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culia urens) stabilized zero-valent
iron nanoparticles: characterization and
applications for the removal of chromium and
volatile organic pollutants from water†

Vellora Thekkae Padil Vinod,*a Stanisław Wacławek,a Chandra Senan,b

Jaroslav Kupč́ık,c Kristýna Pešková,a Miroslav Čerńık*a and H. M. Somashekarappad

This paper illustrates a method for the stabilization of nanoscale zerovalent iron (NZVI) suspensions with

a “green” biopolymer, Gum Karaya (GK). The stability, sedimentation, aggregation behavior and reactivity

towards Cr(VI) and volatile organic compounds using NZVI–GK (GK stabilized NZVI) and bare NZVI, were

assessed. The stabilization mechanism of NZVI–GK was demonstrated using ATR-FTIR, XRD, XPS, TEM,

SEM, TGA and particle size analysis. The NZVI–GK nanoparticle suspension was found to be stable for at

least three months, suggesting a superior stability rendering property of GK which forms a scaffold to

prevent NZVI from aggregating. Batch experiments, centred on Cr(VI) reduction and degradation of

volatile organic compounds, confirmed that NZVI–GK was more reactive than bare NZVI. Furthermore,

XPS and ICP-MS results revealed that Cr(VI) was reduced to Cr(III) by NZVI–GK and the remaining Cr(III) in

solution was adsorbed onto GK, thereby completely removing chromium from the contaminated water.

Our study suggests that an important role is played due to the attributes of GK (which include non-

toxicity, biodegradability and cost-effectiveness) in conjunction with the ability of NZVI to remove all

chromium viz. [Cr(VI) and Cr(III)] coupled with the total degradation and removal of VOCs (cis-1,2-

dichloroethene, perchloroethene and trichloroethene) from water.
1. Introduction

Nanoscale Zero-Valent Iron (NZVI) has been studied as
a prospective innovative technology for the remediation of
contaminated water and soil for decades. The high reactivity of
NZVI towards a broad range of contaminants such as chlori-
nated organic compounds (chlorinated methanes, ethanes,
ethenes, chlorinated aromatic compounds and pesticides);
heavy metals; radioactive nuclides; nitro aromatic compounds;
nitrates; dyes and phenol has been reported extensively.1–3

The major problems facing remediation technology
employing NZVI are its susceptibility to aggregation, limited
mobility in the subsurface environment and longevity under
such conditions.3 To be effectively utilised in aquifer (in situ)
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99

tion (ESI) available. See DOI:

hemistry 2017
remediation, NZVI should remain in suspension for long
periods, allowing for slurry preparation, handling and injection
into the contaminated site. Furthermore, mobility of NZVI's in
the subsurface is the key element governing effective remedia-
tion of the contaminated site. However, many studies have
demonstrated that the stability and mobility of NZVI was
restricted due to the strong tendency of NZVI particles to
aggregate in aqueous environments which resulted in lower
specic surface area and subsequently in reduced reactivity.4,5

Additionally, the mobility of NZVI can be constrained due to
interaction between iron particles and soil grains, causing NZVI
deposition onto the porous matrix.3 Many studies have
proposed solutions for overcoming the problems of stability
and mobility of NZVI in porous media and the requirement is
for modication of the surface properties of NZVI using
a combination of natural and engineered polymers, together
with surfactants, thereby enhancing colloidal stability and NZVI
mobility in porous media.6,7 Various natural and synthetic
polymeric materials such as guar gum, xanthan gum, starch,
agar agar, poly(acrylic acid) (PAA), Tween-20, polyelectrolytes
(polystyrene sulphonate and polyaspartate), organic matter and
CMC have been used to improve the stability, reactivity and
mobility of NZVI in porous media.8–16 These polymers can
interact with NZVI particles and prevent aggregation by
RSC Adv., 2017, 7, 13997–14009 | 13997
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reducing particle–particle attractive forces which can increase
repulsion between the particles and the porous medium.3

Important properties such as stabilizing capacity and shear
thinning exhibited by xanthan gum deemed the latter to be
a suitable material for NZVI particle mobility and aggregation
studies.17 The rst applications of NZVI in contaminated elds
were conducted by injecting non-stabilized particles at
a concentration of 1 g L�1 but the results were unsatisfactory.18

The enhancement of electrosteric and kinetic properties of
NZVI in the presence of both guar gum and xanthan gum have
been reported.8,12 Modication and stabilization of NZVI using
natural gums such as guar gum and xanthan gum were shown
to be effective in improving colloidal stability, reactivity and
mobility of NZVI.3 Furthermore, the viscosity of the overall
mixture was found to have increased at higher concentrations of
guar gum, thereby limiting sedimentation of NZVI and
hindering particle aggregation by virtue of reducing the
frequency of collisions among particles, owing to the shear-
thinning behavior of this gum.17

Gum Karaya (GK), a natural hydrocolloid gum obtained from
the karaya tree has been used as a food additive and pharma-
ceutical ingredient for centuries. The importance of polymeric
surfactants based on natural hydrocolloids is increasing due to
their non-toxicity, biodegradability, availability and superior
physico-chemical properties. GK (Sterculia urens), a rhamno-
galacturonoglycan (pectic) type gum, is a partially acetylated
polysaccharide, with a branched structure and a high molecular
mass of 16 � 106 Da.19,20 GK, a commercial tree gum, is widely
used as a food additive and pharmaceutical ingredient, as well
as an agent for promoting emulsication, stabilization and
thickening.19 The properties, structural arrangement and
composition of GK solutions have been studied extensively,21,22

neutral sugars such as rhamnose, galactose, arabinose and
acidic sugar moieties of uronic acids (galacturonic and glucur-
onic) being the main constituents.23 The presence of various
functional groups (viz. sugars, proteins, lipids and tannin) are
indicative of its usefulness as a natural bio-sorbent.23,24

Hydroxyl (–OH) groups present in arabinose and rhamnose and
carboxylic (COOH) groups found in glucuronic acid play
a crucial role in the binding of toxic metal ions (e.g. Hg2+) from
aqueous solutions to the gum biopolymer structure.25

For effective contaminant remediation by NZVI, it is imper-
ative that a stable, well dispersed and highly concentrated NZVI
suspension (with enhanced mobility and reactivity in the
porous media) is developed. To achieve these objectives,
extensive laboratory experiments and rigorous eld tests should
be performed. The major points to be addressed in this study
relate to selecting the most appropriate stabilizing agent.
Adoption of a stabilization approach will help to reduce particle
aggregation; aid the development of biodegradable and
environmentally-friendly polymeric surfactants as stabilizing
agents and lead to an improvement in the mobility and reac-
tivity of NZVIs.

