
lable at ScienceDirect

Journal of Cleaner Production 234 (2019) 381e391
Contents lists avai
Journal of Cleaner Production

journal homepage: www.elsevier .com/locate/ jc lepro
The reduction of chromite ore processing residues by green tea
synthesized nano zerovalent iron and its solidification/stabilization in
composite geopolymer

Faheem Muhammad a, b, Ming Xia a, Shan Li a, Xu Yu a, Yanhong Mao a,
Farooq Muhammad c, Xiao Huang a, b, *, Binquan Jiao a, b, *, Lin Yu a, b, *, Dongwei Li a, b, *

a State Key Laboratory for Coal Mine Disaster Dynamics and Control, Chongqing University, Chongqing, 400044, PR China
b College of Resource and Environmental Science, Chongqing University, Chongqing, 400044, China
c Key Laboratory of Three Gorges Reservoir Region's Eco Environment Ministry of Education, School of Urban Construction and Environmental Engineering,
Chongqing University, Chongqing, 400045, PR China
a r t i c l e i n f o

Article history:
Received 25 March 2019
Received in revised form
5 May 2019
Accepted 1 June 2019
Available online 21 June 2019

Handling Editor: Panos Seferlis

Keywords:
Green synthesis
Zerovalent iron nanoparticles
Chromite ore processing residues
Geopolymer
Solidification/stabilization
* Corresponding authors. State Key Laboratory for
and control, Chongqing University, Chongqing, 40004

E-mail addresses: shawwong@126.com (X. Hu
(B. Jiao), 158085585@qq.com (L. Yu), litonwei@cqu.ed

https://doi.org/10.1016/j.jclepro.2019.06.004
0959-6526/© 2019 Published by Elsevier Ltd.
a b s t r a c t

The present study is aimed to reduce the environmental footprints resulted from chromite ore processing
residues (COPR); a hazardous waste having Cr(VI). The solidification/stabilization of COPR through
geopolymer coupled with green tea synthesized nano zerovalent iron (GT-NZVI) is an effective approach
to deal with this challenge. Therefore, the blast furnace slag and metakaolin were used to prepare the
composite based geopolymer and GT-NZVI particles were synthesized by oolong tea in current experi-
ment. The GT-NZVI treated and untreated COPR was solidified in composite geopolymer. The efficiency of
solidified products was evaluated through compressive strength and leaching analysis. The results
depicted that varying sizes of GT-NZVI particles were successively synthesized which could be utilized
for reduction of Cr(VI) existed in COPR. The solidified products having GT-NZVI treated COPR (GCM (GT-
NZVI) and untreated COPR (GCM) had compressive strength of 33Mpa and 47MPa, respectively up to 50%
addition of COPR waste. The immobilization effect of GCM (GT-NZVI) samples were better than GCM
samples. The leaching toxicity of Cr(VI) in both GCM (GT-NZVI) and GCM samples was far below than safe
limits(<5mg/L). In addition, the fourier transform infrared spectrometry, X-Ray diffraction, scanning
electron microscope equipped with energy dispersive spectrometer analysis had verified that COPR was
effectively solidified in composite based geopolymer by physical and chemical means.

© 2019 Published by Elsevier Ltd.
1. Introduction

In start of 19th century, the chromium salt production has
gained popularity in industrial sectors due to its use in leather
tanning, stainless steel production, metallurgy, dyestuff, pigment,
metal polishing, wood preservative etc. (Lehoux et al., 2017). Basi-
cally, the chromium salt is produced by two ways which includes
high lime and non-lime process. High lime process is considered as
outdated because each ton of Cr produces 2e3 t of hazardous solid
waste called chromium ore processing residues (COPR). The COPR is
a hazardous waste due to presence of hexavalent chromium/Cr(VI)
coal mine disaster dynamics
4, PR China.
ang), j.binquan@cqu.edu.cn
u.cn (D. Li).
which is highly mobile and carcinogenic in nature. Therefore, COPR
production through high lime process is prohibited in UK and USA.
While, Pakistan, China, India and Russia are still using high lime
process and facing the problems associated with COPR (Yu et al.,
2012). The COPR associated problems are; (a) high utilization of
lands during its storage as heaps and (b) increase in leaching con-
centration results in contamination of ecosystem (Dermatas et al.,
2006). Hence, resourceful utilization/remediation of COPR is
necessary which can prevent the leaching and contamination of
Cr(VI).

Generally, Cr(VI) remediation technologies are classified into
three broad categories i.e. toxicity reduction, removal and con-
taminants. More specifically, the researchers had remediated Cr(VI)
in COPR waste through wet detoxification, high temperature
reduction, electro-kinetic remediation and solidification/stabiliza-
tion (Asavapisit et al., 2005; Lehoux et al., 2017; Xu et al., 2011; Yoon
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et al., 2010). Among these technologies, solidification/stabilization
is regarded as one of best available remediation technology that
had beenwidely used for treatment of 57 types of hazardous wastes
since 1970s (Batchelor, 2006).

