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Abstract Microcrystalline cellulose immobilized
zerovalent iron nanoparticles (CI-1-3) with different
loading of 6, 12 and 24% w/w Fe’ were synthesized by
NaBH, reduction under simultaneous co-precipitation
of cellulose from ionic liquid ([BMIM]CI)-water
binary mixture. SEM, TEM, FTIR, VSM, XRD and
XPS analysis were carried out to characterize the
material. The electron microscopy studies revealed the
immobilization of iron nanoparticle in the bulk and
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surface of microcrystalline cellulose with a size range
of 20-100 nm. CI-1-3 showed strong interaction
between cellulose hydroxyl moiety and nZVI, immo-
bilized on the polymer and saturation magnetization of
3 emu/g for CI-2. The materials were studied for
Cr(VI) adsorption which revealed the qu.x value of
28.57, 58.82 and 38.48 mg Cr(VD)/g of CI-1-3,
respectively.
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Introduction

Chromium, due to its wide usage in various industries
such as electroplating, tanning, textile, and leather, is
released into the environment in the form of treated
industrial wastewater (Patterson and Passino 1987;
Owlad et al. 2009). In the natural environment,
chromium occurs in two oxidation states; Hexavalent
chromium or Cr(VI) in the oxoanion form and
Trivalent Chromium or Cr(IIl). Cr(VI) is highly
mobile and toxic species when compared to Cr(III)
which has low solubility and mobility (Koujalagi et al.
2013). Chromium is associated with various chronic
and acute health effects in the human population
including lung cancer, dermatitis, skin irritation and
epigastric pain (NIEHS 2011; Sharma et al. 2012). As
a consequence, the maximum permissible limit in
drinking water is 0.01 mg/L for Cr(VI) and 0.10 mg/L
for total Chromium (USEPA 2011), and in wastew-
ater, its limit is 0.05 mg/L. (USEPA 2013). Thus,
Cr(VI) removal from drinking water is essential and
carried out by various techniques namely, coagulation
and sedimentation, electrocoagulation (Golder et al.
2007), precipitation (Guo et al. 2006), crystallization,
Membrane filtration, Reverse osmosis (Hafez and El-
Mariharawy 2004; Perez-Gonzalez et al. 2012; Fu and
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Wang 2011), ion exchange (Galan et al. 2005),
adsorption (Jabeen et al. 2011), bioremediation (Xie
et al. 2013), phytoremediation (Narayani and Vidya
2012; Miao and Yan 2013) etc. However, these
methods are limited by costly technology, high
operational and maintenance cost, skilled labour
requirement: particularly in membrane filtration, and
sludge disposal (Sharma et al. 2009; Hu et al. 2011).
Of these methods, adsorption is the most appropriate,
effective and versatile method for chromium removal.

Diverse form of organic, inorganic and natural bio-
based materials were used for the removal of
chromium, either as Cr(VI) and or Cr(III) by adsorp-
tion process such as, various biowaste (Parlayici and
Pehlivan 2015; Kwak et al. 2015), chitosan fibres (Li
et al. 2015), graphene (Jabeen et al. 2011), resin (Fu
et al. 2013), Fly ash (Vaid et al. 2013), clay (Yadav
et al. 2016; Fu et al. 2015) etc. Cellulose is a
recalcitrant sustainable natural polymer, which has
potential use as bio-adsorbent for various environment
pollutants (Singha and Guleria 2014). However,
cellulose has poor adsorption for Cr(VI) as such.
Though, the modification of polymer surface with
various functional moieties, like magnetic polyaniline
nanocomposite cellulose (Qiu et al. 2015), Amidox-
imated Cellulose (Saliba et al. 2000), cellulose
functionalized with quaternary ammonium moieties
(Gurgel et al. 2009), cellulose anion exchanger with
tertiary amine (Anirudhan et al. 2009), styrene grafted
cellulose microsphere (Zhang et al. 2012), Oxidised
polyaniline cellulose fibre composite (Liu et al. 2013)
etc. have been used for Cr(VI) adsorption. These
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derivatives show ion exchange or electrostatic inter-
action based adsorption for Cr(VI) oxoanion. How-
ever, these functional materials have the disadvantage
of being costly, non-biodegradable and may release
toxic secondary metabolites during the life cycle of the
material.

Nanoscale zerovalent iron (nZVI) has a high
surface area which leads to high reactivity andmakes
it an ideal sorbent for contaminant treatment (Crane
and Scott 2012; Mukherjee et al. 2015; Stefaniuk et al.
2016). However, usage of nZVI in remediation is
limited by either of the two phenomenon namely,
agglomeration due to magnetic property of iron and
surface passivation (Ponder et al. 2000). Surface
passivation leads to the formation of iron oxide layer
upon exposure to oxygen in the air, leading to loss of
activity of the sorbent. Thus, various stabilizers and
immobilizers have been studied for the stability of
zerovalent iron nanoparticles (Trujillo-Reyes et al.
2014; Yadav et al. 2016). Polysaccharide-based sta-
bilizers like starch (Alidokht et al. 2011), Chitosan
(Horzum et al. 2013), Calcium alginates (Bezbaruah
et al. 2009) and CMC (Singh et al. 2011) have been
used in stabilizing and immobilizing iron nanoparti-
cles. Most of these stabilizers are either water soluble
or have enhanced microbial degradation susceptible to
release and destabilize the nZVI. Recently, Datta et al.
(2014) synthesized filter paper immobilized nZ VI, that
shows 64% Cr(VI) removal efficiency.