In light of the above perspectives, a natural, tree-based
polymer such as GK was chosen as the stabilizing agent for
NZVI. A detailed investigation of the NZVI–GK composite was
carried out in order to evaluate the changes in stability, particle
13998 | RSC Adv., 2017, 7, 13997–14009
aggregation and reactivity towards Cr(VI) and volatile organic
compounds (VOCs) viz. cis-1,2-dichloroethene (cis-1,2-DCE),
perchloroethene (PCE) and trichloroethene (TCE) that are
present in ground water from the Pisecna location (Czech
Republic).

2. Materials and methods
2.1. Materials

Commercial gum karaya (GK), K2CrO4, 1,5-diphenylcarbazide,
HCl, HNO3 and NaOH were purchased from Sigma-Aldrich,
USA. Deionised water (18.2 MU cm�1) was prepared by an
ELGA purelab ex system (ELGA, Veolia Water, Marlow, UK)
and used in all experiments. NANOFER STAR (air – stable
NZVI powder consisting of an iron oxide layer) was purchased
from NANO IRON, s.r.o., Czech Republic. Polluted groundwater
was taken from the Pisecna location (Czech Republic). Water
from the location was taken from a depth of 10 meters beneath
the ground surface; collected in 20 litre cylinders; trans-
ferred to the laboratory and stored at 4 �C under anoxic
conditions. The contaminant composition was determined
prior to the tests; (cis-1,2-DCE: 378 mg L�1; PCE: 18 530 mg L�1;
TCE: 13 040 mg L�1, respectively).26

2.2. Purication of gum karaya (GK)

GK powder was puried by dissolution, ltration and dialysis as
reported earlier.20 The estimated molar mass distributions
(weight average,Mw; number average,Mn and z-average,Mz) and
rms radius moments (Rn, Rw and Rz, all in nm) of GK (1.827 �
106 g mol�1) was determined using GPC/MALLS and tted with
rst-order polynomials using the Zimm method as reported.20

2.3. Activation of NANOFER STAR

Nanoparticles of zero-valent iron, produced by unique technology
of the NANO IRON, s.r.o. company, exhibited an average particle
size of 50–100 nm; an average surface area of 20–25 m2 g�1;
a narrow particle size distribution of 20–100 nm and a high iron
content in the range of 80–90 wt%. NANOFER STAR (NF) was
produced and delivered in a form of dry powder with a surface
protective oxide shell that required activation prior to applica-
tion. Standard activation protocols are based on preparation of
the 20% slurry (20 g of air-stable NZVI NF STAR dispersed in 100
mL of distilled water). The whole mixture was homogenized and
dispersed for 2 min using a IKA ULTRA-Turrax basic T 25
powder mixer at 15 000 rpm and le for approximately 48 hours
at room temperature without additional mixing. The solution
was mixed again as described above. Aer the activation
process, the slurry was diluted to obtain the nal concentration
for the experiment. During activation, the NANOFER STAR's
surface washes and disintegrates and in so doing, the Fe(0)
becomes available for reduction.

2.4. Preparation of NZVI–GK nanoparticle suspension

Activated NZVI particles (200.0 g L�1) with puried GK
(20.0 g L�1) were mixed in various wt/wt ratios (1 : 1, 1 : 2 and
1 : 3 of GK and NZVI, respectively) to produce NZVI–GK
This journal is © The Royal Society of Chemistry 2017
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suspensions. The latter were again blended for 10 min and
nally sonicated for the same duration. The solution pH of the
NZVI–GK slurry was adjusted with 1.0 N NaOH or HCl,
respectively.
2.5. Characterization of NZVI–GK nanoparticles

2.5.1. Morphological analysis by SEM. The composition
and morphology of GK, NZVI, NZVI–GK and Cr/NZVI–GK (Cr
adsorbed onto NZVI–GK) was studied using a scanning electron
microscope with a beam current (12 to 40 nA) and acceleration
voltage (0.02 to 30 kV) in conjunction with a complete detection
system comprising in-lens energy and angle selective back-
scatter' detectors (EsB); 4-quadrant solid-state backscatter
detector (AsB) and conventional secondary electron detector
(Everhart-Thornley) (ZEISS, Ultra/Plus, Germany). The speci-
mens were permanently mounted onto stubs using slow-drying
araldite or silver dag. The stub with the specimen was then
sputter coated with a thin layer of gold to make the specimens
conductive under high vacuum conditions. The processed
specimens were subjected to SEM evaluation and EDXA analysis
was conducted to determine the presence of various elements in
GK, NZVI–GK and Cr/NZVI–GK nanoparticles.

2.5.2. Transmission electron microscopy (TEM) and HR-
TEM analysis. TEM and HR-TEM (high resolution trans-
mission electron microscopy) images were recorded using
a transmission electron microscope (JEOL, Japan) to charac-
terize the nanostructures and determine particle distribution.
The samples were prepared on standard copper TEM grids
covered with thin carbon foil. Drops of NZVI or NZVI–GK were
dispersed in 1 mL of isopropanol using ultrasound for 10 min.
In both cases, a drop of solution was gently spread onto the
upper surface of the carbon covered copper TEM grid.

2.5.3. Particles size analysis. The size distributions of GK
and NZVI–GK nanoparticles in aqueous media were measured
using the centrifugal particle sedimentation (CPS) by the Disc
Centrifuge technique (DC24000UHR, CPS Instruments Inc.,
USA). Measurements were made at a disc rotation speed of
5700 rpm and particle sedimentation was performed in sucrose
over a 8–24% (w/w) density gradient. Prior to each sample
measurement, the instrument was calibrated using PVC nano-
sphere standards (476 nm particle size) which is applicable to
a large range of particle sizes and densities. The concentrations
of the dispersed NZVI nanoparticles in the solution were esti-
mated using ICP-MS analysis.