Solidification/stabilization is the immobilization of heavy
metals/hazardous wastes by physical and chemical ways in various
cementing materials/binders(Qian et al., 2006; Shi and Fern�andez-
Jim�enez, 2006). The alkali activated cementitious materials/geo-
polymers are regarded as green cementing materials as compared
to Ordinary Portland Cement (OPC) (Duxson et al., 2007). In addi-
tion, these 3rd generation of cementitious materials have high
durability even in acidic environment and fire resistant surface
than OPC(Muhammad et al., 2018). Based on these properties, alkali
activated cementitious materials have also been used as alterna-
tives of cement for construction purposes. While, low permeability
and high mechanical strength are the main properties which allow
these materials to be used for solidification of heavy metals/haz-
ardous wastes (Huang et al., 2018; Meng et al., 2019).

The pozzolanic/cementitious behavior of inorganic materials
having aluminosilicate composition are used for preparation of
alkali activated cementitious materials such as coal gangue, blast
furnace slag (BFS), clays, fly ash and calcined kaolin etc. These
materials are activated by mixing with alkaline solutions (Xia et al.,
2019). The alkaline solutions are prepared by dissolving NaOH,
Na2SiO3, NaOH modified with Na2SiO3, KOH and K2SiO3 in water
(Gao et al., 2017; Zhuang et al., 2016). As a result of activation, these
aluminosilicate materials are dissolved into their reactive pre-
cursors i.e. Al3þ and Si4þ. After dissolution, these ions are rear-
ranged to give rise gelation, hardening and crystallization processes
(Juenger et al., 2011). Regarding gelation, two kinds of gels i.e. N-A-
S-H and C-(A)-S-H are formed depending upon nature of source
material. The N-A-S-H is a sodium aluminosilicate gel resulted from
alkaline activation of fly ash and metakaolin. In contrast, alkaline
activation of BFS caused the dissolution of Ca and precipitation of Al
to form C-(A)-S-H which is calcium aluminosilicate gel (Gao et al.,
2015). Within one system, these two gels give rise formation of
(N, C)-A-S-H gels by partially replacing Na with Ca. Consequently,
these integrated gels can reduce and enhance the setting time and
mechanical properties of these cementitious material, respectively
(Gao et al., 2015). Therefore, these two source materials i.e. BFS and
metakaolin are used for synthesis of geopolymer and solidification
of COPR.

The number of authors have reported the solidification/stabili-
zation of Cr(VI) either from chromium salt or from COPR wastes
(Deja, 2002; Gao et al., 2017; Giergiczny and Kr�ol, 2008; Jagupilla
et al., 2015; Nikoli�c et al., 2017; Zhang et al., 2008, 2017). Various
kinds of binders including OPC and geopolymers are used for this
purpose. The (Huang et al., 2017) had found that effect of geo-
polymers on Cr(VI) immobilization was better than OPC during
stabilization of COPR. While (Zhang et al., 2008), had used fly ash
based geopolymer to solidify Cr, Pb and Cd. Comparatively, the
Cr(VI) immobilization was problematic. In another study (Palomo
and Palacios, 2003), had examined that 2.6% addition of Cr(VI)
resulted in complete failure of geopolymer setting. The
(Muhammad et al., 2018) had also studied the effect of geopolymers
on solidification of Cr(VI) by using three different concentrations
(0.1%, 0.3% and 0.5%) on weight bases and found that just 0.1% of
Cr(VI) could be successful stabilized without surpassing recom-
mended concentrations. In addition, the solidification efficiency
was more than 91% at all Cr(VI) levels but had surpassed the critical
limits. These all studies showed that geopolymer can stabilize the
Cr(VI) up to some extent but still its solidification is problematic.
Therefore, it is considered that effective stabilization of Cr(VI) could
be achieved after its conversion/reduction to Cr(III). Several kinds of
organic and inorganic (iron and sulfur) based reducing agents had
been used for this purpose (Su and Ludwig, 2005).
Recently, the iron based reducing agents especially zerovalent

(Huang et al., 2018; Li et al., 2015) and nano zerovalent iron (NZVI)
(Du et al., 2012) had been widely used due to its economic value
and abundant in nature. The NZVI particles are synthesized by
biological, physical and chemical ways (Shahwan et al., 2011).
Among them, physical and chemical techniques are efficiently used
to produce nanoparticles but have several limitations such as toxic
and flammable in nature, large cost due to high amount of energy
(Kumar et al., 2015). Thus, green or eco-friendly technologies are
required to overcome these problems. The several scientists have
synthesized NZVI particles with plantmaterials/extracts and used it
for remediation of industrial or waste water contaminated with
various heavy metals including chromium (Fazlzadeh et al., 2017;
Kumar et al., 2015; Mystrioti et al., 2014). Although (Du et al.,
2012), had used commercially or traditionally synthesized nano
zerovalent iron for reduction of chromium to stabilize it into geo-
polymer matrices and achieved satisfactory results. To best of au-
thors knowledge, there is no work recently carried out to solidify
the pretreated Cr(VI) with plant synthesized NZVI in alkali acti-
vated cementitious materials.