In an alternate approach cellulose has been used as
a sustainable immobilizer has been utilized for various
nanoparticles, including, TiO, (Duan et al. 2015), Cu,
Ni (Kotelnikova et al. 2007), silver, gold, platinum
(Cai et al. 2008) and nZVI (Raychoudhury et al. 2012).
However, its usage and applications in nZVI is limited
in its study. The poor solubility of cellulose in water
and organic solvents restricts their broad application.
However, the dissolution of cellulose in ionic liquid
(Swatloski et al. 2002; Zhu et al. 2006) has broadened
its usage in various application including, fuel cell
(Sajana et al. 2014), sensing (Hines et al. 2008),
bioethanol (KleinKlein-Marcuschamer et al. 2011;
Fitz-Patrick et al. 2010), environmental remediation
(Liu et al. 2012), nanoelectronic devices (Seid et al.
2012). However, limited studies have been carried out
in the synthesis of cellulose immobilized nanomate-
rials in the ionic liquid. Gelesky et al. (2009)
synthesized Pt and Rh nanoparticle immobilized on
cellulose acetate film using ionic liquid 1-n-Butyl-3-

methylimidazolium bis(trifluoromethanesul-
fonyl)imide (BMI.NTf,). Similarly, magnetic cellu-
lose-chitosan hydrogel has been synthesized using
ionic liquid by Liu et al. (2012), which showed high
removal efficiency for Pb>*, Fe** and Cu** ions.

Recently, we reported unusual adsorption of Cr(VI)
up to 562.8 mg/g of nZVI by cellulose immobilized
nZVI material synthesized in an aqueous medium
(Sharma et al. 2015). Thus in continuation, the present
study investigates the Cr(VI) adsorption characteris-
tics of nZVI loaded cellulose (CI-1-3) synthesized by
borohydride reduction with simultaneous co-precipi-
tation of polymer from the ionic liquid.

Materials and methods

Microcrystalline cellulose Avicel PH-101% obtained
from Sigma Aldrich (St. Louis, USA) and all other
chemicals used in the study were of analytical purity.
Deionized water was used for the preparation of
chemical and reagent. Total chromium and hexavalent
chromium in adsorption studies were determined
using diphenylcarbazide method (APHA 2005). Iron
estimation of CI-1-3 was carried out by phenanthro-
line method, upon HNO3/H,SO, digestion of the
sample (Harvey Jr. et al. 1955).

Physical characterization of cellulose immobilized
nZVI (CI-1-3)

Fourier Transformed Infrared (FTIR) spectra of
Microcrystalline Cellulose (MCC), dried CI-1-3 and
chromium adsorbed CI-1-3 were recorded on an FTIR
(BRUKER TENSOR 27). Transmission Electron
Microscope (TEM) analysis was obtained on Tech-
nai200 kV TEM. Morphological characterization was
carried out by Scanning Electron Microscope (FE-
SEM) using Carl Ziess, Merlin Compact 6073. CI
samples were coated with gold before the SEM
analysis. Electron Dispersive X-rays spectroscopy
(EDX) analysis performed on Oxford maxN. CI
samples were coated with gold before the SEM
analysis. Magnetization studies were performed on a
Vibrating Sample Magnetometer (VSM) (Lakeshore
Model: 7404, USA) with the maximum magnetizing
field of 1.2 Tesla in an inert vacuum atmosphere.
Thermogravimetric analysis (TGA) was carried out at
a heating rate of 10 °C/min up to 500 °C using a
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Shimadzu TG-60H TG analyzer under N, environ-
ment. Powdered X-ray diffraction (XRD) analysis was
carried with CuKa radiation (k, = 1.54056 ;\) and
X-ray photoelectron spectroscopy (XPS) analysis (VG
Multilab 2000-Thermo Scientific, UK, K-Alpha) with
a multi-channel detector, which can endure high
photonic energies from 0.1 to 3 keV). CHN elemental
analysis for chromium adsorbed CI-2 was carried out
using Thermo-Finningan elemental analyser. Chro-
mium solution upon adsorption analysed by U-Vis
Spectrophotometer at a wavelength of 540 nm.

Adsorption experiments

The adsorption experiments for Cr(VI) using CI-1-3
was carried out in triplicate. For this, a stock solution
(1 mM) was prepared in deionized water by dissolving
294 mg of K,Cr,0O5 in 1000 mL of deionized water.
Standard Cr(VI) solution 1-10 mg/L, were prepared
for adsorption study. To a 100 mL of Cr(VI) solution
(1-10 mg/L), 10 mg of CI-1-3 were added and
incubated at 25 &+ 2 °C and 200 rpm for 24 h. The
samples were filtered using Whatman filter paper 1
and analysed by the dipheylcarbazide method at a
wavelength of 540 nm using U-Vis spectrophotome-
ter. The optimization study was carried out for
parameters like pH, dose and initial concentration.
pH of the Cr(VI) solution was maintained at 3, 5, 7, 8
and 10 using 1 N HCI and/or NaOH solution at Cr(VI)
concentration of 5 mg/L with a dose of 100 mg/L of
CI-1-3. The dose experiment was carried out using
3 mg/L of chromium solution at the optimum of pH 3
with varying amount of CI-1-3 (50, 100, 200 and
400 mg/L).

