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a b s t r a c t
Hexavalent chromium [Cr(VI)] pollution has attracted intense interest in research on heavy metal 
pollution removal. Here, quartz sand chitosan zero-valent iron (QS-CTS@ZVI) was prepared as 
a permeable reactive barrier (PRB) medium material by using PRB permeable reaction wall 
technology and modified CTS-loaded ZVI-coated quartz sand. Characterization analyses were 
performed with scanning electron microscope, X-ray diffraction, Fourier-transform infrared spec-
troscopy and thermogravimetry-differential scanning calorimetry. The effects of the reaction time, 
reaction temperature, initial solution pH, initial Cr(VI) concentration, adsorbent dosage, interfering 
ions and adsorption cycle on the adsorption of Cr(VI) and total Cr on QS-CTS@ZVI were examined. 
Then, the adsorption of Cr(VI) by QS-CTS@ZVI was investigated. The results showed that for a 
ZVI:CTS ratio of 1:1 (m:m), a QS:ZVI ratio of 1:2 (m:m), a pH of 3, t = 5 h, an initial Cr(VI) concen-
tration of 200 mg/L, a QS-CTS@ZVI dosage of 3.5 g/L, and T = 25°C, the efficiencies of Cr(VI) and 
total Cr removal by QS-CTS@ZVI were 91.6% and 90.9%, respectively. The adsorption efficiency 
of QS-CTS@ZVI for Cr(VI) was approximately 80% after three reuses. The coexistence of SO4

2− in 
water can significantly inhibit the Cr(VI) adsorption and removal process. The process of adsorp-
tion of Cr(VI) by QS-CTS@ZVI conformed to the pseudo-second-order kinetic equation and the 
Langmuir adsorption isotherm model.
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1. Introduction

Chromium (Cr) is a common metal element and is exten-
sively distributed in the Earth’s crust [1]. As an important 
industrial raw material, it is widely used in electroplating, 
steel, dyeing, leather and other industries [2,3]. Cr is found 
in many oxidation states in the natural environment, among 
which the most common and stable forms are Cr(VI) and 
Cr(III). Compared with Cr(III), Cr(VI) is extremely toxic 
to organisms and poses a threat to the natural environ-
ment [4,5]. In recent years, incidents of Cr(VI) pollution in 
groundwater have frequently occurred and have strongly 

impacted local economic production and the social life 
of individuals [6]. Therefore, technologies and methods 
for treatment of Cr(VI)-contaminated water, particularly 
groundwater pollution, must be urgently researched. 
Permeable reaction wall technology has attracted exten-
sive attention from researchers domestically and abroad 
because it exhibits good treatment effectiveness, requires 
few surface treatment facilities and gives rise to very few 
environmental disturbances [7].

The use of a permeable reactive barrier (PRB) was devel-
oped as a novel in situ treatment method for ground water 
pollution in the 1990s [8]. Compared with other treatment 
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methods, the reaction medium in a PRB can separate pol-
lutants from groundwater, provide continuous in situ treat-
ment, create a stable treatment system, and cost-effectively 
treat various components. It is more competitive and eco-
nomical for contaminated groundwater remediation [9]. To 
date, many metals, metalloids and some organic pollutants 
have been immobilized or effectively degraded by PRBs 
[10]. Many active media, such as zero-valent iron (ZVI), acti-
vated carbon, zeolite, lime and other alkaline materials, have 
been used in PRBs [11]. Pollutant removal by PRBs mainly 
occurs in the reaction medium area, which means that the 
effectiveness of PRBs depends on the type of medium used. 
However, exploration of suitable dielectric materials is vital 
for PRBs. Generally, the selection of PRB medium materials 
is affected by the following aspects: the type, concentration 
and removal mechanism of the pollutants; repair of the 
hydrogeological conditions of the regional aquifer; envi-
ronmental and health impacts; mechanical stability of the 
PRB and reaction medium (lack of susceptibility to other 
substances in the groundwater environment); absence of 
secondary pollution (no release or generation of other con-
taminants after reaction with contaminants in groundwa-
ter); and cost-effectiveness of the material. In addition, in the 
field application of PRBs, the filling material should ensure 
an appropriate permeability to avoid changes in ground-
water hydrogeology, should be easy to install, and should 
have reasonable engineering costs. Therefore, a stable, inex-
pensive and efficient PRB medium material as a medium 
for removal of Cr(VI) from groundwater must be found. 
Domestic and foreign researchers have extensively inves-
tigated PRB technology, particularly PRB fillers. ZVI-based 
PRBs have been shown to have great potential in the treat-
ment of various inorganic and organic pollutants [12–16].