The Cr(VI) in COPR was pretreated with green tea mediated
NZVI and its solidification in composite based alkali activated
cementitious material was carried out in this experiment. The key
objectives of this study were; (1) synthesis of NZVI particles with
green tea (GT-NZVI) and its characterization, (2) effect of GT-NZVI
particles, acid dosage and time duration on reduction of Cr(VI)
existed in COPR, (3) the Cr immobilization present in COPR slurry
treated with GT-NZVI and untreated COPR slurry through com-
posite based geopolymer (BFS andMK) and (4) the characterization
and solidification/stabilization mechanism analysis of solidified
bodies i.e. GCM-(GT-NZVI) and GCM.

2. Materials and methods

2.1. Source materials and chemicals

The origin source of Chromite ore processing residue (COPR) was
chemical factory (Chongqing province, China). The BFS from steel
plant utilized in this experiment was also collected from Chongqing
province, China. The kaolin powder bought from Sinopharm
Chemical Reagent Co., Ltd, (Shanghai province, China) was subjected
to calcination temperature (750 �C) for 3 h to produce MK. While,
oolong green tea was purchased from Anxi, Fujian province, China.
The liquid water glass (silicate modulus 3) and sodium hydroxide
were technical and analytical grades respectively.

2.2. Methodology

2.2.1. Synthesize of green tea nano zerovalent iron particles (GT-
NZVI)

The GT-NZVI particles were previously synthesized by (Huang
et al., 2014). The small pieces of green tea were washed with tab
water to remove the dust and dried at 60 �C in oven for 2 h. The
green tea extract was vacuum filtered after boiling 60 g/l leaves of
green tea at 80 �C for 1 h. Afterwards, the 0.1M FeSO4.7H2O solu-
tion was added into 60 g/l tea leaves extract in ratio of 2:3. The pH
value was adjusted to 6 by adding 1M NaOH. Consequently, black
colored precipitates were appearedwhich confirmed the formation
of GT-NZVI particles. The formed nanoparticles were separated by
evaporation on a hot plate surface. The separated GT-NZVI particles
were washed three times with 1M ethanol solution through
centrifugation at 6000 rpm. The washed GT-NZVI particles were
dried in oven at 60 �C overnight and placed in airtight bags to avoid
oxidation.



Table 1
The chemical composition of BFS, Mk and COPR (mass, %).

Elements BFS MK COPR

SiO2 35.62 55.12 2.60
Al2O3 14.93 41.78 26.10
Fe2O3 0.67 0.43 41.91
CaO 36.31 0.17 0.23
TiO2 1.28 0.17 1.31
Na2O 0.22 0.35 3.39
SO3 2.29 – 0.14
K2O 0.39 0.17 –

MgO 7.50 0.09 10.16
MnO 0.69 – –

P2O5 – 0.43 –

Cr2O3 – – 13.35
V2O5 – – 0.34
NiO – – 0.17
ZnO – – 0.14
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2.2.2. Prereduction experiment
The Cr(VI) was extracted from COPR. For this purpose, 10 g of

COPR in certain volume of water was stirred mixture for 25min.
The stirred mixture was kept for 10min to be settled. Afterwards,
the suspension was filtered and initial Cr(VI) contents were deter-
mined. The separated COPR slurry was saved. In filtrate, certain
amount of GT-NZVI and volume of 0.1M H2SO4 were added. This
mixture was kept for certain period of time to carry out the reac-
tion. The saved COPR slurry was again mixed with filtrate and kept
for certain period of time so that remaining Cr(VI) in slurry could
also react with GT-NZVI. The Cr(VI) was determined after filtration
of mixture having reacted filtrate and saved slurry.

2.2.3. Solidification/stabilization of COPR in geopolymer matrix
The BFS was sieved through 200 mesh and mixed with meta-

kaolin for 4min to obtain homogeneous mixture. The mass ratio of
BFS andMKwas 9:1. This composite material was mixed with alkali
activator solution until dense paste is achieved. The activator so-
lution was synthesized by mixing NaOH and water glass by main-
taining the ratio of 3:7 (on basis of solid constituents) in deionized
water. The alkali activator to composite material ratio was 1:9.
While, liquid to solid ratio was 0.25. The dense paste achieved after
mixing compositematerial with alkaline activator solution that was
added into the cubic moulds (dimension of
20mm� 20mm� 20mm) and kept on viberator to remove air
bubbles. The samples were de-moulded after curing at 35 �C for
24 h. Later, samples were kept under constant temperature of 26 �C
in oven. The samples were watered after regular interval of 5e7
days to keep the surface moist for 28 days. Regarding COPR solid-
ification, various contents of GT-NZVI treated (according to section
2.2.1) and untreated COPR were introduced into colloids during
their synthesis.