2.5.4. Zeta potential analysis. The zeta potential values of
GK, NZVI and NZVI–GK nanoparticles were determined in
freshly prepared suspensions by means of a Zetasizer ZS (Mal-
vern Instruments Ltd, UK). Each measurement was carried out
(ten runs) with autocorrelation functions of 10 seconds. The
results for each sample were obtained from triplicate
measurements.

2.5.5. Batch experiments Cr(III), Cr(VI), total Cr and VOCs
(cis-1,2-DCE, PCE and TCE). All the batch experiments were
carried out in three-neck asks at 20 �C, placed in a shaking
water bath incubator under an atmosphere of nitrogen. To each
ask, 300 mL solutions containing various amounts of bare
This journal is © The Royal Society of Chemistry 2017
NZVI or NZVI–GK in 1 : 1, 1 : 2 and 1 : 3 ratios of wt/wt
concentrations of 200 g L�1 (NZVI) to 20 g L�1 (GK) and
various amounts of Cr(VI) from 5.0–100 mg L�1 were added. The
suspensions was stirred vigorously for nite reaction periods
(10 min to 3 h) with the pH (2–10) being adjusted by 0.1 M HCl
or NaOH. Aliquots of the samples were taken at designated time
intervals, centrifuged and ltered using 0.45 mm lters. The
ensuing ltered solutions were later analyzed.

2.5.6. Kinetic experiments Cr and VOCs. To determine the
reaction kinetics of Cr(VI) removal, various concentrations of
NZVI (0.25, 0.50 and 1.00 g L�1) were added to 50 mL of water
spiked with potassium chromate [Cr(VI) initial concentration ¼
10 mg L�1]. At selected time intervals (2.5, 5, 10, 20 and 30 min),
samples were removed, ltered and tested for residual Cr(total)
and Cr(VI). In order to monitor the decontamination of selected
VOCs (PCE, TCE and cis-1,2-DCE) in groundwater from Pisecna,
air-tight 50 mL reactors were used and a constant mixing rate of
200 rpm adopted. GK, NZVI and NZVI–GK were added at
dosages of 0.5, 5 and 5 g L�1, respectively. Subsequently, at
selected time intervals, 7 mL aliquots of reacted solutions were
ltered and analysed.

2.5.7. Cr(VI), Cr(III) & total Cr analysis. In order to determine
the reduction capacity of bare NZVI and NZVI–GK nanoparticles,
appropriate amounts of each sample with the same iron content
(to be determined by ICP-AES analysis of NZVI and NZVI–GK
samples) were added to 10–100 mg L�1 of Cr(VI) containing
solutions. The reduction of Cr(VI) was performed under different
pH (1.0 to 5.0) conditions; various reaction times (10–180 min);
and at a temperature at 20 �C. The pH of the reaction solutions
were adjusted with 1.0 N HCl. During the reaction, small
amounts (approximately 2.0 mL) were withdrawn at each time
interval and analysed for Cr(VI). The Cr(VI) concentration of the
solutions (sampled at the initial and nal reaction times) were
determined at a wavelength of 540 nm, using a UV-Vis spectro-
photometer (Cintra 202 UV-VIS spectrophotometer, GBC, Aus-
tralia) in accordance with the 1,5-diphenylcarbazide method.27,28

Total Cr was also analysed employing the ICP-MS method (Nex-
ION 300 Q, PerkinElmer, USA). Cr(III) concentrations in solution
were estimated by subtracting the residual Cr(VI) concentrations
from the residual total Cr concentrations.27

2.5.8. Volatile organic compounds (PEC, TCE and cis-1,2
DCE) analysis. The dechlorinating of VOCs [perchloroethene
(PCE), trichloroethene (TCE) and cis-1,2-DCE (cis-1,2-dichlor-
oethene)] from Pisecna samples by GK, NZVI and NZVI–GK (0.5,
5 and 5 g L�1, respectively) were investigated in an airtight
environment using 50 mL serum bottles sealed with Teon-
lined rubber septa and aluminium crimp caps. The bottles
were incubated in an orbital shaker (200 rpm) at room
temperature, housed in the dark. Control experiments were also
carried out without GK, NZVI and NZVI–GK. At selected time
intervals, 3.5 aliquots of reacted sample were withdrawn using
a gas tight syringe, immediately ltered through 0.22 mm lters
and transferred to headspace vials.

In addition, the vials were transferred to the CombiPAL auto-
sampler (CTC Analytics AG, Switzerland) of the Varian CP-3800 Gas
Chromatograph (GC)/Saturn 2200 ion trapmass spectrometer. The
headspace analytical technique was used for determination of
RSC Adv., 2017, 7, 13997–14009 | 13999
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VOCs. Samples were incubated in the autosampler at dened
temperatures, times and agitation intensities. The autosampler
conditions adopted were as follows: syringe temperature, 90 �C;
agitator temperature, 80 �C and incubation time of the sample in
the agitator, 5 min. Aer the establishment of interfacial (vapour–
liquid) equilibrium, the samples were withdrawn by the auto-
sampler needle from the headspace vials and injected into the GC
system. The capillary column used (60 m in length, 0.32 mm in
diameter and 1.8 mm in lm thickness) was equipped with a VF-
624ms and procured from Agilent Technologies. The tempera-
ture programme of the GC commenced at 50 �C (4 min) at
a heating rate of 8 �C min�1. The nal temperature of 220 �C was
maintained for 4.75 min. Helium was employed as the carrier gas
with a ow rate of 1.0 mL min�1. Calibration was undertaken
utilizing an external standard method by preparing known
concentrations of VOCs. To accomplish this, EPA 502/524.2 VOC
Mix 200 mg mL�1 in methanol (Sigma-Aldrich Company, USA) was
used. Calibration was performed by measuring the calibration
solutions at aminimum of ve concentration levels in the range of
linear response of the detector.