Zero-valent iron (ZVI) has the advantages of a high 
reaction rate, a large specific surface area and high reduc-
tion activity and can be applied in engineering practice 
[17,18]. However, continuous exposure of ZVI active sites 
causes the material to be easily reoxidized during use; 
thus, the material loses its good reusability and antioxi-
dant properties. A PRB reactor suffers from severe blockage 
when ZVI powder is used alone. To solve these problems 
and reduce the preparation cost of adsorption materials, a 
stable and inexpensive natural inorganic material must be 
selected as a carrier to support iron powder, disperse dense 
iron powder and increase the reaction contact area. Using 
inexpensive and readily available quartz sand as a skele-
ton can effectively improve the dispersion and permeability 
of iron powder. However, if quartz sand and iron powder 
are directly mixed, then iron powder is unevenly dispersed, 
resulting in a poor removal effect. Therefore, a coating 
material on quartz sand should be prepared by modifying 
iron powder to achieve efficient Cr removal.

Researchers have studied the removal effect of ZVI-
loaded bentonite, biochar and chitosan (CTS) in the removal 
of hexavalent Cr pollution in groundwater [19–21]. They 
found that coating of CTS on the surface of ZVI powder 
helped reduce the degree of ZVI oxidation and enhance 
the adsorption performance. Chitosan (CTS) has a large 
number of basic amino (−NH2) groups on the surface, and 
the nitrogen atom easily combines with H+, causing CTS 
to have an overall positive charge; therefore, CTS exhibits 

excellent performance for cation flocculation. Some exper-
iments showed that the maximum Cr(VI) reduction rate of 
CTS-stabilized ZVI was approximately three times that of 
ZVI alone [22]. Natural CTS is easily protonated in acidic 
solution, and the free −NH2 that forms causes the heavy 
metals to lose their coordination ability, directly affecting 
the adsorption of heavy metals on CTS [23,24]. The linear 
chain structure of CTS has been changed into a network 
structure by cross-linking with epichlorohydrin, improving 
the chemical stability, mechanical strength and heavy metal 
adsorption on the CTS adsorbent [25]. However, cross- 
linking is disadvantageous in that the cross-linking process 
causes some active groups on CTS molecules to be occupied, 
resulting in a reduction in the number of active adsorption 
sites on CTS that adsorb heavy metals. Copolymerization 
of CTS with acrylic acid expands the number and type of 
functional groups of CTS [26], enhancing the adsorption 
of Cr(VI) by CTS [27–29]. In addition, such copolymers are 
biodegradable and can reduce the generation of secondary 
waste [30].

In this study, epichlorohydrin and acrylic acid-modi-
fied CTS were used as basic organics to combine with ZVI 
to produce a CTS-modified ZVI mixture that was coated 
on the surface of quartz sand acting as a substrate. The 
coating material can strengthen the material dispersion, 
improve the utilization efficiency, extend the service life, 
and achieve good removal of Cr(VI) and total Cr. The sur-
face morphology, structure composition, surface chemical 
properties and thermal stability were analyzed by scanning 
electron microscope (SEM), X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR) and thermogravim-
etry-differential scanning calorimetry (TG-DSC). The effects 
of the reaction time, reaction temperature, initial solution 
pH, initial Cr(VI) concentration, adsorbent dosage, inter-
fering ions and adsorption cycle on the Cr(VI) and total Cr 
adsorption properties were investigated. Finally, the Cr(VI) 
and total Cr adsorption mechanism was analyzed by com-
bining the isotherm model and kinetic models of adsorp-
tion. This study provides guidance for the design of PRB 
media for removal of Cr(VI) and total Cr in groundwater.

2. Materials and methods

2.1. Materials

Hydrochloric acid (HCl), nitric acid (HNO3) and sul-
furic acid (H2SO4) were purchased from Luoyang Haohua 
Chemical Reagent Co., Ltd., and phosphoric acid (H3PO4), 
sodium hydroxide (NaOH), acrylic acid (C3H4O2), glacial 
acetic acid (CH3COOH), and epichlorohydrin (C3H5ClO) 
were purchased from Tianjin Komeo Europe Chemical Test 
Co., Ltd. ZVI powder (ZVI) was purchased from Tianjin 
Komeo Chemical Reagent Co., Ltd., CTS (C56H103N9O39) was 
purchased from Shanghai Aladdin Biochemical Technology 
Co., Ltd., and diphenylcarbazide (C13H14N4O) was pur-
chased from Tianjin Damao Chemical Reagent Factory. 
Potassium dichromate (K2Cr2O7) was purchased from 
Tianjin Fengchuan Chemical Reagent Co., Ltd., and quartz 
sand was purchased from Zhengzhou. All chemicals use 
analytical reagent preparation of the quartz sand chitosan 
zero-valent iron (QS-CTS@ZVI) composite
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The quartz sand passed through the 35 mesh sieve to 
ensure that the particle size of the quartz sand was 0.5 mm. 
The quartz sand was washed multiple times with ultra-
pure water until the water was clear. After filtering out the 
quartz sand, it was dumped in a surface dish. The samples 
were placed in a blast drying oven, dried at a constant 
temperature of 105°C for 12 h, and stored in a self-sealing 
bag for further use. At room temperature, CTS (0.2 g) was 
added to 2% acetic acid (10 mL). The solution was stirred at 
2,000 rpm for 30 min until CTS had completely dissolved 
into a slightly yellow transparent solution. Quartz sand 
(0.4 g) was mixed into the CTS solution, the mixture was 
stirred at 2,000 rpm for 1 h, and acrylic acid (AA, 0.2 mL) was 
added. Then, stirring at 2,000 rpm was performed for 1 h, 
and epichlorohydrin (EPI, 0.2 mL) was added and stirred 
at 2,000 rpm for 3 h. After 5 h of reaction, a CuSO4·5H2O 
solution (0.4 mL, 10 g/L) was added. After the solution was 
evenly stirred, nitrogen was added, and ZVI powder (0.2 g) 
was weighed and added (ratio of ZVI powder to CTS of 
1:1) to the mixed solution under anaerobic conditions. After 
10 min of stirring, 2 mol/L NaOH was dropwise added 
and continuously stirred. At this time, the mixed solution 
gradually agglutinates from a paste into a micelle until the 
SA-CTS mixed adsorbent solution in the beaker was clear 
and transparent. The aggregates were immersed in the 
solution. After 12 h, the residual NaOH was repeatedly 
washed with deionized water to eliminate the alkalinity of 
the solution, After vacuum drying at 60°C, the quartz sand-
loaded chitosan adsorbent was obtained after crushing and 
sieving, which was recorded as QS-CTS@ZVI.

