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Zerovalent iron nanoparticles (nZVI) (11.8 + 0.2% w/w) immobilized on
microcrystalline cellulose (C-nZVI) were synthesized and studied for
Cr(v) sorption. The material showed good atom economy for Cr(vi)
adsorption (562.8 mg g~ of nZVI). Oxidation of cellulose to cellulose
dialdehyde leads to in situ regeneration of nZVI which is responsible
for the atom efficient Cr(vi) sorption by C-nZVI.

1. Introduction

In recent years, zerovalent iron (ZVI) material has evolved as
a promising sorbent for the removal of various contaminants from
soil and groundwater due to its redox properties and low cost.!
Zerovalent iron with a size in nanoscale orders is known as nZvVL
The nZVI has a high surface area which is responsible for its high
reactivity.” nZVI has been reported to remove various pollutants like
heavy metals,® halogenated organics,* nitrate® etc. from wastewater
and contaminated soils by reduction or reductive adsorption.
However, the use of nZVI in water treatment technologies is limited
by its properties like magnetic behaviour induced agglomeration
and oxidation based surface passivation. These properties lead to
the loss of adsorption potential of nZVIL.® Several stabilization or
immobilization approaches have been explored to achieve
enhanced stability and activity of nZVI.” Natural polysaccharide
based stabilizers like starch,® chitin, chitosan,’ alginates'® and
CMC™" have been applied for this purpose. The hydroxyl and amine
moieties of these polysaccharide derivatives stabilize the nZVI
through hydrogen bonding. However, most of these stabilizers are
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either water soluble or susceptible to microbial degradation, which
in turn destabilize and subsequently oxidize nZVIL.

Cellulose is one of the most abundant sustainable natural
polysaccharides on earth. It is found in cell wall of plants,
bacteria, fungi and many other living forms. Its salient properties
like biocompatibility, biodegradability, non-toxicity upon degra-
dation, recalcitrance and regeneration makes it a sustainable
polymer for various uses including cosmetics, veterinary, food,
wood, paper, fibres, clothes, bio-refineries and pharmaceutical
industries.”” Recently, cellulose in different polymorphic and
morphological forms have found its application as a stabilizer in
number of metal nanoparticle synthesis.”® He et al. reported in
situ synthesis of Au, Ag, Pt and Pd nanoparticles in porous
cellulose fibres."* Apart from the template effect of nanoporous
structure, cellulose also features as reducing agent for the
synthesis of metal nanoparticles like Pt, Ag and Au nanoparticles.

While the present work was under progress, few cellulose
immobilized nZVI materials have been reported for adsorption
studies.” Datta et al. reported nZVI immobilized on cellulose filter
paper as a potential material for chromium sorption.” Similarly,
Zhou et al. synthesized magnetic cellulose nanocomposite with
a loading of 30% w/w nZVI which showed good adsorption effi-
ciency for arsenic (92.8 mg g~ *).*** Both the studies show efficient
adsorption behaviour of nZVI immobilized on cellulose. However
the studies were preliminary and explored the nanocavity of the
cellulose immobilizer. Thus, in the present study, microcrystal-
line cellulose (MCC) immobilized nZVI (C-nZVI) were synthesized
and studied for their reductive adsorption of Cr(vi). Surprisingly,
high atom economy w.r.t. nZVI for Cr(vi) adsorption was observed
with C-nZVI material. Upon further investigation an unusual in
situ reductive adsorption by nZVI immobilized material was
observed. The mechanism of Cr(vi) adsorption by C-nZvI has been
proposed to involve the polyol system of cellulose.

2. Materials and methods

All chemicals used in the experiments were of analytical grade.
Microcrystalline cellulose Avicel PH-101® was procured from
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Sigma-Aldrich (St. Louis, USA). Deionized water was used for
preparation of all the reagents. Total chromium and Cr(vi) were
determined using diphenylcarbazide method.* Iron in C-nZVI
was analysed by phenanthroline method, upon HNO;/H,SO,
digestion of the sample."”

2.1 Synthesis of microcrystalline cellulose immobilized
zerovalent iron nanoparticle (C-nZVI)

MCC (3.50 g) was dissolved in 250 mL of deionized water for the
synthesis of C-nZVI at room temperature. Upon dissolution,
FeCl; (1.50 g) was added to reaction mixture with vigorous stir-
ring. To this solution was added dropwise a 20% aqueous NaBH,
solution (100 mL) at a rate of 1 mL min~'. Upon subsequent
addition of NaBH, solution, the reaction mixture turned black
with foam formation. Excess of borohydride solution was added
for complete reduction leading to the formation of suspended
material. The black material was separated by filtration, washed
with methanol and dried in vacuo.