Kinetic study of Cr(VI) by CI-1-3

Adsorption of Cr(VI) using CI-1-3 was analysed by
contact time study for optimization of equilibration
time and kinetics of adsorption. To a 100 ml solution
of 20 mg/L Cr(VI) was added 10 mg of CI-1-3 and
incubated at 25 £ 2 °C, 200 rpm for 24 h. A small
aliquot was drawn and analyzed at various time
intervals, i.e. 30, 60, 120, 180, 240, 360, 480, 600, 840
and 1440 min and diluted accordingly for analysis.
The concentration of Cr(VI) adsorbed was plotted as a
function of time. The data was studied for its pseudo-
first order and pseudo-second-order kinetic behaviour.
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Interference study for Cr(VI) adsorption by CI-2

To a 50 ml of 6 mg/L. Cr(VI) solution was added the
desired volume of stock solution of various salts. The
solution was adjusted to pH 3 with makeup to give a
3 mg/L Cr(VI) with various salts were maintained at
10, and 100 mg/L and CI-2 amount of 200 mg/L were
added and incubated at 25 £ 2 °C, 200 rpm for 24 h.

Regeneration study of chromium by CI-2

The chromium concentration of 1000 mg/L with 1 g/L
of CI-2 was used for the regeneration study at pH 3 for
24 h at 25 £ 2 °C. After 24 h of reaction, the
chromium solution was decanted from the CI-2
material. Without any further treatment, the CI-2
was used for adsorption of the chromium from a fresh
Cr(VI) solution. The filterate was collected separately
upon adsorption. The above said method was repeated
4 times with the residue containing CI-2, with fresh
Cr(VI) solution. The filtrate collected were analyzed
for Cr(VI) using phenanthroline method.

Result and discussion
Synthesis and characterization of CI-1-3

The ionic liquid [BMIM]CI was prepared using the
method reported by Crowhurst et al. 2003. The CI-1-3
was synthesized by dissolution of cellulose in
[BMIM]CI, a desired amount of FeCl; followed by
dropwise addition of aqueous NaBH, to furnished CI-
1, CI-2 and CI-3 (6, 12 and 24% w/w) with instanta-
neous reduction of iron with simultaneous precipita-
tion of cellulose and nZVI (Scheme 1).

+ FeCl; (75 mg)

» CI-1
o .
Microcrystalline + NaBH, (10% aq Solution)
Cellulose Excess
(350 mg) +FeCly (150mg)
. + NaBH, (10% Soluti > C12
[BMIM]CI aBH, (10% aq Solution)
(CF3) Excess
+ FeCl; (300
CLOWM . cr3

+ NaBH, (10% aq Solution)
Excess

Scheme 1 Synthesis of microcrystalline cellulose immobilized
nZVI (CI-1-3)
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Fig. 1 a Stability of CI-2 and C-nZVI in tap water (pH — 8.15 TDS = 970 mg/L) upon standing for 48 h and b CI-2 after 90 days

under ambient conditions

The iron content of the CI-1-3 were analyzed using
phenanthroline method (Harvey Jr. et al. 1955). The
analysis revealed iron loading in CI-1-3 to be 6.4,
12.02 and 24%, respectively. The result indicated the
presence of iron in CI composite is proportional to the
amount of FeCl; used for synthesis.

Stability study of CI-1-3 and microcrystalline
cellulose immobilized nZVI synthesized in water
(C-nZVI)

CI-2 and C-nZVI (Sharma et al. 2015), respectively
with 12% w/w iron loading on cellulose were studied
for their stability upon a stay in groundwater sample
(Fig. 1a). CI-2 was stable for 48 h, whereas C-nZVI
turned brown in 10 h, i.e. an oxide of iron was formed
in the presence of water. Apart from this CI-2 showed
better air stability with more than a year shelf life
(Fig. 1b), whereas C-nZVI was found to lose its
activity within 30 days under ambient conditions. This
stability of CI-2 over C-nZVI is accounted for the
stabilization of iron nanoparticle by its immobilization
in cellulose bulk.