2.2. Characterization

The samples in this study were determined to be 
QS-CTS@ZVI using a Quanta 200 environmental scanning 
electron microscope. The samples were evenly spread on 
the sample table of the scanning electron microscope and 
sprayed with gold. The particle sizes and microstructures 
of the three materials were observed and photographed 
under an acceleration voltage of 3 kV. QS-CTS@ZVI was 
examined using an XRD-6100 XRD analyzer (Shimadzu, 
Japan). The scanning range was 5–90°. The crystal struc-
tures of the three materials were examined at a scanning 
rate of 10°/min. A Nicolet iS50 Fourier transform infra-
red spectrometer was used to examine QS-CTS@ZVI, and 
the molecular vibration–rotation energy level transitions 
formed a specific infrared absorption spectrum. The func-
tional groups in the three materials before and after coating 
were evaluated, the structures of the materials were ana-
lyzed, and the adsorption mechanism was explored based 
on the comparison of the obtained infrared spectra. In this 
study, QS-CTS@ZVI (10 mg) was weighed and placed in 
an alumina crucible, and the heating rate was set at 10°C/
min. The rate of QS-CTS@ZVI weight loss was tested in 
the temperature range of 30–1,000°C, and the curve of 
the coating material quantity vs. temperature was plotted.

2.3. Experiments of adsorption of Cr(VI) by 
the QS-CTS@ZVI composite

A potassium dichromate (K2Cr2O7) stock solution with 
a Cr(VI) concentration of 1,000 mg/L was prepared. During 

the experiment, the stock solution of Cr(VI) was diluted to 
the required concentration. QS-CTS@ZVI was added to the 
Cr(VI) standard solution (10 mL) diluted to the required 
concentration in a centrifuge tube, and 0.1 mol/L HCl solu-
tion was used to adjust the pH of the reaction system. Then, 
batch experiments were carried out to investigate the effects 
of the reaction time, adsorbent concentration, adsorbent 
dosage, reaction temperature, coexisting ions, and initial 
solution pH on the Cr(VI) adsorption performance of the 
composites. The centrifuge tube was placed at 298 K, and 
the constant temperature shaker was vibrated for 480 min 
at a speed of 150 rpm. The reaction solution was aspirated 
by a 20 mL syringe and filtered through a 0.45 μm micro-
porous membrane. The Cr(VI) concentration was mea-
sured after dilution for specific times. After the adsorption 
experiment, the residual Cr(VI) content in the solution was 
determined by diphenylcarbazide spectrophotometry.
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where qt (mg/g) is the Cr(VI) adsorption capacity at time t. 
qe (mg/g) is the Cr(VI) adsorption capacity at equilibrium. 
V (L) is the solution volume. m (g) is the adsorbent weight. 
C0, Ct, and Ce (mg/L) are the initial solution concentration, 
concentration at time t, and final concentration, respectively.

To describe the adsorption mechanism and related reac-
tion rate of Cr, the experimental data were linearly simu-
lated by the intraparticle diffusion model and first-order 
kinetic and quasi-second-order kinetic models.

The intraparticle diffusion model of Weber and Morris is 
described by the empirical expression shown in Eq. (4) [31].

Q k t Ct i� �id
1 2/  (4)

where kid (mg/(g·min)) is the rate constant of the intraparti-
cle diffusion model. qt (mg/g) is the adsorption capacity of 
the adsorbent for Cr(VI) ions at t min. t (min) is the reaction 
time. Ci (mg/g) is the intercept.

