume of 150 mL and T=(293 + 1) K.

contrary, there is no peaks evidence for MS_K, thus underlining
again its lowest adsorption capacity.

3.2.2. MO adsorption capability by MS_Br@AC40 composite

Once figured out MS_Br could lead to a significant MO removal,
to further enhance its performances we decided to grow it onto
Activated Carbon pellets, which are easier to remove and have a
very high surface area (1220 m? g1, Table 2). Hence, MO removal
tests have been carried out with the achievement of almost the
total dye disappearance within the very first minutes of the
adsorption kinetics (Fig. 2, purple line). Moreover, we succeeded
in demonstrating the optimal synergistic effect between MS_Br
and the carbon support, since the highest q, values were obtained
by MS_Br@AC40 sample. This may be due to the high active surface
area of AC40 (with a desired porosity, Table 2) along with the pos-
sible degradation/oxidation power of MnO, nanoparticles. This is
fully in accordance with the results of Xu and co-workers [31],
who reported that the three-dimensional MnO,/Carbon sphere
composite has an outstanding Hg® removal performance, due to
either its higher catalytic oxidation or adsorption capability.

Further, in order to corroborate the present hypothesis, higher
MS_Br amounts were considered (by keeping constant the MO con-
centration) and the UV/Vis spectra of the corresponding eluates
(after 2 h of kinetic process) have been recorded. Fig. S5 interest-
ingly shows the shifting of MO characteristic peak towards lower
wavelength values (i.e. from 465 to 350 nm), in the case of high
MS_Br amount (>75 mg). Thus, we believe that this fact could be
ascribable to the possible modification of the methyl orange mole-
cules, particularly to the formation of MO by-products.

Moreover, an electrochemical characterization of the prepared
MS_Br sample has been performed. We have evidenced the pres-
ence of several peaks referable to different Mn oxidation states
(i.e. MnOOH, Mn3*, Mn?*, MnO,, Mns0,, Fig. 3a), according to stud-
ies already reported in the literature [46,47]. Hence defective MnO,
lattice, characterized by different manganese oxidation states
(namely Mn®"), can be hypothesized, which are also confirmed by
X-ray Photoelectron Spectroscopy (XPS) analyses as shown in
Fig. 3b (for MS_Br as representative sample). Therefore, the exis-
tence of Mn®* (with valence higher than IV) species may assure a
strong oxidizing power. For this reason, methyl orange could
undergo a chemical degradation process only due to the presence

25
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Fig. 3. (a) Cyclic voltammetric curve for MS_Br-GC sample (as representative one)
recorded in AcONa/AcOH buffer. The main CV peaks have been attributed to
different Mn species, according to the literature [46,47]; (b) Mn 2p fitted XP
spectrum relative to MS_BTr.

of nano-MnO,, without any advanced oxidation promoter (i.e. Fen-
ton reagent or H,0;) or any kind of activation energy (such as the
UV light).

3.2.3. The proposed MO degradation mechanism

HPLC-MS analyses on eluates at the end of the kinetic tests by
using both MS_Br and MS_Br@AC40 absorbents have been per-
formed, in order to study the MO removal mechanism and the
recognition of the possible by-products. Fig. 4 shows the extracted
[M—H]~ ion chromatograms relative to the HPLC-MS detected spe-
cies. The methyl orange peak has been observed (MO, m/z 305.03,
14.3 min Retention Time (RT)), confirming that some of the start-
ing dye molecules remain without undergoing a degradation phe-
nomenon. Further, several by-products were detected: (i) A (m/z
291.10, 15.7 min RT); (ii) B (m/z 277.09, 14.2 min RT); (iii) C (m/z
155.00, 2.9 min RT); and (iv) D (m/z 141.01, 2.7 min RT). Although
the mass spectrometry analysis should not be considered as a
quantitative study, the relevant abundance of the different [M—H]~
intermediates was determined in order to evaluate their variation
during the reaction time (both at half - 30 min - and at the end -
120 min - of the removal tests; Table 3). As observed previously,
notwithstanding the MS_Br powder is the most performing one
among the MnO, materials, after 2 h, a great amount of the starting
MO molecule and by-products with high m/z values (A and B mole-
cules) still remains at the end of the reaction. However, this behav-
ior confirms the hypothesis that MS_Br sample could act not only
as an adsorbent but also as a catalytic oxidant towards the pollu-
tant species. Furthermore, the almost complete degradation power
of MS_Br@AC40 sample leading to the very low presence of the
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Table 3
HPLC-MS methyl orange (MO) and intermediates abundance after 30 and 120 min of adsorption/degradation tests (legend: +++>3- 108, ++=10% +=107, 0=10° t=10°,
— =none).
Sample After 30 min After 120 min
MO (305m/z) A(291m/z) B(277mfz) C(155mfz) D (141 mjz) MO (305m/z) A(291mjz) B(277mfz) C(155m/z) D (141 m/z)
MS_Br ++ +++ ++ + ++ 4 ++ + +
Carbon ++ ++ + t t 0 + t t t
MS_Br@AC40 t [¢) t - + t o t - -