Characterization of microcrystalline cellulose
immobilized nZVI (CI-1-3)

SEM analyses were carried out for the morphological
characterization of cellulose immobilized zerovalent
iron nanoparticle (CI-1-3) (Fig. 2a—c). SEM images of
the CI-1-3 showed that the iron nanoparticles were
immobilized on cellulose polymer. The size of the
nZVI particles lie in the range of 20-100 nm and were
spherical in shape. SEM image of CI-1 (Fig. 2a)
showed that fewer nZVI particles were embedded on
the cellulose surface with limited surface occupancy

of nZVI on the polymer, leaving large surface area of
polymer unoccupied due to the lower amount of iron.
However, there is an increase in the density of nZVI on
the surface of cellulose with lesser surface remaining
unoccupied incase of CI-2. The nZVI were found to be
agglomerated on the surface of cellulose due to the
magnetic properties of Fe® (Ponder et al. 2000)
(Fig. 2b). Upon increasing the iron content to 24%
w/w in CI-3, there is a significant change in the
morphology and arrangement of nZVI on the cellulose
surface. The iron particles were extremely agglomer-
ated to form a plate-like structure on the surface of
cellulose. Due to the high concentration of iron, the
particles synthesized were submicron-sized particles,
and no space was left unoccupied on the cellulose
surface. The images suggest that water is a precipitat-
ing solvent for cellulose and addition of aqueous
NaBH, solution to the cellulose-Fe(II) solution in the
ionic liquid lead to a reduction of iron and precipita-
tion of cellulose simultaneously, thus leading to
variedly embedded CI-1-3.

TEM analysis of CI-1-3 was carried out for the
characterization of iron immobilization on the surface
and core of cellulose. TEM images of CI-1-3 showed
an embedding of nZVI on the cellulose framework
(Fig. 2d—f), with increasing concentration of iron-
loaded on to cellulose. The image of CI-2 shows chain
like agglomeration of nZVI embedded in cellulose.
This indicates the reduction of iron being faster than
MCC precipitation. In comparison to CI-2, CI-3
showed increased deposition of iron on the surface
of cellulose with fewer iron particles occupying the
core of cellulose. This suggests that upon increasing
the loading of iron, the precipitation of cellulose was
faster than the reduction of iron. As the reduction
occurs in two steps, whereby reduction of Fe(IIl) to
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Fig. 2 SEM images of a CI-1, b CI-2 and ¢ CI-3; TEM images of d CI-1, e CI-2 and f CI-3

Fe(Il) is fast and spontaneous whereas further reduc-
tion of Fe(0) is slow. Thus, upon increasing the
concentration of iron in CI-3, complete reduction of
Fe(Il) to Fe(0) does not take place to precipitate iron
before the precipitation of cellulose, leading to
superficial immobilization of iron onto cellulose.
FTIR studies were carried out for establishing the
surface interaction between nZVI and Microcrys-
talline cellulose in CI-1-3 as given in Fig. 3. MCC was
characterized by the presence of absorption bands at
3424 cm™" which corresponds to hydrogen bonded
hydroxyl groups (Lu and Hsieh 2010). Upon immo-
bilization of nZVI on MCC, a shift in the absorption
band with narrowing, centered at 3357, 3360 and
3400 cmfl, respectively, for CI-1, 2 and 3 were
observed. This narrowing of the absorption band in
this region shows the interaction of hydroxyl moieties
of cellulose with nZVI in these materials. This
interaction could be elaborated as of the kind
Fe.....HO (Jones et al. 1998; He et al. 2007). The
absorption band at 946 and 825 cm ™! incase of CI-1-2
is accounted to the shift in the C-Oyg,, due to the strong
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hydrogen bonded interaction between MCC and nZVI
(Xiao et al. 2009). However, the adsorption band at
946 cm™ " is absent incase of CI-3 because of the high
amount of iron create inter-particle interaction
between iron thereby aggregating nZVI and compro-
mising interaction between nZVI and MCC.

The FTIR spectrum of chromium adsorbed CI-2,
showed a band broadening in the region of
3000-3400 cm ™" corresponding to the weakening of
hydrogen bonding between the nZVI and MCC. A
band broadening at 1200 cm ™' corresponds to C-Og,
stretching. This suggests that due to change in the
surface morphology of the iron nanoparticle, there is a
significant change in the binding of the nZVI to the
surface of the MCC (Sharma et al. 2015). The two
characteristic absorption bands of C-Og, at 946 and
825 cm ™! disappeared in case of CI-2 upon chromium
adsorption. Further, a new absorption band was
observed at 1740 cm ™" in case of chromium adsorbed
CI-2, which is accounted to the carbonyl moiety. This
carbonyl functional group suggests the formation of
cellulose dialdehyde (Kim et al. 2004; Sharma et al.
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Fig. 3 FTIR spectra of a MCC and CI-1-3, b CI-2 and Cr(VI) adsorbed CI-2, ¢ magnetization curve of CI-2 and CI-2 after adsorption of

Cr(VI), d XRD pattern of CI-2

2015). For the investigation of dialdehyde formation,
CHN analysis of Cr adsorbed CI-2 was carried out
upon oxime derivatization. The presence of 0.47% of
nitrogen confirms the formation of dialdehyde upon
adsorption of Cr by CI-2 (Fig. S7). Thus, it confirms
the in situ reductive regeneration of nZVI in case of
CI-2, similar to that reported for cellulose immobi-
lized nZVI synthesized in a water medium (Sharma
et al. 2015).