The first-order reaction kinetic model is as follows:

ln lnq q q k te t e�� � � � 1  (5)

where k1 (g/(mg·min)) is the pseudo-first-order rate con-
stant. qt (mg/g) is the adsorption capacity of the adsorbent 
for heavy metal ions Cr(VI) at t min, which was calculated. 
qe (mg/g) is the adsorption capacity of Cr(VI) in mg/g when 
the adsorption reaction reaches equilibrium. t (min) is the 
reaction time.

The pseudo-second-order kinetic model is given by 
Eq. (6):
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where k2 (g/(mg·min)) is the rate constant of the pseudo- 
second-order reaction.

After the adsorption between the material and the 
adsorbate in the solution reached equilibrium at a certain 
temperature, Langmuir and Freundlich adsorption iso-
therm models were used to fit the adsorption behavior of 
the solid–liquid system, and the mechanism in the reaction 
process was discussed.

• Langmuir adsorption isotherm model

The Langmuir model assumes that the adsorbent 
surface is uniform, and the adsorbate undergoes single- 
molecule adsorption on the adsorbent surface. The Langmuir 
model is described by Eq. (7).
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where qe (mg/g) is the adsorption amount on the adsor-
bent. qmax (mg/g) theoretically represents the maximum 
adsorption capacity per unit mass of the adsorbent. ce 
(mg/L) is the residual Cr(VI) ion concentration in the solu-
tion when the adsorption reaches equilibrium. KL (L/mg) 
is a Langmuir constant and represents the binding ability 
of the active site of the adsorbent and Cr(VI) ions.

• Freundlich adsorption isotherm model

The Freundlich adsorption isotherm model is an empir-
ical model that is suitable for describing multilayer adsorp-
tion of surface heterogeneous adsorbents. The isothermal 
adsorption equation is shown in Eq. (8).
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where KF (mg1−1/n·L1/n) is the Freundlich constant representing 
the adsorption capacity of the adsorbent for Cr(VI) ions, and 
1/n is the strength of binding between the Cr(VI) adsorbate 
and adsorbent.

2.4. Cyclic adsorption experiment

The adsorbed QS-CTS@ZVI was placed in 0.1 mol/L 
NaOH solution. At 25°C, the rotation speed of the constant 

temperature shaker was set to 150 rpm, and the solution was 
extracted and examined after shaking for 180 min. Then, 
QS-CTS@ZVI was filtered and cleaned with deionized water 
until the pH of the cleaning solution was close to neutral, 
and the regenerated adsorbent was prepared after drying in 
a vacuum oven. The performance of regenerated adsorbents 
was tested under the same single-factor experiment.

3. Results and discussion

3.1. Characterization

3.1.1. SEM results

The surface of quartz sand (QS) (Fig. 2a) is smooth 
and flat with a small number of holes. As a result, QS has 
extremely low adsorption performance (Fig. 2b). The surface 
of QS-CTS@ZVI is flocculent, which increases the specific 
surface area of the adsorbent material, provides sufficient 
adsorption space, and promotes full contact between ZVI 
and Cr(VI), promoting adsorption and reduction of Cr(VI). 
Abundant sites for efficient removal are provided. The 
surface pore structure essentially disappears, indicating 
that QS is completely covered by the mixture of ZVI and 
CTS. For the ZVI particles with an irregular surface attach-
ment morphology, most of the ZVI particles have sizes in 
the 80–160 nm range, and a small amount of agglomerated 
ZVI particles have sizes in the 280–830 nm range.

3.1.2. XRD results

Fig. 2c shows the XRD pattern of the original quartz 
sand. A strong diffraction peak is clearly present at 
2θ = 26.7°, corresponding to SiO2. In the diffraction pat-
tern of quartz sand, SiO2 diffraction peaks are present at 
2θ = 39.5°, 40.4°, 67.7° and 68.4°, but these diffraction peaks 
become weak or disappear in the coated material. This may 
be because the surface of the coated sample is coated by 
a large number of organic substances. The quartz sand in 
the material is essentially fully covered by organic sub-
stances and cannot be detected by XRD. In the process of 
preparing the materials, the chemical bonds and the origi-
nal molecular structure of CTS may be damaged, resulting 
in a decrease in the crystallinity of CTS. No evident dif-
fraction peak of CTS is observed in QS-CTS@ZVI, possibly 
because the structure of the CTS molecular chain in this 
material is damaged, the binding force between hydrogen 
bonds is weakened, and the structure is disordered, resulting 

Fig. 1. QS-CTS@ZVI production flow chart.
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in decreased crystallinity [32]. This disordered morphol-
ogy is beneficial for the adsorption and removal efficiency.

Diffraction peaks of ZVI appear at 2θ = 44.8° and 60.1° 
in the QS-CTS@ZVI XRD pattern, demonstrating that ZVI 
powder has been successfully loaded on QS-CTS@ZVI, but 
other weak peaks are also observed for QS-CTS@ZVI, such 
as the diffraction peak at 2θ = 36.7°. However, a small devi-
ation is observed, possibly due to the oxidation of Fe(0) to 
Fe(III) and Fe(II), so the larger Fe(III) or Fe(II) ion replaced 

the smaller Fe(0) ion [33]. The experimental results also 
show that a small amount of oxidized ZVI on the surface 
of the material has little effect on the removal of Cr(VI).