2.5.9. XRD analysis. X-ray diffraction spectra was recorded
on an X-ray diffraction spectrometer (Bruker, AXS/8, Berlin,
Germany). The diffraction spectra were obtained using Cu-Ka
radiation (40 kV, 60 mA). Diffractograms were run at a scanning
speed of 20 min�1 and chart speed of 20/2 cm per 2q.

2.5.10. X-ray photoelectron spectroscopy (XPS). The surface
composition of the GK and NZVI–GK nanoparticles and the
reduction of Cr(VI) using NZVI–GK nanoparticles were analyzed
with an X-ray photoelectron spectroscope (Kratos AXIS 165,
Alberta, Canada). XPS spectra were obtained by applying a Mg-Ka
(1253.6 eV) energy source of monochromatic radiation operating
at 15 kV and 10 mA. The residual pressure in the analysis
chamber was 5 � 10�10 Torr (6.66 � 10�8 Pa). Survey scans were
recorded in the binding energy range 0–1100 eV (1.76 � 10�16 J)
with a pass-energy of 80 eV (1.28� 10�17 J). The XPS spectra were
deconvoluted using the MultiPak (Ulvac – PHI, Inc.) soware
along with a Shirley background subtraction, a Gaussian sum
function and an iterative least-squares optimization algorithm.
All binding energy (BE) values were referenced to the adventitious
C 1s peak at 284.80 eV.

2.5.11. ATR-FTIR spectrometry. FTIR spectra were obtained
using a spectrophotometer (NICOLET IZ10, Thermo Scientic,
USA). The instrument was equipped with a single reection
single angle 45� horizontal ATR accessory. Spectra were gener-
ated with a resolution of 4 cm�1, spanning the 4000–400 cm�1

wavenumber range using a germanium ATR crystal.
2.5.12. Thermogravimetric (TG) analysis. Thermal stability

and composition of the GK and NZVI–GK were determined
using Mettler Toledo apparatus: TGA/SDTA851e. The experi-
mental atmosphere was nitrogen at a ow rate of 20 mL min�1

and the samples were heated from 30 to 800 �C.

3. Results and discussion
3.1. SEM/EDX analysis

Morphologies of GK, NZVI, NZVI–GK as well as Cr adsorbed
NZVI–GK were analyzed using SEM and their corresponding
14000 | RSC Adv., 2017, 7, 13997–14009
EDX proles are presented in Fig. 1 which shows the EDX
analysis of GK representing the various elements present (viz.
Ca, Na, Mg, Al and Cl) in GK. Lyophilized GK, with observable
brous structures (inset Fig. 1a), can easily interact with NZVI
to form a NZVI–GK composite (Fig. 1c) and NZVI particles
were found inside the network of GK scaffolds. The NZVI
particles (20–100 nm in diameter) with particular character-
istics were observed (Fig. 1b). The EDXA prole shows Fe
peaks (Fig. 1c) while the Cr/NZVI–GK composite exhibits
extremely rough surfaces, possibly due to interaction of NZVI–
GK with Cr to bring about a surface precipitation reaction
between chromate and iron ions (Fig. 1d). The EDX sketch
furnishes the adsorbed Cr peaks on the surface of NZVI–GK
(inset Fig. 1d).
3.2. TEM and HRTEM analysis

The core–shell structure consisting of a core layer of Fe0 and
a shell layer of iron oxides was observed in bare NZVI (Fig. 2c).
Fig. 2b clearly indicated that NZVI particles were stabilized on
the GK network structure, and that the particle size was �20–
100 nm. Compared with bare NZVI particles, NZVI on the GK
polymer dispersed homogeneously. These effects were due to
the inhibiting effect of GK on NZVI aggregation. Fig. 1b
showed that the NZVI particles were not simply mixed or
blended with GK. Instead, they were protected on the GK
network structure as depicted in Fig. 5. Selected area diffrac-
tion patterns (inset Fig. 2a & b) were suggested the formation
of crystalline structures of NZVI in the bare NZVI as well as in
NZVI–GK composite. A TEM image of the NZVI particles
revealed that bare NZVI was aggregated with iron nano-
particles, resulting from magnetic interactions between NZVI
particles (Fig. 2a). Association of GK with NZVI particles
reduced the magnetic interactions between them. The HRTEM
image of the NZVI particles (Fig. 2c) illustrated an apparent
iron oxide layer formed on the surface of the bare NZVI.
However, no distinct iron oxide layer could be discerned on
the surface of the NZVI–GK (Fig. 2d). Clear lattice fringes in the
HRTEM images of NZVI–GK (Fig. 2d) implied the generation of
crystalline NZVI particles.
3.3. Particle size analysis

Particle size distributions of bare NZVI and NZVI–GK analyzed
by CPS are presented in Fig. 3. The mean particle sizes of bare
NZVI particles were found to be 770, 920, 1090, 1260 and
2010 nm, respectively for the blank and the samples aer one
week, two weeks, one month and three months storage at room
temperature (Fig. 3a). However, the comparative mean particle
sizes of NZVI–GK were 730, 730, 870, 870 and 1240 nm,
respectively for the blank and the samples (stored for and under
identical conditions to the ones mentioned above) (Fig. 3b).
Clearly, the NZVI–GK appeared to be more stable in comparison
with the bare NZVI particles and the particle size measurements
corresponded with TEM analytical data (Fig. 2a and b). Particle
size measurement data obtained by CPS methods and TEM
analysis were found to vary by �10–20%, as reported earlier.28
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of (a) lyophilized sample of GK, (b) NZVI, (c) NZVI–GK composite and (d) Cr-adsorbed NZVI–GK and their corresponding EDX
profiles.
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3.4. Sedimentation experiments

To further examine aggregation capabilities of GK, NZVI and the
NZVI–GK composite, at various designated times (viz. 0, 5 min,
30 min, one week, one month and three months) the respective
sedimentation tests were performed as presented in Fig. 4a–c.
The bare NZVI particles started to settle at the bottom of the
tube aer 30 min and completely precipitated aer one week
(Fig. 4b). In contrast, the NZVI–GK particles remained in
suspension even aer three months, without any sedimentation
or occulation occurring (Fig. 4c). It was observed that NZVI–GK
particles remained stable even aer 3 months, as determined by
particle size analysis (Fig. 3).
3.5. Zeta potential analysis