2.3. Leaching experiment

Two different Chinese leaching extractant protocols i.e. HJ/T
300e2007 and HJ/T 557e2010 were utilized to evaluate leaching
behavior as carried out by (Muhammad et al., 2018). The solidified
products with COPR were crushed and granular materials having
size <9.5mmwere used for leaching analysis in both methods. The
acetic acid solution having pH 2.88± 0.05 was prepared in HJ/T
300e2007 standard. In this method, the granular materials were
stirred for 16 h by keeping the liquid to solid ratio of 20. While,
granular materials were stirred for 8 h in deionized water by
maintaining the liquid to solid ratio of 10 in HJ/T 557e2010method.
After stirring, solution was kept for 16 h and then Cr was
determined.

2.4. Characterization analysis

The GT-NZVI particles were analyzed under Transmission elec-
tron microscope equipped with EDS and Scanning Electron Mi-
croscope (SEM, TESCAN, Czech). The mineral phase and functional
group were analyzed through X-ray diffraction (XRD, Shimadzu,
Japan) and Fourier-Transform Infrared Spectroscopy (FTIR, Thermo
Nicolet Corp, USA), respectively.

The solidified products (three replicates of each sample) were
subjected for compressive strength analysis which was determined
through universal testing machine (AGN-250, Shimadzu, Japan).
The total Cr was determined in accordance with Chinese Standard
HJ 749e2015 by flame atomic absorption spectrophotometer
(Huang et al., 2018). While, Cr(VI) was determined by 1,5-diphe-
nylcarbohydrazide spectrophotometric method (Chinese Standard
GB/T 15555.4e1995) (Huang et al., 2018). The COPR samples were
tested for X-ray fluorescence (XRF, Shimadzu, Japan). The
microscopic alterations, crystallinity and molecular composition
was analyzed by SEM-EDS (Carl Zeiss AG, Germany), XRD and FTIR
respectively. The chemical composition of raw materials used in
preparation of composite based geopolymer and solid waste i.e.
COPR are presented in Table 1.

3. Results and discussion

3.1. Characterization analysis of GT-NZVI

The morphology and physical appearance of GT-NZVI particles
was examined through SEM. The successful synthesis of NZVI
particles could be seen in SEM images (Fig. 1), having irregular
shapes and varying sizes. These varying sizes were inherited from
various natural compounds in green tea which have different
reducing properties (Wang et al., 2014a).

The further confirmation and composition of green tea syn-
thesized NZVI were subjected to TEM analysis equipped with EDS.
The TEM images are shown in Fig. 2. The well dispersion among
particles could be seen in Fig. 2 (a) and (b). The dispersion among
particles was attributed to presence of polyphenols in green tea
extracts which served as capping agent. The EDS spectrum (Fig. 2
(c)) analysis showed the peaks of Fe, C, O, K, S and Na. This
elemental analysis had confirmed the presence of Fe. The existence
of C and Owere ascribed to polyphenolic groups and other aromatic
groups in green tea or plant leaves extracts (could be seen in FTIR
analysis) (Kuang et al., 2013; Santos et al., 2012).The K and S might
be originated from oolong tea extracts whichwere also observed by
(Huang et al., 2014) when theywere synthesizing the NZVI particles
from oolong tea extract. While Namust be arisen fromNaOHwhich
was utilized during the synthesize of NZVI in maintaining the pH.

The XRD peaks of GT-NZVI particles are shown in Fig. 3. The GT-
NZVI particles were amorphous in nature which were also
observed by (Hoag et al., 2009; Shahwan et al., 2011) during syn-
thesis of NZVI by plant extracts. In addition, some peaks corre-
spondent to iron oxide (PDF# 76e1470) and magnetite (PDF #
74e1910) were analyzed at 15�, 22� and 30�,47� of 2q, respectively.
The iron oxides were also noted by (Huang et al., 2014) during
synthesis of GT-NZVI.

The probable biomolecules responsible for synthesize of GT-
NZVI particles were identified through FTIR analysis (Fig. 4). The
wavenumber of 3250 cm�1 was correspondent to phenolic groups
or OeH stretching vibrations which were also reported in literature
roundabout at wave numbers of 3200e3500 cm�1 (Devatha et al.,
2016; Fazlzadeh et al., 2017; Wang et al., 2014b). It is stated by
(Madhavi et al., 2013) that these polyphenols are responsible for



Fig. 1. SEM image of GT-NZVI.

Fig. 2. TEM of

Fig. 3. XRD pattern of GT-NZVI.
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reduction of Fe(II) to Fe(0). The CeN stretching (aromatic amines)
vibrations were analyzed at wave number of 362 cm�1 (Wang et al.,
2014a). The FTIR stretching vibrations at 1622 cm�1 and 1074 cm�1

were parallel to absorption peaks of C¼C and CeOeC (Wang et al.,
2014b). While, absorption bands of 816 cm�1 and 600 cm�1 were
CeH bending of aromatic and alkanes (acetylene) compounds,
respectively (Fazlzadeh et al., 2017). The abovementioned amino or
carboxylic groups are responsible for stabilization of GT-NZVI par-
ticles (Das et al., 2010; Mohan Kumar et al., 2013). The presence of
420 cm�1 vibration considered as FeeO stretches of Fe2O3 which
was resulted from oxidation of Fe nanoparticles upon being
exposed to air or water (Wang et al., 2014b), and it was consistent
with XRD results.
3.2. Prereduction experiment