The magnetic property of CI-2 and its chromium
adsorbed residue was verified by VSM studies as
depicted in Fig. 3c. The saturation magnetization
moment of Cr adsorbed CI-2 (6 emu/g) is higher than
CI-2 (3 emu/g), which is less than that of nZVI
(Jabeen et al. 2011). The material CI-2 shows super-
paramagentic property, that has no corecivity and
residual magnetization (Dalla Vecchia et al. 2009).
This could be accounted to the immobilization and
encapsulation of nZVI by cellulose in the synthesis
process, which upon Cr(VI) adsorption is regenerated

by in situ reduction by cellulose which weakens the
binding between the exposed cellulose—dialdehyde
and nZVI leading to the characteristic increase in the
magnetization.

The XRD pattern of CI-2 showed a characteristic
peak of metallic iron (Fe®) at 20 = 44.8° (index 110)
on cellulose surface (Fig. 3d). Further, the reflections
at 20 =227 and 35.0° suggest the existence of
cellulose in cellulose-I crystalline form (Yu et al.
2013; de Morais Teixeira et al. 2010).

Thermogravimetric analysis (TGA)
and differential thermogravimetric analysis

The thermal stability of CI-2 and CI-3 were studied
and compared with Microcrystalline cellulose (MCC)
by TGA and DTA analysis (Fig. 4a, b). MCC under-
went thermal degradation in the temperature range of
300-350 °C (up to 90% weight loss) while CI-2
degraded in two stages in the temperature range of
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Fig. 4 a TGA and b DTA analysis of MCC, CI-2 and CI-3 and Cr adsorbed CI-2

270-280 °C and 300-345 °C. Similarly, CI-3
degraded in the temperature range of 290-370 °C in
the first stage and 390—480 °C in the second stage. The
degradation of CI-2-3 at lower temperature estab-
lishes its poor stability in comparison to MCC. The
lower weight loss in case of CI-2 and 3 with respect to
MCC at temperature > 350 °C, is due to the oxidation
of Fe’ to Fe;0,4 (Yadav et al. 2016; Yu et al. 2013).
The difference in the degradation temperature of CI-2
and CI-3 is accounted to the presence of high amount
of iron in CI-3. This high amount of iron creates
agglomeration in CI-3, due to which outer iron surface
is oxidized and prevents oxidation of iron core. A part
of CI-2 and CI-3 degraded at a higher temperature,
which is accounted to the oxidation of charred carbon
residues on the oxidized iron. The residue left in case
of CI-2 and CI-3 was 38 and 42%, respectively. The
higher ash content in case of CI-3 is accounted to the
higher loading of iron. However, the weight loss in
case of CI-2 and CI-3 is lower than that of MCC, as
char formation occur in the presence of iron. The Cr
adsorbed CI-2 showed degradation similar to MCC.
The Cr adsorbed CI-2 showed thermal degradation of
cellulose in a narrow temperature range of
280-350 °C, which is significantly similar to the TG
pattern of cellulose dialdehyde (Kim and Kuga 2001).
There is no significant change observed up to 500 °C,
which indicates that iron is in completely oxidized
form. But the residual content was significantly higher
as compared to CI-2 and MCC, which accounts for the
oxidation of iron and adsorption of Cr(VI).
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The DTA curve of MCC shows heat loss in the
temperature range from 100 to 330 °C, further heat
gain was observed at a temperature of 358 °C
(Fig. 4b). Upon loading of iron on cellulose, incase
of CI-2, heat gain was observed at a temperature of
275 and 405 °C. At a temperature interval of
450-500 °C, drastic heat loss was observed in case
of CI-2, whereas, CI-3 showed heat loss at a temper-
ature of 300 °C, further high heat loss was observed at
475 °C. The lower heat loss in CI-2 is due to the
presence of lower amount of iron for oxidation as
compared to CI-3. The agglomeration of iron on the
cellulose surface prevents the cellulose oxidation.
Upon adsorption of chromium on CI-2, a significant
amount of heat loss was observed at a temperature of
315 °C, and in the temperature range of 475-500 °C.
This suggests the formation of chromium-iron
complex.

X-ray photoelectron spectroscopy (XPS) analysis

The XPS analysis of CI-2 and CI-3 in Fig. 5 shows
depth profile of Fe°, Fe(Il or IIT), O, C and Cr of the
particles with 12 and 24% w/w of loading of iron
without and with adsorbed chromium (Fig. 5a—d). For
precise determination of the features of the peaks in
each spectrum, all spectra are deconvoluted via Voigt
curve fitting within the Shirley background. The
photoelectron peak corresponding to the binding
energy of Fe(2P3,,) and Fe(2P,,,) observed at 710.21
and 723.37 eV, respectively (Wen et al. 2014; Li and
Zhang 2007), ascertains the existence of iron in the
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Fig. 5 High-resolution XPS spectra for the core level of a C, b O, ¢ Fe and d Cr for the sample CI-2

zero-valence state (FeO). Pilot peaks at 716.02 and
731.40 eV correspond to the binding energy of Fe,O3
that reveals the nZVI surface was covered with a small
layer of iron oxide. The binding energy peak, observed
at 531.0 and 528.57 eV corresponds to the binding
energy of OH group of cellulose and Fe—O layer of
iron on the surface, respectively (Manning et al. 2007;
Devan et al. 2011, 2016, 2017; Moulder 1992). The
double peak features of C(1s) core level located at a
binding energy of 284.7 and 286.6 eV confirm the
presence of carbon on cellulose as C—C and C-O-C
bond, respectively (Matuana et al. 2001). Moreover,
the absence of Cr has been confirmed in CI-2 sample
(Fig. 5d).