3.1.3. FTIR results

Fig. 2e shows the FTIR spectra of the original sample 
and the coated material. The quartz sand is mainly com-
posed of SiO2 mineral materials and is Si-rich; the peaks 

Fig. 2. SEM images of the original quartz sand (a) ×5,000 and QS-CTS@ZVI (b) ×5,000, (c) XRD pattern, (e) FTIR spectra, and TG-DSC 
change curves (d) quartz sand and (f) QS-CTS@ZVI.
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at 692 and 461 cm–1 are due to the stretching vibration of 
the Si−O bonds in quartz sand. There are Si−O−Si and Si−O 
chemical bonds in QS-CTS@ZVI, verifying that QS-CTS@
ZVI is coated with quartz sand acting as a substrate mate-
rial. The absorption peaks at 1,085 and 787 cm–1 correspond 
to the C−C and C−H vibrations, respectively. The spectrum 
significantly changes in the 1,560–1,150 cm–1 region, indi-
cating that ZVI particles are immobilized on QS [34]. The 
peak at 1,625 cm–1 is the C=C stretching vibration peak, and 
the QS-CTS@ZVI peak shows that acrylic acid was success-
fully grafted on QS-CTS@ZVI. The original quartz sand 
and QS-CTS@ZVI have an absorption peak at 3,460 cm–1, 
corresponding to the −OH stretching vibration [35]. The 
peak abruptly rises here, possibly due to superposition of 
the −NH and −OH peaks in QS-CTS@ZVI under the com-
bined action of the −NH and −OH stretching vibrations in 
the original peak, resulting in the increase in the peak; this 
indicates that the −NH of CTS is still in excess. CTS mol-
ecules undergo a cross-linking reaction, and the absorp-
tion band near 1,625 cm–1 is due to the first and second 
amide groups [36]. The changes in the height and width 
of the absorption peak discussed here indicate that the 
material was successfully loaded with CTS.

3.1.4. Thermogravimetry-differential scanning 
calorimetry results

In a N2 atmosphere, the temperature was changed from 
100°C to 1,000°C at a rate of 10°C/min. The organic matter 
content in quartz sand and QS-CTS@ZVI was determined 
by thermogravimetric analysis, and the results are shown 
in Fig. 2d and f. Quartz sand in this temperature range 
shows almost no weight change and is relatively stable. 
Comparing the results in Fig. 2f the QS-CTS@ZVI coating 
material shows a strong weight loss. In Fig. 2f, an exother-
mic peak is present near 300°C in the differential scanning 
calorimetry (DSC) curve that may be due to a thermal 
cross-linking reaction during heat treatment that leads to 
the formation of a new polymer. The secondary depolym-
erization of this polymer in the N2 atmosphere leads to the 
exothermic behavior observed in the DSC curve [37].

Fig. 2f shows that there are three weight loss stages. 
In the first weight loss stage, in the temperature range of 
30°C–200°C, the adsorbed water and crystal water on the 
surface of QS-CTS@ZVI evaporate, resulting in a certain 
degree of weight loss, whereas QS-CTS@ZVI does not show 
evident weight loss at this stage. For QS-CTS@ZVI, a small 
amount of copper sulfate pentahydrate solution was added 
during the preparation, and copper sulfate pentahydrate 
loses two crystal water molecules at 65°C and 90°C [38]. At 
100°C, the weight loss rate of QS-CTS@ZVI remains within 
2%, indicating that QS-CTS@ZVI maintains good thermal 
stability in the application temperature range of the PRB.

In the second-stage, the weight loss rate of QS-CTS@ZVI 
is high in the temperature range from 200°C to 300°C. CTS 
is very stable due to the action of macromolecular hydro-
gen bonds and begins to decompose only above 200°C. 
The decomposed CTS is further lysed, producing small 
molecular volatile products, by random chain reaction and 
carbonization [39]. The weight loss rate of QS-CTS@ZVI is 
10.4% in this temperature range.

At temperatures less than 300°C, CTS cannot be com-
pletely decomposed in a short time [40]. In the third stage 
at 300°C–800°C, the ZVI powder loaded on QS-CTS@ZVI 
does not decompose at high temperatures, and no other sub-
stances are produced. Therefore, above 300°C, the quartz 
sand on the surface decomposes, and the weight loss rate 
is 9.9%. The loaded CTS is concluded to account for 10.4% 
of the total weight of the material, the organic matter on the 
surface of quartz sand accounts for 9.9% of the total weight of 
the material, the crystal water lost by heating of copper sul-
fate pentahydrate accounts for approximately 2% of the total 
weight, and the remaining material accounting for approx-
imately 77.7% of the total weight is quartz sand, ZVI and a 
small amount of copper oxide.