The surface potential charges of GK, NZVI and NZVI–GK parti-
cles were determined using zeta potential (z) analysis. The z

values for GK, NZVI and NZVI–GK particles were found to be
�40� 1, +0.74� 0.4 and�23� 0.5 mV respectively at pH 7. The
magnitude of the surface potential generally determines the
level of electrostatic repulsion between particles. The NZVI
particles were slightly positive at pH 7 while GK registered a zeta
potential �40 � 1 mV, indicating a highly negative surface
charge. Furthermore, the most important properties of GK as
a stabilizing agent are as follows: nontoxicity, biodegradability,
high viscosity and extensively available functional groups such
as –OH, –CO–, CH3CO– and –COOH.24,25 A low zeta potential is
This journal is © The Royal Society of Chemistry 2017
a useful advantage in groundwater remediation processes. In
normal environmental conditions, the mobility of the NZVI
particles is restricted due to the positive charge and attraction
towards aquifer materials resulting in limited mobility in
ground water.29,30 In combination with GK, the NZVI particle
surface charges became more negative (z ¼ �23 � 0.5 mV at
pH ¼ 7) and this could enhance the mobility of NZVI–GK in
ground water. Moreover, highly negatively charged surround-
ings were provided by the dissociation of carboxylic acid groups
present in the GK and the steric repulsion due to the latter's
high molecular mass.25
3.6. Interaction between GK and NZVI

The major advantages of selecting gum karaya for the stabili-
zation of NZVI are due to its properties such as biodegradability,
non-toxicity, inexpensiveness and wide availability. GK provides
NZVI with stability via surface charge/electrosteric stabilization.
The high molecular weight of GK (1.827 � 106 g mol�1) induces
steric hindrance arising from bulky moieties of the GK that
resist interparticle interactions of the NZVI by counteracting
particle–particle attractive forces leading to limited particle
aggregation. In addition, GK contains multiple functional
groups e.g. carbonyl (CO–), hydroxyl (OH) and carboxylic acid
(COOH) entities, by virtue of which it functions as a stabilizer,
emulsier and thickener. Negative surface charges (z ¼ �40 �
1 mV), molecular structures and high densities of charged
RSC Adv., 2017, 7, 13997–14009 | 14001
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Fig. 2 TEM images of (a) bare NZVI, (b) NZVI–GK stabilized particles, and inset figures of (a) and (b) representing the selected area of diffraction
patters of nanoparticles, which suggests the polycrystalline structures of NZVI. HRTEM mirographs of (c) bare NZVI and, (d) NZVI–GK stabilized
nanoparticles.
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functional groups all increase the likelihood of GK interacting
with NZVI. The resulting stabilization enhances the dispersion
of NZVI particles by adsorption of charged GK molecules to the
core metal. This creates an electrical double layer and culmi-
nates in coulombic repulsion between the GK–NZVI particles.
Furthermore, the elevated molecular weight and high degree of
substitution of GK with varieties of functional groups (viz. OH,
–COO, –CO and –CH3CO) produce well dispersed NZVI particles
with narrow size distribution ranges. Besides, GK has proved to
be an effective adsorbent of toxic heavy metals and nano-
particulates due to various mechanisms such as ion-exchange,
surface precipitation, chemisorption and physisorption.24,25,31

In the present study, we have demonstrated that GK bound
to the surface of NZVI facilitates the formation of gel networks
through hydrogen bonding and polymer entanglements,
thereby preventing particle agglomeration. In addition, biden-
tate bridging (between GK and NZVI via the carboxylic group)
resists aggregation through both electrostatic and steric repul-
sion (Fig. 5). Inherent properties of higher viscosity, molecular
weight and the variety of functional groups present in the GK
polymer all aid in stabilizing NZVI, thus arresting the particle
aggregation processes. The current interpretations and over-
views are compared with latest developments concerning
numerous polymers such as CMC, xanthan gum, guar gum and
starch, all used for the stabilization of NZVI.8,12,32–36
14002 | RSC Adv., 2017, 7, 13997–14009
3.7. Cr(VI) reduction

Fig. 6 displays the kinetic proles of Cr(VI) obtained when
various concentrations of both NZVI and NZVI–GK were mixed
with Cr(VI) solutions at an initial concentration of 10 mg L�1. As
apparent in Fig. 6, there is a fast reduction of Cr(VI) by NZVI and
NZVI–GK. Aer 30 minutes of reaction time, the complete
removal of Cr(VI) up to 10 mg L�1 of the initial concentration
(with the use of NZVI–GK at a dosage of 1 g L�1) was observed.
Furthermore, it was observed that NZVI–GK exhibited greater
degradation efficiency towards Cr(VI) in comparison to bare
NZVI added at the same dosage. One of the possible explana-
tions for this phenomenon could be the fact that in addition to
enhancing NZVI longevity, GK can serve as an electron donor
(reducing agent) for many oxidation/reduction reactions and
even help stabilize metal or metal oxide nanoparticles, as re-
ported in the literature.25,37,38 However, introduction of GK alone
did not cause signicant Cr(VI) reduction (data not shown).
Additionally, GK's wide range of functional groups can enhance
contaminant sorption more efficiently compared to bare NZVI,
consequently promoting the reductive action of NZVI in juxta-
position with GK.39 However, ICP analysis conrmed that a part
of the total Cr was adsorbed onto the surface of NZVI. Although
GK alone has not contributed signicantly to the decrease in
chromium concentration in the presented timeframe, NZVI–GK
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Particle size distributions of (a) bare NZVI and (b) NZVI–GK
particles after one week, one month and three months storage under
room temperature.

Fig. 4 Sedimentation experiments with (a) GK, (b) bare NZVI and (c)
NZVI–GK particles for 0, 5 min, 30 min, one week, one month and
there months storage periods under room temperatures.