Upon adsorption of Cr onto CI-2 as well as CI-3, the
photoelectron peak of Fe(2p) core levels showed no
shift in the binding energy of Fe(2P5/,) and Fe(2P,,,),

indicates the presence of Fe® (Figs. 6a, 7a). Figure 6b
depicts the peaks corresponding to core levels of
Cr(2P5),) and Cr(2P;),) at a binding energy of 575.86
(Halada and Clayton 1991) and 585.49 eV (Li et al.
2008). However, the comparison of CI-2 with
chromium adsorbed CI-2, showed an increase in the
intensity of the peak located at a binding energy of
715.49 and 731.98 eV, respectively, corresponding to
Fe(2P,,;) and Fe(2P3/,) of Fe(IIl/I), (Fig. 6a). This
suggests the increase in the Fe(II/III) concentration in
Cr adsorbed CI-2.

A comparison of CI-2 and Cr adsorbed CI-2
showed an increase in the intensity of binding energies
corresponding to Cr, confirmed the presence of
adsorbed chromium on the surface of the material
(Figs. 5d, 6b). The peaks observed at a binding energy
of 575.86 and 585.49 eV suggest the presence of
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Fig. 7 High-resolution XPS spectra of chromium adsorbed CI-3 depicting the binding energy spectrum of a iron, b chromium and

¢ oxygen

chromium in the Cr(III) state. Thus, during adsorption
of chromium onto CI-2, Fe® is oxidized to Fe(II or III),
reducing Cr(VI) in the solution to Cr(III) mmobilized
on surface of nZVI immobilized on cellulose. This, in
turn, leads to the formation of a precipitate of Fe(II or
IIT)-Cr(IIT) oxide. Similar variation was observed for
Cr(IIl) in case of chromium adsorbed CI-3 (Fig. 7b).
Further, Cr adsorbed CI-3 showed a satellite peak at
531.72 eV and an intense peak at 530.11 eV, is
attributed to OH and oxides, respectively in the
material (Fig. 7c) (Devan et al. 2010; Moulder
1992). A comparison of the peak intensities of OH
and oxide in CI-2 and chromium adsorbed CI-3
showed an increase in the intensity of the oxide peak
and decrease in the intensity of hydroxyl peak. The
increase in oxide indicates the oxidation of zero-valent

@ Springer

iron as well as oxidation of cellulose. However,
lowering of the intensity of binding energy peak
corresponding to OH at 531.72 eV confirms the
oxidation of cellulose or presence of hydroxyl groups
in CI-2 (Devan et al. 2009).

Adsorption studies
Effect of pH on Cr(VI) adsorption

In adsorption process, pH plays a vital role, particu-
larly for ionic species like Cr(VI). Thus, CI-2 was
studied for the effect of pH on the Cr(VI) removal by
reductive—adsorption in the pH range 3—10. The result
of the adsorption, in terms of the Cr(VI) removal
efficiency is as given in Fig. 8. The CI-2 was found to
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remove Cr(VI) with an efficiency of 36.8, mg/g at pH 3
which is reduced to 2.4 mg/g at pH 10 (Fig. 8a). Thus,
the removal efficiency was observed to be maximum
under acidic conditions. This could be explained by,
the surface protonation of nZVI leading to positively
charged surface favoring electrostatic interaction with
Cr(VI) oxoanion (Jabeen et al. 2011). Further, the
protonation of chromate ion reduces the anion-nZVI
electrostatic repulsion thus facilitating adsorption at
low pH (Gheju 2011; Li et al. 2008). But, as the pH
increases, the availability of protons is significantly

Anions Cations

decreased reducing the electrostatic attraction
between Cr(VI) and nZVI. It was further observed
that CI-2 suspension is primarily black in color/
appearance. It undergoes a significant change in the
color upon treatment with Cr(VI) solution. This
change of color signifies the oxidation of Fe® to
Fe(Ill) and formation of Cr(II)-Fe(IIl) hydroxide
precipitates (Powell et al. 1995).
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Effect of dosage of CI-2 on Cr(VI) adsorption

The efficiency for Cr(VI) removal increased from
34.73 to 83.85%, upon increasing the CI-2 dosage
from 50 to 100 mg/L as depicted in Fig. S3. However,
when the dosage of CI-2 was further increased to 200
and 400 mg/L, there was a significant increase in the
removal efficiency of Cr(VI) which reaches a satura-
tion level at 91.92 and 93.68%, respectively. Thus, the
optimum dose for the adsorption experiment was fixed
at 100 mg/L Cr(VI) in an aqueous solution maintained
at pH 3.

Effect of Cr(VI) concentration on adsorption by CI-1,
2 and 3

Cr(VI) adsorption was studied for CI-1-3 as shown in
Fig. 8b. 100 mL of 1 to 10 mg/L range of chromium
concentration were treated with 100 mg/L CI-1-3 at
pH 3. The result showed CI-2 had higher removal
efficiency than CI-3 followed by CI-1 (Table 1).