2.2 Physical characterization of C-nZVI

Fourier Transformed Infra-Red (FTIR) spectra of Microcrystal-
line Cellulose (MCC), C-nZVI and chromium adsorbed C-nZVI,
were recorded on a BRUKER TENSOR 27 instrument. Morpho-
logical characterization was obtained upon analysis of gold
coated sample using Scanning Electron Microscope (SEM JSM-
6610LV) and EDX using oxford. BET surface area experiment
was carried out by Belsorp adsorption/desorption data analysis
software under nitrogen environment using Micromeritics Inc.
ASAP 2010 Surface Area Analyzer for the determination of pore
diameter and surface area of the nZVI particle. Thermogravi-
metric analysis (TGA) was carried out at a heating rate of 10 °C
min~ " upto 500 °C using a Shimadzu TG-60H TG analyzer under
N, environment. X-ray diffraction (XRD) analysis was carried
out using Pan analytical X'Pert-Pro model. X-ray photoelectron
spectroscopy (XPS) measurement was performed using PHO-
BIOS HSA3500 DLSEGD analyzer with excitation energy of
1486.74 eV. CHN elemental analysis for C-nZVI, FeCl; treated C-
nZvl, chromium adsorbed C-nZVI were carried out using
Thermo Finningan elemental analyser.

2.3 Adsorption and kinetics for Cr(vi) adsorption by C-nZVI

Adsorption experiments were carried out by maintaining
a 100 mL of Cr(vi) solution (1-10 mg L") at pH 3. C-nZVI (10
mg) were added to the solutions and maintained under
constant shaking at 25 £ 2 °C for 24 h.

For the kinetic study, 10 mg of C-nZVI were added to a 100 mL
solution of 10 mg L~" Cr(v1) solution. The sample was shaken at
25 + 2 °C for 24 h. A small aliquot was drawn and analysed at
various time interval. The concentration of Cr(vi) adsorbed was
plotted as a function of time. The kinetic data was studied for its
pseudo-first order and pseudo-second order kinetic behaviour.

3. Results and discussion

The material C-nZVI was synthesized by borohydride reduction
of FeCl; dissolved in an aqueous suspension of MCC. The C-
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nZVl was analysed for its iron content’” and revealed
a loading of 11.8 £+ 0.2% w/w iron onto the cellulose.

To investigate the morphology of the C-nZVI, SEM imaging
was carried out (Fig. 1A). The images showed iron nanoparticles
spread on the surface of cellulose with very poor adherence of
particle to the polymer surface (Fig. 1A). The nZVI were in the
size range of 50-60 nm, with chain like aggregation. The
aggregation of iron nanoparticle is characteristic of nZvI and its
magnetic behaviour.®

The powder XRD of C-nZVI showed a major reflection at 26 =
44.6° (index 110) indicating the presence of Fe° on the cellulose
surface (Fig. 1B).*® Further, the reflections at 26 = 15.0, 22.7 and
35.0° suggest the existence of cellulose in cellulose-I crystalline
form.* Cellulose-I is the predominant crystalline form in MCC.
Since adsorption process depends upon the surface area of the
material, Brunauer-Emmett-Teller (BET) analysis of C-nZVI was
carried out. The specific surface area of C-nZVI was found to be
9.55 m”> g " (ESI Fig. S21) which is significantly higher than
MCC (1.3 m? g~ ").>° This could be accounted to the alkaline
reducing agent induced pretreatment of cellulose leading to
surface area increase under mechanical stirring condition.*

Further, the constituents of C-nZVI were established by XPS
survey scan between 0-1000 eV (Fig. 1C). The binding energies
corresponding to Fels and Fe2p;/, were observed at 107.4 and
714.4 eV, respectively. These binding energy peaks indicate the
presence of zerovalent iron nanoparticles immobilized on
cellulose.”” The binding energy analysis showed C1s and O1s
peak at 287 and 536.9 eV, respectively, which signifies the
presence of cellulose. These binding energy peaks are attributed
to polysaccharide moieties of cellulose.”® The FTIR spectra of
MCC and C-nZVI were carried out to understand the surface
interaction between cellulose and nZVI (Fig. 1D). MCC is char-
acterized by the presence of absorption bands at 3424, 2921,
1372, 1680, 1433, 1164, 1114, 1058 and 896 cm . The absorp-
tion bands at 1164, 1114, 1058 and 896 cm ™' are characteristic
of the pyranose ring structure of the monomer in cellulose.>*”
Upon immobilization of nZVI on MCC, narrowing of the
absorption band at 3424 cm™' was observed, which indicates
the interaction of hydroxyl moieties of cellulose with nZVI in the
material.** Further no significant change in the absorption
band of C-nZVI was observed in comparison to MCC.