Fig. 5 The schematic presentation of NZVI interaction with GK
polymer to form NZVI–GK.

This journal is © The Royal Society of Chemistry 2017
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has shown tremendous improvement in the removal of the total
Cr [Fig. 7].

The residual total Cr concentration was determined to be
higher than the residual Cr(VI) concentration in the experiment.
This indicates that there was Cr(III) present in the solution due
to the reduction of Cr(VI) to Cr(III) by interaction of Cr(VI) with
NZVI–GK. The present data clearly shows that Cr(VI) was
reduced to Cr(III) by NZVI–GK and that the residual Cr(III) in the
solution was adsorbed onto the GK functional groups.
This result was also conrmed by XPS analysis (Fig. 10).
Fig. 6 Chromium(VI) decontamination with NZVI and NZVI–GK (Cr(VI)
¼ 10 ppm, temp. ¼ 23 �C, stirring rate ¼ 200 rpm, n ¼ 3).

RSC Adv., 2017, 7, 13997–14009 | 14003
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Fig. 7 Total chromium decontamination with GK, NZVI and NZVI–GK
(Cr conc.¼ 10mg L�1, GK conc.¼ 0.5 g L�1, NZVI conc.¼ 1 g L�1, NZVI–
GK conc. ¼ 1 g L�1, temp. ¼ 23 �C, stirring rate ¼ 200 rpm, n ¼ 3).
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Furthermore, our ndings are in agreement with Cr(VI) reduc-
tion using many renewable, economical adsorbents such as
gum kondagogu, Cupressus lusitanica bark, chitosan stabilized
NZVI and pectin stabilized NZVI.37,40–43
3.8. Degradation of PCE, TCE and cis-1,2-DCE

It can be observed that stabilized and unstabilized NZVI can
readily decrease the concentration of selected pollutants
(Fig. 8). The reduction of chlorinated aliphatics by NZVI takes
place mainly by b-elimination.44 The mechanism was
Fig. 8 Removal of VOCs (perchloroethene (PCE), trichloroethene (TCE)
site with GK, NZVI and NZVI–GK (temp. ¼ 23 �C, GK conc. ¼ 0.5 g L�1,

14004 | RSC Adv., 2017, 7, 13997–14009
established by calculating the chlorine number (please see
below). Only negligible concentrations of vinylchloride (VC)
were detected during the tests with NZVI. As mentioned earlier,
b-elimination is the main NZVI dechlorination mechanism.
However, the latter does not contribute to the formation of TCE,
DCE and VC.

Furthermore, to estimate the importance of direct removal,
calculation of the chlorine number was undertaken.45 The
chlorine number (weighted average number of Cl atoms per
molecule of ethene) of the groundwater ranged from 3.1 to 4
during the experimental period (ESI Fig. S1†). The chlorine
number remained almost constant without showing any
decrease which proves that (i) simultaneous degradation of all
chlorinated hydrocarbons has occurred and (ii) no lower chlo-
rinated hydrocarbons had been formed. The uctuations of the
chlorine number are attributable to a low measured concen-
tration of some ethenes (close to the detection limit).

The sum of chlorinated hydrocarbon concentrations (in the
blank test) was observed not to have decreased more than 15%.
According to the literature from many sources the major
product of reductive dechlorination is ethene (an alkene that
was not measured in this study).46 Moreover, chlorine number
calculations (as described earlier) have conrmed the complete
dechlorination of contaminants without signicant formation
of less chlorinated hydrocarbons. This can be elucidated by the
fact that NZVI serves as an efficacious electron donor from the
iron surface to the hydrocarbon for reductive dehalogenation of
VOCs. Similar to work presented by Fu et al.,47 the degradation
ability of VOCs by surface modied NZVI can signicantly
increase in comparison to conventional NZVI. Moreover, large
differences in degradation efficacy towards chlorinated
and cis-1,2-DCE (cis-1,2-dichloroethene)) from effluent at the Pisecna
NZVI conc. ¼ 5 g L�1, NZVI–GK conc. ¼ 5 g L�1).

This journal is © The Royal Society of Chemistry 2017
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hydrocarbons (as well as chromium) suggest that stabilization
with GK can enhance not only the NZVI surface reactivity per
unit area but also increase the sorption area of the resultant
nanoparticles.
3.9. NZVI-biopolymer stabilization and degradation of
environmental pollutants

Table 1 summarizes comparative results of different biopoly-
mers used for the stabilization of NZVI and their efficiencies
towards the degradation of the pollutants.16,35,43,48–60 Extensive
studies have demonstrated that both polymers and surfactants
are effective in inhibiting NZVI aggregation and enhancing
mobility in the subsurface for emplacement. The major factors
which inuence stabilization of NZVI, namely surface modi-
cation, emulsication and conjugation with polymer, have also
proved able to provide protection to NZVI against aggregation
and surface oxidation, in addition to promoting transport in
subsurface environments. The stabilizationmethods not merely
increase the mobility but also the reactivity of NZVI towards
hazardous/toxic environmental contaminants. It is difficult to
categorically state that a particular biopolymer is the best one,
both to stabilize the NZVI and to enhance its ability to speedily
degrade environmental pollutants. However, with regard to the
biodegradability, non-toxicity and economic viability of these
natural products (coupled with their physicochemical
Table 1 A comparative study of various natural polymers used for the s
mental pollutants

Stabilizing agent

Optimum concentration
of NZVI-stabilized
polymer (g L�1) Type of pollutant

Guar gum (GG) 10 (mZVI-GG)a Perchloroethylen
Trichloroethylene
cis-Dichloroethen

Xanthan gum (XG) 10 (mZVI-XG)a Trichloroethylene
Xanthan gum-Brij-35/Pd/Fe 1.0 Polychlorinated b
Agar-agar 1.0 Trichloroethylene
Carboxyl methyl
(CM) cellulose

0.15 Cr(VI)

CM-cellulose 0.3 As(III)
0.3 As(V)

CM-cellulose NA Perchloroethylen
Trichloroethylene

Chitosan 5 Cr(VI)
0.2 Cr(VI)

Chitosan ber 0.18 As(III)
As(V)

Calcium alginate NA Nitrate (NO3
�)

Starch NA Trichloroethylene
Polychlorinated b

Starch NA Tetracycline (TC)
Cellulose acetate NA Trichloroethylene
GK (gum karaya) 1.0 Cr(VI)

5.0 Trichloroethene (
5.0 Perchloroethene
5.0 cis-1,2-Dichloroet

a mZVI ¼ micro size zerovalent iron particles, NA – not analysed.