3.2. Experimental results of batch adsorption of Cr(VI)

3.2.1. Adsorption kinetic studies

The ratio of the added ZVI and CTS in the material is 
1:1. If CTS does not completely encapsulate ZVI, then the 
bare ZVI on the material reflects the initial stage of Cr(VI) 
oxidation to Cr(III). At this time, the Cr(III) concentration in 
water rapidly increases, and the amount of total Cr removal 
decreases. However, Fig. 3a and b show that the trends of 
adsorption of Cr(VI) and total Cr on QS-CTS@ZVI are sim-
ilar. At the initial reaction stage, the equilibrium amount of 
total Cr adsorption rapidly increases, and the concentration 
of Cr(III) is relatively low; thus, Cr(VI) is not reduced to 
Cr(III) prior to being adsorbed by CTS. ZVI in the material 
is concluded to be essentially wrapped by CTS, and there 
is almost no ZVI exposed on the surface of the material. 
The adsorption rate for Cr(VI) and total Cr by QS-CTS@
ZVI is higher at a reaction time of 0−60 min and then grad-
ually decreases after the reaction time reaches 60 min. 
At 60 min, the adsorption capacity of QS-CTS@ZVI for 
Cr(VI) exceeds 80% of the equilibrium adsorption capacity. 
Thus, adsorption of Cr(VI) and total Cr by QS-CTS@ZVI 
is divided into two stages: a fast adsorption stage and a 
slow adsorption stage [4].

In the fast adsorption stage, QS-CTS@ZVI first adsorbs 
Cr(VI) on the surface of the material via electrostatic inter-
actions through its abundant active sites, and the reaction 
is faster in this stage. In the slow adsorption stage, the 
ZVI powder contained in QS-CTS@ZVI reduces the Cr(VI) 
adsorbed on its surface to Cr(III) through its own electron 
transfer activity under acidic conditions. Therefore, the 
amount of Cr(VI) removed is still significantly increased, 
but Cr(III) is not completely adsorbed by QS-CTS@ZVI, 
resulting in a lower adsorption for total Cr than Cr(VI). 
When the reaction time is further prolonged, the amount of 
QS-CTS@ZVI adsorption changes very little, indicating that 
QS-CTS@ZVI is in the stage of adsorption saturation under 
these conditions.

Fig. 4a and b show the linear fitting of the reaction time 
t with ln(qe − qt) and ce/qe as the ordinates, respectively. The 
kinetics of Cr(VI) removal by QS-CTS@ZVI were analyzed. 
Fig. 4a and b indicate that under three different initial con-
centrations, compared with the first-order kinetic equa-
tion (R2 ≤ 0.97), the removal of Cr(VI) by QS-CTS@ZVI is 
more consistent with the second-order kinetic equation 
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(R2 ≥ 0.99). The adsorption process of QS-CTS@ZVI is mainly 
surface adsorption [41,42]. Cr(VI) has a passivation effect on 
ZVI powder, and a passivation layer of Cr0.667ZVI0.333OOH or 
Cr0.667ZVI0.333(OH)3 can be formed on the surface of QS-CTS@
ZVI to prevent electron transfer between the internal 
and external ZVI powder so that the adsorption rate will 
decrease [43,44].

Fig. 4c clearly shows that QS-CTS@ZVI data can be fit-
ted by three straight lines at different initial concentrations. 
This result is consistent with adsorption process that can be 
divided into the following stages: surface diffusion, internal 
diffusion and adsorption reaction [45]. In the first stage of 
adsorption, Cr(VI) quickly occupies the active sites on the 
QS-CTS@ZVI surface, and the reaction time is the shortest in 
this stage [46]. In the second-stage, as shown in Table S1, the 
Ci of the material first increases and then decreases, indicat-
ing that the influence of the boundary layer on the adsorption 
efficiency first increases and then decreases. At the beginning 
of the reaction, a large number of Cr(VI) ions are present in 

the reaction system. These ions quickly establish a layer of 
a Cr(VI) ion film on the surface of QS-CTS@ZVI, prevent-
ing the coating material from contacting other Cr(VI) ions. 
In the subsequent reaction, Cr(VI) ions must overcome the 
influence of the boundary effect on adsorption. In the third 
stage, the adsorbed Cr(VI) ions diffuse inside QS-CTS@
ZVI and react with internal functional groups. These three 
stages show that the decisive factors for the adsorption rate 
of QS-CTS@ZVI are surface diffusion and intraparticle dif-
fusion. In addition, no fitting line in Fig. 4c passes through 
the coordinate origin, and this result once again confirms 
that intraparticle diffusion is not the only rate-controlling 
step for these three adsorption materials [47].