Adsorption Isotherm studies

Langmuir and Frendulich adsorption isotherm were
used to determine the adsorption equilibrium between
the nZVI and Cr(VI). The adsorption behavior of CI-1-
3 was carried out for Cr(VI) as given in Fig. 8c, d,
which is fitted to a linear model of Langmuir and
Freundlich isotherm using equation 1 and 2. The
Langmuir and Freundlich adsorption isotherm was
best fitted for Cr(VI) adsorption using CI-1-3. The
isotherm of CI-2 and CI-3 showed a linear fit for the
plot between 1/C.q and 1/q. as shown in Fig. 8c. The
isotherm plot for CI-3 is shown in supplementary
Fig. S2. The maximum adsorption (q,.x) Was found to
be 28.57, 58.82 and 38.48 mg of Cr(VI)/g for CI-1, 2
and 3, respectively (Table 2). The normalized adsorp-
tion value (q,) was calculated according to the

Table 2 Kinetics constant for adsorption of chromium on CI-
2 and CI-3

CI-2
20 mg/L

CI-3
20 mg/L

Pseudo-second-order
K,=92x 10°g 'mg™'h
R? = 0.987

K,=2x 10°¢g 'mg~"h
R? = 0.987

percentage of iron loading on to CI-1-3 using equation
given below:

9e

ke x 100

The normalized value for Cr(VI) is 476, 490 and
160 mg of Cr(VID)/g of nZVI for CI-1, 2 and 3,
respectively. CI-2 showed higher normalized removal
efficiency for Cr(VI) than CI-3, which is the optimum
loading for the Cr(VI) adsorption. The higher removal
efficiency of CI-2 is comparable to that of CI-1, which
accounts for the retain surface dispersion and nZVI
activity on the cellulose surface. However, in case of
CI-3, the iron particles are aggregated on the surface of
cellulose, thus lowering the interaction between nZVI
and cellulose surface leading to lower adsorption
efficiency.

Normalized adsorption q, =

Kinetics equilibrium study

The removal efficiency for Cr(VI) (20 mg/L)
increased from 4.18 to 47.74% upon increasing the
contact time from 30 min to 24 h as depicted in
Fig. 8e. The optimal removal efficiency was achieved
at 11 h. In comparison to the literature on nZVI, the
CI-3 showed slower Cr(VI) removal kinetics, which
could be accounted to the lesser exposure of polymer
embedded nZVI particles for adsorption of the Cr(VI).

The kinetic data showed best fit with the pseudo-
second-order kinetic model for upon adsorption of

Table 1 Comparison of Langmuir and Freundlich constant for CI-1-3

Sample code Langmuir Freundlich Normalized adsorption
> > value of CI in mg/g
qe (mg/g) KL Ry R Log K 1/n R
CI-1 28.57 0.008 0.813 0.970 0.226 0.772 0.738 476
CI-2 58.82 0.004 0.809 0.995 0.170 0.597 0.942 490
CI-3 38.48 0.006 0.812 0.994 0.212 0.692 0.900 160
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Cr(VI) ions using CI-2 and CI-3 (Fig. S4 and S5). The
result further showed that the rate constant was
9.2 x 10%and 2 x 10> g~' mg™" h for CI-2 and CI-
3, respectively. The results indicate the better rate of
adsorption by CI-2 to the extent of 4000 times better
than that of CI-3. This may be accounted for the
formation of micron-sized aggregates of iron.

Study of interference of ions on chromium adsorption

As CI-2 was prepared to immobilize and stabilize
nZVI for groundwater and wastewater application.
The CI-2 showed substantial adsorption for Cr(VI)
from aqueous solution. Thus, it is essential to study the
potential interference from major anions and cations
present in the groundwater system. Thus, for the study
of interference various anions using sodium salts of
Cl, PO43_, SO42_ and NO;~ and cations using
chloride salts namely Fe>*, Ca**, K™ and Na™ in the
concentration of 1 x 10_4, 1 x 107 and
1 x 107> M were used. The CI-2 dose of 200 mg/L
were added to 3 mg/L of Cr(VI) solution containing
1 x107% 1 x 107> and 1 x 107> M solution of
various anions and cation maintained at pH 3. There
was no significant change observed in the adsorption
of Cr(VI) in the presence of anions; chloride and
nitrate, and in presence cations, of Na™*, K™ and Ca®"
as shown in Fig. S6. The effect of various anions and
cations (1 x 1073 M) is shown in Fig. 8f. However,
anions PO; >, SO,>~ and cation Fe’", jons in the
concentration of 1 x 107> M showed strong syner-
gistic effect leading to the efficient removal of Cr(VI)
ions. This synergistic effect could be accounted to the
precipitation of the reduced chromium as Cr(SOy,);
and CrPOy, thus reducing the surface passivation of
cellulose immobilized nZVI. The synergistic effect of
Fe>" ions could be accounted to the increased Cr(VI)
reduction, subsequently followed by the adsorption in
case of CI-2 (Kim et al. 2012).