This journal is © The Royal Society of Chemistry 2017
characteristics that confer stability to NZVIs) there is no doubt
that the sustainability of natural polymer stabilized NZVIs
would be highly sought aer, in the eld of environmental
remediation. It has been observed that polymer stabilized
NZVIs have a higher degradation efficiency, compared to non-
stabilized NZVIs, towards the various pollutants (Table 1)
tested. For example, Cr(VI) removal efficiency of CMC-stabilized
NZVI is approximately four times higher than non-stabilized
NZVI.51 Similarly, trichloroethylene degradation efficiency of
CMC-stabilized bimetallic NZVI/Pd was reported to be 17 times
higher than its non-stabilized counterparts, in terms of TCE
degradation rate constants.57 The use of MZVI (microsized zer-
ovalent nanoparticles) rather than NZVI has been reported.48,49

The major benets of using MZVI rather than NZVI are the
lower costs (1/20 to 1/3 for MZVI compared to NZVI), lower
corrosion rates (10 to 30 times lower than NZVI) and easier
handling of microsized particles compared to nanosized ones.59
3.10. XRD analysis

XRD patterns of GK, NZVI, NZVI–GK, and Cr/NZVI–GK are
presented in Fig. 9. GK is amorphous in nature and there were
no peaks observed in its XRD pattern (Fig. 9). The presence of
NZVI–GK was conrmed by strong peaks at 2q ¼ 44.7� corre-
sponding to the (110) plane of Fe0 nanoparticles, suggesting
that GK stabilized NZVI via air oxidation (Fig. 9). Similar
tabilization of NZVI and its application for the degradation of environ-

s
Initial concentration
of pollutants (mg L�1)

Removal
efficiency (%) Reference

e (PCE) 3.5 94 48
(TCE) 0.7 96 48
e (cDCE) 0.5 100 48
(TCE) 10 30.3 49
iphenyls (PCB) 46.3 50 50
(TCE) 10 100 16

10 100 51

0.25–10 35.6 52
0.25–10 38.2 52

e (PCE) 9.6 80 53
(TCE) 15 100 53

20 82 54
40 74.0 43
0.01 to 5 >80 35

>80 35
100 73 55

(TCE) 25 98 56
iphenyls (PCB) 2.5 80 56

500 99 57
(TCE) 80 53 58

10 100 Present study
TCE) 13.0 100 Present study
(PCE) 18.5 100 Present study
hene (c DCE) 0.37 100 Present study

RSC Adv., 2017, 7, 13997–14009 | 14005
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Fig. 9 XRD patterns of (a) bare NZVI, (b) Cr/NZVI–GK, (c) NZVI–GK
and (d) GK.
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observations were reported for chitosan stabilized NZVI.41 The
XRD patterns of the Cr/NZVI–GK composite showed peaks at g-
Fe2O3 (2q ¼ 36�), Fe3O4 (2q ¼ 36/57/62.5�) and Cr2FeO4 (2q ¼
35.50�) aer Cr interaction with NZVI–GK, suggesting the
possible occurrence of redox reactions between NZVI and Cr(VI).
These results were supported by XPS analysis where Cr(VI) is
reduced to Cr(III) during the interaction between Cr(VI) with
NZVI–GK in which the NZVI particles acted as the reductant.
Similar ndings were reported for NZVI supported multi-walled
carbon nanotubes for the removal of Cr(VI) from waste water.60
Fig. 10 X-ray photoelectron spectroscopy of (a) GK – full survey
showing the major oxygen (1s) and carbon (1s) peaks, (b) NZVI–GK
composite and (c) Cr/NZVI–GK.
3.11. X-ray photoelectron analysis

The XPS technique is a useful tool for characterizing the ligand
effect in transition metal complexes and electron-donating
ligands will lower the binding energy (BE) of the core-level
electrons while electron-withdrawing ligands will do the
reverse. The technique is also employed to identify the existence
of a particular element in a material and to distinguish the
different oxidation states of the same element.61 The XPS survey
scan (Fig. 10) shows the binding energy peaks of carbon and
oxygen in GK and in the case of NZVI–GK, the Fe 2p spectrum
for Fe(0). The 2p3/2 peak is centred at a binding energy of
710.2 eV while the 2p1/2 peak has a BE of 732.8 eV, representing
g-Fe2O3.62–65 The satellite peak at 706.69 eV suggests that Fe(0) is
present on the surface of the NZVI–GK composite.63,65 The XPS
spectra for GK, before and aer metal adsorption of total
chromium, are shown in Fig. 10. As can be seen from the
spectra, the XPS survey scans for GK show binding energy peaks
characteristic of carbon and oxygen. The spectrum of the metal
adsorbed onto GK indicates the presence of chromium
(Fig. 10c) on the surface of the polymer, obviously aer metal
biosorption. This is in addition to carbon and oxygen. High-
resolution narrow scans of C 1s core-level spectra of GK
samples before and aer metal adsorption comprise three
peaks corresponding to binding energies of 284.59, 286.36 and
288.29 eV – assigned to C–H, C–O and C]O that were identied
14006 | RSC Adv., 2017, 7, 13997–14009
via the deconvolution.66,67 The observed C 1s binding energy
peaks were assigned to the C–C, C–O and C]O functional
groups present in GK. This is in agreement with the observa-
tions made by ATR-FTIR (Fig. 11). The peaks for C–O and C]O
can be assigned to hydroxyl and carboxylate groups present in
GK. The O 1s high-resolution narrow scans could be deconvo-
luted into binding energy peaks at 531.8 and 532.7 eV which can
be ascribed correspondingly to the O in the C]O and alcoholic
C–O groups. The C]O group may be present due to the
carboxylate groups inherent in GK. Chromium adsorbed onto
GK was also analyzed by XPS to conrm the presence of Cr and
its oxidation states.