3.2.2. Adsorption isotherms

With 200 mg/L as the initial concentration, the adsorp-
tion process of QS-CTS@ZVI on Cr(VI) was explored at dif-
ferent temperatures (293, 298, and 303 K), and the Langmuir 

Fig. 3. Effect of time on the (a) equilibrium adsorption capacity and (b) rates of Cr(VI) and total Cr removal by QS-CTS@ZVI; QS-CTS@
ZVI (adsorption conditions: pH 3, dosage 0.01 g, 25°C, 200 mg/L) (c) Langmuir isotherm model fitting and (d) Freundlich isotherm 
model fitting.
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Fig. 4. Fitting of QS-CTS@ZVI kinetics: (a) quasi-first-order kinetics, (b) quasi-second-order kinetics, (c) curve of the intrapar-
ticle diffusion model, (d) effect of temperature on Cr(VI) and total Cr removal by QS-CTS@ZVI (adsorption conditions: pH 3, 
200 mg/L, dosage 0.01 g, 5 h), (e) effect of coexisting ions on Cr(VI) and total Cr removal by QS-CTS@ZVI (adsorption conditions: 
pH 3, dosage 0.01 g, 25°C, 5 h, 200 mg/L, 0.1 mL 1 mol/L coexisting ions) and (f) adsorption properties of QS-CTS@ZVI for Cr(VI) 
after analysis (adsorption conditions: pH 3, dosage 0.01 g, 25°C, 5 h, initial concentration 200 mg/L).
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model and Freundlich model were used to fit the process 
(Fig. 3c and d). The fitting parameters are shown in Table 
S3. The theoretical adsorption capacities (114.8, 120.3, and 
123.6 mg/g) were calculated by Langmuir model fitting 
and were found to increase to varying degrees, indicat-
ing that an increase in the temperature was beneficial for 
Cr(VI) removal by QS-CTS@ZVI. The constant K is derived 
from Freundlich theory and decreases with increasing tem-
perature, confirming good adsorption during the process 
at lower temperatures. In addition, when 1/n is between 0 
and 1 and n is greater than 1, all conditions are conducive 
to the adsorption of Cr(VI). The correlation coefficients R2 
of the Langmuir model are 0.98, 0.99 and 0.99, and the cor-
relation coefficients R2 of the Freundlich model are 0.95, 
0.94 and 0.99, respectively, indicating that the Langmuir iso-
therm is more suitable than the Freundlich isotherm. In a 
study on the adsorption of Cr(VI) in water by CTS-coated 
fly ash composites, Wen et al. also found that compared to 
the Freundlich isotherm, the Langmuir isotherm was more 
suitable for fitting the adsorption process of Cr(VI) [48].

3.3. Effect of temperature

Fig. 4c shows that with the change in the temperature 
(293–303 K), the adsorption capacity of QS-CTS@ZVI for 
Cr(VI) and total Cr increases, indicating that heating is ben-
eficial for the adsorption process of QS-CTS@ZVI and that 
this reaction is an endothermic reaction. At three tempera-
tures, the adsorption capacity of QS-CTS@ZVI for Cr(VI) is 
higher than that for total Cr. At the same initial concentra-
tion, the QS-CTS@ZVI adsorption amount weakly increases 
with the change in the temperature [49]. Under the set 
conditions, QS-CTS@ZVI may tend to be saturated, and its 
adsorption amount will then reach equilibrium. In this case, 
the improvement in the adsorption effect by changing the 
temperature will not be evident.

3.4. Effect of pH

The pH of the reaction system has a strong influence 
on the process of Cr(VI) adsorption by QS-CTS@ZVI. 
Fig. 5a and b show the adsorption capacity and adsorp-
tion efficiency changes for Cr(VI) and Cr adsorption by 
QS-CTS@ZVI as the pH of the solution varies from 3 to 8. 
With increasing pH, the Cr(VI) and total Cr removal rates 
gradually decrease from approximately 40% to less than 
10%. This is mainly because Cr(VI) exists in the solution 
mostly in the form of HCrO4

– and Cr2O7
2– under acidic 

conditions, and the lower pH increases the degree of CTS 
protonation. A large amount of H+ binds to the surface of 
CTS, enhancing the electrostatic attraction between CTS 
and HCrO4

– as well as Cr2O7
2–, which in turn improves the 

adsorption efficiency of QS-CTS@ZVI [50,51]. Moreover, 
the corrosion of ZVI powder is accelerated under acidic 
conditions, and the ferrochromium hydrate precipitates 
produced by the reaction are also reduced (as shown in Eq. 
(9)). ZVI powder has high activity, but compared with other 
valence iron ions, ZVI powder is more prone to oxidation 
reactions. When ZVI powder is in contact with air, it can 
be oxidized to Fe3O4 and coated on the surface of QS-CTS@
ZVI, and the adsorption capacity of oxidized QS-CTS@

ZVI will be greatly reduced. However, in the presence of 
a greater amount of H+ in the solution, QS-CTS@ZVI reacts 
with H+, as shown in Eq. (10). The oxide layer on the surface 
of QS-CTS@ZVI is decomposed into Fe(III), and reduced 
Fe(II) promotes the adsorption and reduction of Cr(VI) by 
QS-CTS@ZVI; thus, the adsorption capacity for Cr(VI) and 
total Cr is higher under low pH conditions. With increas-
ing pH, the oxide layer does not decompose in an alka-
line environment. Instead, OH− promotes the production 
of a passivation layer on the surface of ZVI powder. The 
passivation layer hinders the interaction of QS-CTS@ZVI 
and Cr(VI). In this environment, Cr(VI) mainly exists in 
the solution as CrO4