In this section, three factors i.e. reaction time, GT-NZVI and acid
dosage were used to treat the 10 g of COPR so that best ratio of each
factor could be achieved and used in solidification experiment.
3.2.1. Effect of reaction time
The Cr(VI) containing COPR was treated for six different time

intervals. While, the dosage of NZVI (0.7%) and acid (0.8mol Hþ/Kg
GT-NZVI

Fig. 4. FTIR peaks of GT-NZVI.
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COPR) were constant (Fig. 5 (a)). Each time interval is divided into
two equal halves. In first half interval, the reduction reaction was
carried out in filtrate. While, slurry was added in second half in-
terval so that time could be effectively used. For example, the re-
action was carried out for 36min; in which first 18min the filtrate
was treated and next 18min the slurry was added in to the filtrate
to carry out the reduction process. The Cr(VI) concentration
decreased with passage of time and no Cr(VI) was detected after
being treated for 18min. This indicate that enough time is required
by GT-NZVI which could effectively reduce the Cr(VI). Similar
findings were observed by (Fazlzadeh et al., 2017) when they were
utilizing the plant synthesized NZVI for treatment of Cr(VI).

3.2.2. Effect of acid dosage
Basically, COPR is a high pH waste which lowers the reduction

capability of ZVI (Huang et al., 2018). Therefore, COPR was treated
with different acid dosages for 18min while keeping the constant
dosage of GT-NZVI (0.7%) which could be seen in Fig. 5(b). The
Cr(VI) concentration was decreased from 98.56 to 37.93mg/L with
addition of 0.2e0.4mol Hþ/Kg COPR dosage of acid. While, no
Cr(VI) was detected when the acid dosage was 0.6e1.2mol Hþ/Kg
COPR. These results indicated that minimum dosage of 0.6mol Hþ/
Kg COPR is enough for complete reduction of Cr(VI) in slurry. The
(Huang et al., 2018; Li et al., 2015) had also analyzed that Cr(VI)
reduction in slurry increasedwith increasing the acid dosage. It was
because of existence of high soluble Cr(VI) species e.g. HCrO4

�,
Cr2O7

2�, Cr3O10
2�, Cr4O13

2� and CrO4
2� at low pH which can easily

adsorb and react with NZVI (Fazlzadeh et al., 2017; Levankumar
et al., 2009; Yuan et al., 2009).

3.2.3. Effect of GT-NZVI dosage
Effect of different NZVI contents/dosages (0.1e1.1% of COPRmass

(10 g)) on Cr(VI) are presented in Fig. 5(c). While, the reaction time
of 18min and acid dosage of 0.8mol Hþ/Kg COPR were constant.
Similar to other two factors (time and acid dosage), the Cr(VI)
concentration decreased with increase of GT-NZVI content. Small
decrease (289e265.7mg/L) in Cr(VI) concentration was observed
with 0.1% addition of GT-NZVI. In addition, the sudden decrease of
76.6 to 4.9mg/L in Cr(VI) concentrationwas observed with addition
of 0.3e0.5% of GT-NZVI. While, the Cr(VI) was completely vanished
upon addition of 0.7% or higher dosage of GT-NZVI. It was due to the
fact that higher the GT-NZVI dosage, higher the available reactive
surface which lead to higher reduction of Cr(VI). Similar reasonwas
explained by (Wang et al., 2013) when they were using bentonite
supported bimetallic (Fe/Pb) nanoparticles for treatment of methyl
orange contaminated water. Regarding NZVI dosage, the (Du et al.,
2012) had used 6% of NZVI particles for reduction of Cr(VI)
(92.1mg/L) and (Huang et al., 2018) had used 1.2% of ZVI particles
for reduction of 59mg/L of extracted Cr(VI) in COPR. However, the
0.7% of GT-NZVI were enough for complete reduction of Cr(VI)
(289mg/L) present in COPR in current study.

The possible Cr(VI) reduction mechanism could be explained as;
(a) Cr(VI) adsorption on surface of GT-NZVI, (b) oxidation of Fe0 to
Fe2þ which react with Cr(VI) and reduce it into Cr(III). Conse-
quently, continuous reduction of Cr(VI) leads to precipitation of
Fe2þ and Fe2þ oxidized into Fe3þ. Resultant Fe3þ and Cr(III) are
precipitated in alkaline environment (after mixing the extraction
solution with COPR slurry which had high pH buffering capacity).