The stability of C-nZVI was studied by TGA and DTA behav-
iour (Fig. 1E and F). It was observed that MCC underwent
thermal degradation in the temperature range of 300-350 °C,
(upto 90% weight loss) while C-nZVI was degraded in two stages
in the temperature range of 270-280 °C and 300-345 °C. The
degradation of C-nZVI at lower temperature establishes its poor
stability in comparison to MCC which is accounted to the
exoergic oxidation of Fe® by cellulose present in the near
vicinity. A part of C-nZVI degraded at higher temperature, which
is due to the oxidation of charred carbon residues on the
oxidized iron.*

C-nZVI was investigated for its adsorption efficiency and
removal of Cr(vi) from aqueous solution. The conditions for Cr(vi)
adsorption from aqueous solution were optimized in terms of pH,
adsorbent dosage and equilibration time. The optimum condi-
tions were observed to be pH 3, adsorbent dosage 100 mg L™ " and
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Fig. 1 [A] SEM image, [B] XRD pattern of C-nzVI, [C] XPS analysis of C-nZVI and Cr(v) adsorbed C-nZVI. Inset Cr2p spectra of Cr(v)) adsorbed

C-nZVI and Cls spectra of Cr(vi) adsorbed C-nzVI, [D] FTIR analysis of MCC, C-nZVI and Cr(vi) adsorbed C-nzZVI, [E] TGA and [F] DTA.

equilibration time of 2 h (Fig. 2A-C). The maximum Cr(vi)
removal occurred at pH 3 and the removal efficiency falls signif-
icantly upon increasing the pH.'**** Equilibrium studies were
carried out at pH 3, with an adsorbent dose at 100 mg L™ " and
Cr(vi) concentration varying between 1-10 mg L™". The Cr(vi)
uptake increased upto 10 mg L~ " Cr(vi) concentration (Fig. 2B).
Non-linear Langmuir and Freundlich adsorption isotherm best
fitted for the adsorption of Cr(vi) by C-nZVI signifying a mono-
layer adsorption behaviour of the material. The C-nZVI showed
a maximum adsorption of 66.42 mg Cr(vi) per g of nZVL. Multi-
layered adsorption models non-linear curve fitting analysis for

This journal is © The Royal Society of Chemistry 2015

chromium adsorption on C-nZVI showed monolayer adsorption
of chromium."** Further adsorption kinetics of C-nZVI obeyed
pseudo-second order kinetics with an equilibration period of 2 h
(Fig. 2C). Similar pseudo-second order kinetics was observed for
Cr(v1) adsorption by nZVI and immobilized nZVI (ESI Fig. S9t)."**

The maximum Cr(vi) adsorption was normalized for the iron
content as cellulose did not show any affinity for Cr(vi)
adsorption. Thus, the calculated adsorption was observed to be
562.8 mg Cr(vi) per g of Fe®. Earlier studies by Jabeen et al.*** and
Li et al* on Cr(vi) adsorption by graphene and PVDF/PAA,
respectively, were normalised for Cr(vi) adsorption. The
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Fig. 2 Effect of [A] pH, [B] nonlinear adsorption isotherm, [C] contact
time and [D] regeneration study of C-nZVI for chromium.

normalized Cr(vi) adsorption was found to be 172.3 and 181
mg g~ of Fe® using nZVI stabilized/immobilized with graphe-
ne' and PVDF/PAA,*® respectively. Compared with these
materials immobilized with nZVvI, C-nZVI showed unusually
high atom efficient adsorption of Cr(vi) from aqueous solution.
Further when the rate constant for the adsorption of Cr(vi) by
C-nZVI was compared with similar studies on graphene'** and
montmorillonitrile,” a significantly lowering in the rate
constant (1.7 x 10> min~") was observed (ESI Section 11%). In
the regeneration study of Cr(vi) using C-nZVI, four successive
generation of Cr(vi) reduction was found. The result showed
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Fig. 3 Mechanism for the adsorption of Cr(vi) by C-nZVI.
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49.38% of Cr(vi) removal in the first generation which was
reduced to 1.40% in fourth generation (Fig. 2D).