starting MO and by-products, even with the lower molecular
weights (C and D, either after 30 or 120 min; Table 3), is clearly evi-
dent. On the contrary, as concerns the AC40, the scarce amount of
intermediates allows us to consider it as only an adsorbent mate-
rial. Hence, since we obtained different results for pure carbon
and MS_Br@AC40, we demonstrate once again the synergistic
effect between AC and MnO, nanoparticles.

Thus, Fig. 5 shows the possible MO degradation path observed
by exploiting both MS_Br and MS_Br@AC40 samples. Several steps
could be hypothesized: (i) the reduction of the sulfonic moiety to
the sulfenic one; (ii) the oxidation followed by the cleavage of
the azo-bond; (iii) the loss of the amine group and (iv) the addition
of a hydroxyl group to the phenyl ring. No other species character-
ized by lower m/z values have been detected.

3.2.4. Adsorbent regeneration

The last part of the present work was focused on the possible
reuse of the pure and composite MnO, absorbents. Indeed, we
saw that a pH shift towards alkaline values (up to ~10) could pro-
voke a reversible desorption of both pristine MO species together
with possible MO by-products. The investigated carbon-based
samples (AC40 and MS_Br@AC40) seem to have good regeneration
properties, since the q; trend (Fig. 6a) resembles the one obtained
before the MO adsorption tests (see Fig. 2); whereas, in the case of
pure MS_Br, a drastic decrease in the removal properties has
been observed. Furthermore, UV/Vis spectra of eluates after
regeneration show well-pronounced peaks shifted towards lower
wavelengths for MS_Br and MS_Br@AC40 adsorbents, probably
due to by-products adsorption. On the contrary, the absorbance
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Fig. 5. Hypothesis of the possible MO degradation pathway based on HPLC-MS
results.

of the eluate from AC40 regeneration is flat, therefore
underlining either its superior MO adsorption capability and the
negligible releasing properties. Hence, MS_Br@AC40 seems to
represent a significant step forward to the unmodified exploited
activated carbon.
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Fig. 6. (a) Adsorption capability (q.) trend after powders regeneration; (b) UV/Vis
spectra of MO eluate, before and after the powder regeneration treatment with
NaOH.

4. Conclusions

In the present research work, we dealt with the syntheses of
both pure and carbon-supported manganese dioxide nanoparticles,
which showed great adsorbent/oxidative properties towards aque-
ous methyl orange pollutant molecules.

Hence, by varying both the manganese salt precursors (e.g. sul-
phate or chloride) and the oxidizing agents (e.g. ammonium persul-
phate, potassium permanganate or potassium bromate), we
succeeded in modulating the structural, morphological and surface
features of the final MnO, nanopowders. Particularly, all the
nanoparticles show a nanorod-like morphology and diverse poly-
morphic composition. In the case of manganese sulphate/potas-
sium permanganate coupling (MS_K sample), XRPD analysis
showed peaks ascribable only to the o-phase; whereas all the other
powders are also composed by the B-ramsdellite one. Thus, the
presence of the latter, along with a higher percentage of pores with
diameter under 20 nm seemed to favor the dye removal. Hence,
MS_Br sample (that matches all these properties) revealed to be
the most performing adsorbent. Subsequently, studies on the most
suitable MnO, concentration were carried out, obtaining an opti-
mal 5:1 weight proportion between MS_Br and MO molecule. This
powder then was grown on Activated Carbon (AC) pellets to either
enhance its removal properties or to facilitate the adsorbent
removal at the end of the kinetic test. By means of HPLC-MS
analysis on eluates (after 2 h of the adsorption kinetic), we also
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investigated the MS_Br and MnO,@AC40 degradative power
towards MO molecules, thus leading to a novel degradation
pathway. Hence, MnO,@AC40 composite seems to exhibit the
optimal properties in degrading/adsorbing the MO molecules.

Finally, the adsorbent regeneration capability has been evalu-
ated by shifting the pH of the aqueous adsorbent/MO system
towards alkaline values (around 10). Promising results, in terms
of complete reusability, were obtained, especially for MS_Br@AC40
powder.
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