3.3. Solidification/stabilization experiment

3.3.1. Compressive strength
The compressive strength is a vital parameter, usually used to

evaluate the suitability of cementitious binders/solidified bodies for
construction purposes and also used for effectiveness of
solidification technology. Hence, the compressive strength of alkali
activated cementitious bodies/geopolymer containing COPR was
determined. Generally, the similar trend in compressive strength
was observed while stabilization of treated (GT-NZVI) and un-
treated COPR samples (Fig. 6). The compressive strength of solidi-
fied bodies (GCM-(GT-NZVI) and GCM increased up to certain
addition of COPR then decreased with further increase of COPR
content. The increase in strength as compared to control samples
might be due to varying size of particles (BFS, MK and COPR) which
acted as filler (Jaturapitakkul et al., 2011). Another reason might be
physical encapsulation of Cr(VI) in COPRwaste because the physical
encapsulation have better mechanical strength as compared to
chemical interactions (Guo et al., 2017). In addition to physical
encapsulation, decrease in strength at higher addition of COPR
attributed towards chemical interaction of Cr(VI) with gel phases.
Comparatively, the compressive strength of GCM-(GT-NZVI) solid-
ified bodies was lower as compared to GCM. In contrast (Huang
et al., 2018), work indicated that compressive strength of solidi-
fied samples having ZVI treated COPR was higher as compared to
untreated samples. In present study, the lower strength of GT-NZVI
treated samples was might be due to plant synthesized NZVI par-
ticles which were bounded by organic material especially organic
acid released from plant extract (Fazlzadeh et al., 2017). The (Tastan
Erdem et al., 2011) had cited that calcium ions in binder were
consumed by organic acids until acid neutralization and then
remaining calcium ions take parts in gel phase genesis and strength
development. Up to 50% addition of COPR, the compressive
strength of GCM-(GT-NZVI) and GCM solidified bodies was greater
than 33 and 47MPa respectively. These results indicated that GCM-
(GT-NZVI) and GCM solidified bodies could be potentially used for
construction and landfill purposes because their required strength
is> 10MPa (Huang et al., 2018) and 0.35MPa (Malaviya and Singh,
2011; Malviya and Chaudhary, 2006) respectively.
3.3.2. Leaching experiment
Similar to compressive strength, leaching behavior is another

important parameter to examine the suitability of solidification/
stabilization technology. Generally, total Cr and Cr(VI) in both
methods (HJ/T 300e2007 and HJ/T 557e2010) were lower in GCM-
(GT-NZVI) samples as compared to GCM samples (Fig. 7). According
to GB 5085.3e2007 standards, GCM-(GT-NZVI) and GCM were not
identified as hazardous materials because total Cr and Cr(VI) had
not exceeded the safe limits (Table 2). In GCM-(GT-NZVI) samples,
total Cr and Cr(VI) were in range of 0.23e1.2mg/L and
0.030e0.18mg/L respectively in HJ/T 300e2007 method. While,
this range was 0.2e0.9mg/L (total Cr) and 0.029e0.21mg/L in HJ/T
557e2010method. According to standards defined in Table 2, GCM-
(GT-NZVI) samples up to 30% addition of COPR could be utilized for
building blocks and bricks. In addition, it could be utilized as source
materials for roadbed and concrete aggregate up to 40% addition of
COPR. Additionally, all samples could be subjected for different
kinds of landfills (Table 2).

Regarding untreated GCM samples, total Cr was in range of
0e1.8mg/L and Cr(VI) was in range of 0.44mg/L respectively in HJ/
T 300e2007 method. In HJ/T 557e2010 method, total Cr and Cr(VI)
were in range of 0.4e2 and 0.03e0.3mg/L. In GCM samples, all
samples could be utilized for landfill purposes (Table 2) and sam-
ples only having 10% COPR could also be utilized for building blocks
and bricks. These samples up to 20% addition of COPR could also be
subjected for preparation of roadbed and concrete aggregates. In
addition, the leaching concentration increased with addition of
higher amount of COPR in both GCM-(GT-NZVI) and GCM samples
due to lower compressive strength. As explained by (Muhammad
et al., 2018), lower the strength higher will be leaching.



Fig. 5. Effect of various factors on Cr(VI) reduction.
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Fig. 6. The compressive strength of GCM and GCM-(GT-NZVI).

Fig. 7. The HJ/T 300e2007 and HJ/T 557e2010 leaching tests of GCM and GCM (GT-
NZVI).

Table 2
The safe limits of total Cr and Cr(VI) (mg/L)(Huang et al., 2018).

Standard protocols Applications

GB 5085.3e2007 Hazardous wastes identification
HJ/T 301-2007 Manufacturing of building blocks and bricks

Utilized as source materials for roadbed and
Disposal in municipal solid waste landfill
Disposal in general industrial solid waste la

TCLP Sanitary landfill disposal
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3.3.3. Characterization analysis of solidified bodies

3.3.3.1. X-ray diffraction analysis. The mineral phase analysis of
raw source materials i.e. BFS, K and MK utilized for preparation of
geopolymer and COPR waste are presented in Fig. 8. In BFS, no
distinct phases were observed but weak and broad peaks around
25º-35� 2q were found which indicated that it was an amorphous
material. While, the COPR was dominated with magnesium chro-
mium oxide (PDF# 20e0673). The kaolin had poor crystals of
kaolinite (PDF# 20e1488) and very few mullite phases. While, the
number of weak mullite phases (PDF# 74e1784) increased in MK
after calcination temperature.