Further to investigate the unusual activity of C-nZVI for
chromium adsorption, chromium adsorbed material was
compared for SEM, XPS FTIR and TGA behaviour. SEM image of
chromium adsorbed C-nZVI showed the presence of scattered
iron material over the cellulose surface. EDX analysis established
the presence of chromium on the surface. Adsorption of chro-
mium onto C-nZVI, showed a clear shift in the FTIR absorption
bands (Fig. 1D). Upon adsorption of Cr(vi), the band broadening
in the region of 3000-3400 cm™ ' occurs, which corresponds to
the weakening of hydrogen bonding between nZvI and MCC in
C-nZVL. This reflects the change in the surface morphology of the
iron nanoparticle. Further a new absorption band was observed
at 1734 em™" in case of chromium adsorbed C-nZvI which is
accounted to the carbonyl moiety. This carbonyl functional group
indicates the formation of cellulose dialdehyde.** This was
further confirmed from the TG/DT, XPS and CHN analysis of the
chromium adsorbed C-nZVI (Fig. 1C-E). The TG analysis of the Cr
adsorbed sample showed that the thermal degradation of cellu-
lose occurs in a narrow temperature range of 280-290 °C, which
is significantly similar to the TG pattern of cellulose dialdehyde.*®
There is no significant change observed upto 500 °C which
indicates that iron is in the completely oxidized form. The XPS
spectrum for Cr adsorbed C-nZVI was carried out to understand
the mechanism of adsorption (Fig. 3). The binding energy anal-
ysis revealed a Cls peak at 290 eV, which is found to drift in
comparison to that reported by Sun et al (2007).** The O1s
binding energy peak is observed with a considerable shift at 536
eV, which is assigned to the cellulose hydroxyl moieties. The XPS
peaks of Fe2ps, and Fe2p,,, appear at 715.8 eV and 728.6 eV,
respectively, which is again shifted from that of C-nZVI. This

This journal is © The Royal Society of Chemistry 2015
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suggests the presence of oxidized iron and the absence of
nanozerovalent iron in the material. Weak Cr2p;, and Cr2ps,
binding energy peaks were observed at 583.1 and 590.5 eV,
respectively, confirms the presence of Cr(u)OH; adsorbed on the
surface of nanomaterial.”” This result corroborate the reduction
of Cr(vi) to Cr(m) on the surface of nZVI, which simultaneously
gets oxidizes to Fe(m) oxide.”” The formation of dialdehyde was
confirmed further by CHN analysis of oxime derivatized® C-nZvI,
Cr(vi) adsorbed C-nZVI and Fe(m) treated MCC, the nitrogen
content were found to be 0, 0.702 and 1.24%, respectively. This
further indicates the absence of oxidation in C-nZVI but
a significant aldehyde content was observed in other materials.
Based on the results 1 : 24 and 1 : 13 glucose units were oxidized
in case of Cr(vi) adsorbed C-nZVI and Fe(m) treated MCC,
respectively. This suggests that Fe(m) has the tendency to oxidize
MCC surface, which is formed during Cr(vi) adsorption, as
evident from XPS studies. Further, the lesser extent of oxidation
in Cr(vi) adsorbed C-nZVI in comparison to Fe(u) treated MCC
suggests a localized oxidation by the iron oxide on the surface of
Cr(vi) adsorbed C-nZVI sample.*

Based on the above results, the proposed mechanism of the
sorption of C-nZVI is depicted in Fig. 3. nZVI adsorbs Cr(vi) by
reductive sorption with oxidation of Fe® to Fe(i).**>” The Fe(m)
is reduced back and regenerated to Fe® by in situ oxidation of
cellulose to cellulose dialdehyde. The regenerated iron further
adsorbs chromium from the solution resulting in the atom
efficient adsorption of Cr(vi) by Fe in C-nZVI.

Thus in summary, a novel reductive adsorbent based on the
immobilization of nZVI on cellulose has been studied. An atom
efficient Cr(vi) removal by reductive sorption on nZVI was ach-
ieved. The efficiency of nZVI is accounted to in situ recycling of
nZVI by oxidation of cellulose to cellulose dialdehyde in the
vicinity of the nanoparticle.
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