Regeneration study of Cr(VI) by CI-2

In the regeneration study of Cr(VI) adsorption using
CI-2, four successive generation of usage of CI-2 for
Cr(VI) reductive adsorption was found to be signifi-
cant. The result showed 44.63% of Cr(VI) removal in
the first cycle which was reduced to 22.6% in the
second cycle. The adsorption efficiency was lost

50

40 -

30 4

20

10 -

Removal % of Cr(VI)

1st 2nd 3rd 4th 5th
Cycles of Cr(VI) adsorption

Fig. 9 Regenration study of cellulose immobilized nZVI
composite CI-2 (1 g/L) for Cr(VI) (pH =3, 1 L, 1 g/L, 24 h,
200 rpm) adsorption

significantly at third and subsequent cycles in the
range 6.56-4.64% (Fig. 9).

Discussion

The significantly high adsorption efficiency of chro-
mium by CI-1-3 is due to reductive regeneration of
zerovalent iron as cellulose is oxidized to form
dialdehyde which regenerate zerovalent iron. Upon
comparison of the loading characteristics of the CI-1-
3, an increase in Cr(VI) adsorption up to twofold upon
increasing the iron loading on cellulose from 6 to 12%
is observed. Further increase in iron loading to 24%, a
significant drop in the adsorption capacity of material
was observed in case of CI-3. This trend in Cr(VI)
adsorption upon loading was compared for normalized
adsorption, similar normalized adsorption was
observed in case of CI-1 and CI-2, approximately
with a threefold higher Cr(VI) adsorption in compar-
ison with CI-3. This characteristic adsorption beha-
viour of CI-1-3 could be attributed to the particle size
of nZVI as well as the maximum coverage on the
surface of cellulose. The particle sizes of ZVI
immobilized on cellulose were characterized by
nanodimension in case of CI-1 and-2, whereas incase
of CI-3 the ZVI were plate shaped with size ranging in
submicron. Similar results reported by Uzum et al.
(2009) and Yadav et al. (2016), where the immobilized
nZVI showed an optimum adsorption up to a certain
loading onto the immobilizer, were observed with
various other adsorbates like Cu(Il), Co(II),
As(V) As(IIl) etc. Similar loading characteristics has
been studied by Uzum et al. (2009) on Cu(Il) and
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Table 3 Comparative evaluation of adsorption capacity of chromium by various adsorbent

S.N. Adsorbent Iron loading ~ Adsorption Normalized adsorption References
Jow/w (mg/g) efficiency (mg/g)
1. Chitosan-nZVI 77.6 148.06 190 Geng et al.
(2009)
2. Graphene-nZVI 94 162.59 172 Jabeen et al.
(2011)
3. Bentonite-nZVI 50 25 50 Shi et al. (2011)
Stacked Chitosan nanofibres n.a. 131.58 131.58 Li et al. (2015)
5. Ionic Liquid functionalized Multiwall n.a. 85.83 85.83 Kumar et al.
Carbon nanotube (2015)
6. Chitosan-Sec-Butylammonium acetate n.a. 20.83 20.83 Eliodorio et al.
(Ionic Liquid) (2017)
Hyperbranched polymer grafted chitosan n.a. 194.55 194.55 Li et al. (2018)
PEI-Silica nanoparticles n.a. 183.7 183.7 Choi et al.
(2018)
9. Iminodiacetate-glycidyle methylacrylate n.a. 83.75 83.75 Dafader et al.
polyethylene (2018)
10.  Microcrystalline cellulose immobilized 12.02 52.82 490 Present study

nZVI

Co(Il) ions adsorption using 50-20% w/w nZVI
loaded Kaolinite, an increase in the normalized
adsorption of Co(II) was observed upon decreasing
the nZVI loading on kaolinite. On the other hand, the
interactive surface coverage area for nZVI with
cellulose could not be ruled out, as cellulose plays a
vital role in the regeneration of nZVI during the
adsorption of Cr(VI) oxoanion. Further investigations
would be required to be carried out to establish the
influence of interaction surface coverage between
nZVI and cellulose on the adsorption of various heavy
metals.

The performance of the material CI-2 was examine
by comparing the results obtained in the present study
with other adsorbent normalized for the nZVI loading
is depicted in Table 3. With material CI-2 obtained
normalized adsorption efficiency up to 490 mg/g of
nZVI for chromium, which is higher than the nZVI
based adsorbents as well as the polymer functionalized
material.

Conclusion
The materials CI-1-3 synthesize using ionic liquid—

water binary mixture showed better water and air

@ Springer

stability. The effect of iron loading and the application
of these materials on the chromium adsorption were
investigated. The material CI-2 containing 12% w/w
iron showed highest removal efficiency than CI-3
(24% w/w) and almost equal efficiency as CI-1. This is
accounted to the loading behavior of iron on the
cellulose surface and reaction mechanism involving
iron regenerate by in situ oxidation of cellulose. The
CI-I (6% w/w) and CI-2 found to have suitably spread
on the cellulose with the formation of spherically
shaped nZVI. In case of CI-3, higher amount of iron
lead to formation of micron size particles by aggre-
gation of nZVI particles, which decreased the adsorp-
tion efficiency of the material for chromium. The
experimental data were best fitted to Langmuir and
Freundlich adsorption isotherm. The adsorption pro-
cess reached the adsorption equilibrium at 11 h, and
the data followed pseudo second order kinetic model.
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