After alkaline activation, the notable changes were observed in
XRD pattern of solidified samples without COPR waste (GCM) as
compared to raw materials (Fig. 9). The shifting of BFS amorphous
hump at higher angle in GCM samples indicated that new amor-
phous phases were formed. In addition, the gehlenite (PDF#
74e1607) and N-A-S-H based albite phases (PDF# 09e0456)
(Ranjbar et al., 2014) were also observed in GCM samples. The albite
phases might be formed due to alkaline activation of two different
sources of materials i.e. BFS and MK which have different gel
phases. These peaks were disappeared in solidified samples having
untreated (GCM-50) and zerovalent treated (GCM-50(GT-NZVI))
COPR. In GCM-50 samples, the sharp peaks were reflections of
magnesium aluminium iron oxide (PDF# 11e009), which were
formed due to COPR interactionwith geopolymer. The (Huang et al.,
2017) had also observed the similar findings during stabilization of
COPR. While, the magnetite (PDF# 75e0449) remained unreacted
in GCM-50 (GT-NZVI) samples which was also observed in XRD
pattern of GT-NZVI (Fig. 3). It might be because of plant material
which were bounded on NZVI. This was the main reason of lower
strength of GT-NZVI samples as compared to GCM samples because
the organic acids on GT-NZVI had neutralizing effect on calcium
ions. In both GCM-50 and GCM-50 (GT-NZVI) samples, the absence
of Cr containing phases indicated that Cr was bounded in amor-
phous phases of aluminosilicate (Huang et al., 2018).

3.3.3.2. FTIR analysis. The FTIR bands and corresponding species of
GCM, GCM-50 and GCM-50 (GT-NZVI) samples are show in Fig. 10
and Table 3. The FTIR bands of 3314 and 1646 cm�1 were corre-
spondent to HeOeH bonds which indicated the existence of water
(H2O) in samples (Muhammad et al., 2018). Moreover, the asym-
metric stretching vibrations of SieOeAl (Si) were observed in range
of 946e952 cm�1 (Wang et al., 2018). This showed that geo-
polymerization resulted in formation of AleO and SieO bonds. The
stretching band (946 cm�1) in GCM sample (without COPR waste)
was influenced by addition of COPR waste. This band was shifted
from 946 cm�1 to 950 cm�1 and 952 cm�1 with addition of 50% of
treated and untreated COPR waste. This shifting of bands to higher
wavenumber had evidenced that SieOeAl(Si) system was influ-
enced by Cr interaction present in COPR waste. In addition, the
geopolymer had amorphous crystals (discussed in XRD section)
which constituent Al and Si tetrahedral units, each surrounded by
four O2 atoms. Consequently, the net -VE charge developed in
geopolymer structure because Al3þ is surrounded by four
Total Cr Cr(VI)

15.0 5.0
. 0.3 0.1
concrete aggregate. 1.5 0.5

4.5 1.4
ndfill 9.0 3.0

5.0



Fig. 8. The XRD pattern of raw materials.

Fig. 9. The XRD pattern of solidified products.

Fig. 10. The FTIR peaks of solidified products.

Table 3
FTIR bands and corresponding species of composite based geopolymer.

Types of species FTIR bands (cm�1)

HeOeH bending 1600-1700, 3000-4000
Asymmetric stretching of SieOeAl (Si) 900e1000
Stretching vibration of OeCeO 1418
Bending vibration of SieOeSi and OeSieO 400
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negatively charged oxygen atoms. In this situation, Naþ and Ca2þ

ions which had already satisfied the charge get replaced with Cr
situated in COPR waste. In this way, the Cr was stabilized in geo-
polymer system. Regarding GCM-50(GT-NZVI) samples, the GT-
NZVI nanoparticles were bounded by polyphenols or other
organic aromatic compounds which had hindered the geo-
polymerization reaction because these remain unreacted also
verified by XRD pattern. Therefore, higher shift in stretching band
of 946 cm�1 was observed in GCM-50(GT-NZVI) samples as
compared to GCM-50. In addition, the shift of stretching band of
946 cm�1 had confirmed that geopolymer structure was disturbed
and resulting in decrease of compressive strength and increase of
leaching content.
3.3.3.3. SEM/EDS analysis. The SEM micrographs along with
elemental map are presnted in Fig. 11. It could be seen that controll
samples (GCM) had more compacted and dense structures (Fig. 11
(a)) as compared to GCM-50 (Fig. 11(b)) and GCM-50 (GT-
NZVI)(Fig. 11(c)). The more compacted structure might be due to
formation of highr number of gels. According to spot elemental
map analysis, the prescence of Na, Al, Ca and Si had confirmed the
formation of (N, C)-A-S-H gels which were previously reported by
(Huang et al., 2018) and also observed in XRD analysis. The GCM-50
(GT-NZVI) have more abrasions as compared to GCM-50 samples. It
might be due to prescence of organic compunds on NZVI particles
which were released from tea extract and its also could be seen
from elemental map of spot analysis of GCM-50 (GT-NZVI) sample
which had higher concentration of carbon. In addition, the pres-
ence of lower content of calcium element in GCM-50 (GT-NZVI) as
compared to GCM-50 samples had also indicated that calcium was
consumed by organic acid present on GT-NZVI and consquently the
lower strength was observed in GCM-50 (GT-NZVI).
3.4. Mechanism analysis