Low-resolution XPS spectra of the Cr-free GK indicated that
apart from C and O, there were no signicant contributions
from other elements associated with the GK structure. High-
resolution spectra of the Cr-loaded NZVI–GK revealed that
there were signicant inputs from the Cr bound onto the
NZVI–GK (Fig. 10c). Signicant bands appeared at binding
energies of 578 and 587 eV, the former corresponding to the Cr
2p3/2 orbital, the latter to the 2p1/2 orbital. The deconvoluted
This journal is © The Royal Society of Chemistry 2017
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Fig. 11 ATR-FTIR characterization of (a) GK, (b) NZVI–GK and (c) Cr/
NZVI–GK.

Fig. 12 TGA curves of GK and NZVI–GK, indicating thermal decom-
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binding energy peaks for Cr 2p3/2 at 578.2 eV and Cr 2p1/2 at
587.4 eV were assigned to Cr2O3 for Cr

3+ compounds while Cr6+

displayed characteristic peaks at higher binding energies (viz.
580.6 and 589.7 eV) ascribed to Cr 2p3/2 at 578.2 eV and Cr 2p1/2,
respectively.68–70 Thus, the spectra for Cr adsorbed onto NZVI–GK
implied the existence of Cr3+ on the surface of NZVI–GK. The
presence of Cr6+ on the GK structure is also feasible, although no
sorption of Cr6+ onto GK was observed during the degradation
tests. It was previously reported that Cr6+ could be bound to an
oat by-product which was easily reduced to Cr3+ by positively
charged functional groups and subsequently adsorbed by the
available carboxyl groups.71 Sheng et al.72 found that Cr6+ was
completely reduced to Cr3+ by contact with the biomass of the
brown seaweed Ecklonia below pH 5. XPS spectra of Cr-bound GK
revealed that most of the Cr-bound on the surface of GK was in
the Cr3+ state. This was conrmed by ICP analysis. Murphy et al.73

showed that Cr binding altered the relative quantities of carbonyl
and alcohol groups in seaweed biomass polysaccharides, thus
underscoring the importance of these functional groups in
binding and reduction of Cr6+ to Cr3+. The XPS methods
demonstrate that metal ion interactions with GK in several forms
involve various changes in the metal oxidation state, as well as in
the chemical state of the reactive sites of GK.
This journal is © The Royal Society of Chemistry 2017
3.12. ATR-FTIR analysis

To identify the functional groups that participate in NZVI–GK
chemistry, FTIR characterization was carried out. High intensity
peaks in the region of 1040 cm�1 could be ascribed to the
binding of NZVI particles onto the surface of the GK matrix
(Fig. 11b).

The intensity of O–H stretching at 3359 cm�1 for the NZVI–
GK composite (Fig. 11b) was lower than that for the native
structure of GK (Fig. 11a). The peaks at 1721 cm�1 and 1252
cm�1 (CH3CO group) present in the GK spectra shown (in
Fig. 11a) were also displayed by NZVI–GK (Fig. 11b) suggesting
that the acetyl groups played an important role in the formation
of the NZVI–GK composite. Another peak shi (from 1408 cm�1

to 1370 cm�1) was observed in the case of NZVI–GK, implying
that both the carbonyl and hydroxyl functional groups of GK
had a strong affinity to bind onto the NZVI nanoparticles. The
lower peak at 1600 cm�1 in NZVI–GK (compared to the peak for
GK) indicated that the negatively charged COO� groups bound
to positive sites on the surface of the NZVI. FTIR spectra for Cr-
NZVI–GK (Fig. 11c) revealed perceptible changes (compared to
that shown by NZVI–GK) implying that Cr adsorption had taken
place. The spectra comprised two new peaks at 774 and 904
cm�1, attributed respectively to the Cr–O and Cr]O bonds
(from the Cr species) suggesting that Cr was adsorbed onto the
surface of NZVI–GK, as has previously been reported for Cr
adsorption onto chitosan/Fe(II)/PVA nanobers and cross-
linked xanthated chitosan.74,75
3.13. Thermal analysis

Fig. 12 displays the thermal decomposition proles of the GK
and NZVI–GK particles, respectively. Aer heating beyond
250 �C, weight loss occurred sharply and GK appeared to have
decomposed completely when the temperature exceeded 700 �C
(Fig. 12). On the other hand, over the same temperature range,
the NZVI–GK particles yielded more than 60% of the initial
weight. The remaining residue of the NZVI–GK can be attrib-
uted mainly to the iron based species developed on the GK
scaffold. The thermal decomposition behaviour of GK is in close
position from 100–800 �C under nitrogen atmosphere.
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agreement with that exhibited by gum arabic – a natural
biopolymer, very similar to the GK.76 In the case of GK–NZVI,
a weight loss of �35% was observed at �300 �C, due to the
decomposition of GK but no further weight loss occurred. By
means of TG analysis, approximately 65% of the NZVI particles
were estimated to be located in the NZVI–GK composite. This
result was corroborated by thermal analysis data of chitosan
stabilized NZVI in the literature.41
4. Conclusions

In this study it was demonstrated that using 10 g L�1 of GK,
a “green” tree polysaccharide could stabilize NZVI particles at
a concentration of 200 g L�1 in the mixture (comprising a 1 : 1
GK : NZVI ratio) over a duration of three months. No aggrega-
tion or sedimentation of stabilized NZVI particles was observed.
The improved reactivity of the NZVI–GK composite towards Cr
reduction and degradation of VOCs was found to be superb in
comparison to the bare NZVI particles. Furthermore, XPS and
ICP-MS results revealed that Cr(VI) was reduced to Cr(III) by
NZVI–GK and the Cr(III) remaining in solution was adsorbed
onto the GK polymer. Thus the total removal of chromium from
the contaminated water was achieved. The work presents GK as
an inexpensive and environmentally friendly material for NZVI
stabilization that can adequately serve large scale remediation
of contaminated water and soil.
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