3.4.1. Geopolymerization
The raw BFS and MK were used as source material for solidifi-

cation/stablization of Cr(VI) in COPR waste. According to XRD
analysis, both materials were amorphous in nature with low crys-
tallanity. The dissolution of BFS and MK into their precursors i.e.
Ca2þ, [SiO4]4- and [AlO4]5- after addition of alkaline activator leads
to rearrangement of these ionic species. The rearrangement and
interaction among Ca2þ, [SiO4]4- and [AlO4]5- leads to formation of
C-(A)-S-H gel (Huang et al., 2018; Muhammad et al., 2018). While,



(a)

(b)

(c)
Fig. 11. SEM and EDS images of (a) control samples (b) GCM-50 (c) GCM-50 (GT-NZVI).
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amorphous aluminosilicate structures were formed as result of
further polymerization between Al and Si units. The hardened and
compacted structures as result of geopolymerization could also be
analyzed in SEM images. Moreover, formation of albite phase was
also detected which had sodium (Naþ) ion in its structure and lead
to formation of N-(A)-S-H gel. The FTIR analysis had also showed
that geopolymer was composed of SieOeAl (Si) system.
3.4.2. Reduction
Regarding reduction mechanism, it was reported in several

studies that smaller quantities of S2� ions also existed in BFS which
could reduce the little amount of Cr(VI). Therefore, the addition of
reducing agents are required to achieve the better results. Basically,
the Hþ ions react with Fe0 and get oxidized into Fe2þ in presence of
dissolved oxygen which could be seen in Eq. (1) and Eq (2). The is
Fe2þ further oxidized in to Fe3þ by reducing Cr3þ in accordance
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with Eq. (3) and Eq (4).

Feþ2Hþ/Fe2þ þ H2 (1)

2FeþO2 þ 2H2O/2Fe2þ þ 4OH� (2)

3Fe2þ þCrO4
2� þ 8Hþ/Cr3þ þ 3Fe3þ þ 4H2O (3)

6Fe2þ þCr2O7
2� þ 14Hþ/2Cr3þ þ 6Fe3þ þ 7H2O (4)

3.4.3. Immobilization
Immobilization is possibly carried out through physical encap-

sulation and chemical bonding. The increase in strength up to
certain addition of COPR in both GCM and GCM (GT-NZVI) samples
as compared to control might be due to physical encapsulation.
Another, physical mechanism is possible through charge balancing;
the net negative charge on geopolymer is balanced by Cr3þ and
Fe3þ after replacing already balancing ions i.e. Ca2þ and Naþ

(Muhammad et al., 2018; Shi and Fern�andez-Jim�enez, 2006).
Furthermore, the chemical interaction was also verified through
disturbance in wavenumber of 946 cm�1 which was correspondent
to SieOeAl (Si) bonds (Muhammad et al., 2018). The chemical
immobilization could also be analyzed through Cr(VI) leaching in
aggressive environment (Zhang et al., 2008) i.e. HJ/T 300e2007
method which had acetic acid. According to above discussion the
Cr(VI) had not exceeded the safe limits in aggressive environment.

4. Conclusions

Since last few decades, the solidification/stabilization technique
through industrial byproducts has gained popularity in term of its
economic cost and environmental impact. In this study, the COPR
was pretreated with green tea synthesized nano zerovalent
iron(GT-NZVI) particles for effective immobilization of Cr(VI) in
composite based geopolymer. Following conclusions were drawn:

1. The reduction of Cr(VI) in COPR was examined under different
dosages of GT-NZVI particles, acid dosages and time intervals.
The effective reduction of Cr(VI) could be achieved by treating
the COPR for 18min with 0.7% of GT-NZVI and acid dosage of
0.6mol Hþ/Kg.

2. Compressive strength of GT-NZVI solidified bodies were lower
as compared to untreated COPR because of capping of GT-NZVI
particles with organic compounds especially organic acids
which consume the calcium ions until acid neutralization. This
was role of GT-NZVI particles on mechanical properties of so-
lidified bodies.

3. Although the Cr(VI) did not exceed toxicity limits in both treated
and untreated COPR samples but GT-NZVI treated could be
utilized in several applications such as in preparation of building
blocks and bricks (up to 30% addition of COPR). In addition,
solidified samples having treated COPR (up to 40% addition)
could be utilized for roadbed and concrete aggregates. While,
solidified samples having untreated COPR could be used for
building blocks and bricks up to 10% addition of COPR, and up to
20% addition could be used for preparation of roadbed and
concrete aggregates.
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