2–. The electrostatic attraction between 
CrO4

2– and the positively charged CTS is weakened, and 
more OH– competes for adsorption, reducing Cr(VI) 
adsorption. The lower adsorption capacity also hinders the 
removal of total Cr. Total Cr removal is divided into Cr(VI) 
and Cr(III) adsorption. The adsorption of Cr(VI) becomes 
more favorable with stronger acidity; however, acidity is 
not conducive to the adsorption of Cr(III). When the system 
is neutral and alkaline, Cr(VI) is not easily reduced. In this 
case, an electrostatic repulsion exists between Cr(VI) and 
the adsorbent that inhibits adsorption. Therefore, QS-CTS@
ZVI has a significantly higher Cr(III) removal rate under 
acidic conditions than under alkaline conditions [52,53].

Fe CrO H O Cr OH OH0 � � � � � � ��
4
2

2 3
4 2  (9)

Fe O H Fe Fe H O3 4
2 3

28 2 4� � �� � �  (10)

3.5. Effect of the initial Cr(VI) concentration

Fig. 5c shows that with increasing Cr(VI) concentration, 
the amounts of Cr(VI) and total Cr adsorption by QS-CTS@
ZVI gradually increase, with similar adsorption trends. 
More Cr(VI) is provided with the increased initial concen-
tration, and the total Cr content increases, increasing the 
likelihood of molecular collisions between QS-CTS@ZVI, 
Cr(VI) and Cr(III). CTS increases the adsorption sites for 
Cr(VI), thereby enhancing the adsorption capacity of the 
composite material for Cr(VI). Fig. 5d shows that when 
the concentration of Cr(VI) is 10 mg/L, more than 99% of 
Cr(VI) in the solution can be removed by QS-CTS@ZVI, and 
the removal rate of total Cr reaches 80%. As the concen-
tration increases, the rate of Cr(VI) removal by QS-CTS@
ZVI decreases, which is related to the number of active 
sites in QS-CTS@ZVI. An increasing amount of Cr(VI) will 
cause more active adsorption sites to be occupied, and the 
quantity of the adsorbent added to the solution is limited; 
this results in more Cr(VI) that cannot be combined with 
active sites, adsorption saturation of QS-CTS@ZVI, the 
inability to remove Cr(VI) in the solution, and a decrease in 
the removal rate. According to Fig. 5c and d, when the initial 
concentration increases from 10 to 100 mg/L, the adsorp-
tion capacity of QS-CTS@ZVI for Cr(VI) rapidly increases 
from 8.7 to 75.8 mg/g. However, as the initial concentra-
tion of the solution continues to increase, the adsorption 
capacity reaches 133.4 mg/g at 500 mg/L, and the removal 
efficiency is as low as 23.1%. This may be due to adsorption 
saturation of QS-CTS@ZVI. After saturation, no additional 
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Fig. 5. Effect of initial pH on the (a) equilibrium adsorption capacity and (b) rates of Cr(VI) and total Cr removal by QS-CTS@ZVI 
(adsorption conditions: 200 mg/L, dosage 0.01 g, 25°C, 5 h); effect of initial concentration on the (c) equilibrium adsorption capacity 
and (d) rates of Cr(VI) and total Cr removal by QS-CTS@ZVI (adsorption conditions: pH 3, dosage 0.01 g, 25°C, 5 h); dosage effect 
on the (e) equilibrium adsorption capacity and (f) rates of Cr(VI) and total Cr removal by QS-CTS@ZVI (adsorption conditions: 
pH 3, 200 mg/L, 25°C, 5 h).
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Cr(VI) can be removed. When the initial Cr(VI) concentra-
tion is greater than 100 mg/L, the adsorption capacity of 
QS-CTS@ZVI does not significantly change. This is because 
the increased abundance of Cr(VI) ions leads to greater 
competition with the active sites on the adsorbent surface. 
Too much Cr(VI) in the solution can inhibit the activity 
of some ZVI powders [54]. At the same time, when the 
concentration of Cr(VI) is high, a large amount of Cr(VI) 
is reduced to Cr(III), increasing the combined amount of 
Cr(III)-Fe(III) oxyhydroxide on the ZVI powder and form-
ing a passivation layer. The main component of the pas-
sivation layer is Cr0.667Fe0.333OOH or Cr0.667Fe0.333(OH)3. This 
also causes the amount of adsorbent material to change 
slowly. Most of the generated Cr(III) is soluble in water, and 
a small amount is adsorbed by QS-CTS@ZVI, making the 
total Cr adsorption lower than the Cr(VI) adsorption.

3.6. Effect of QS-CTS@ZVI dosage

As shown in Fig. 5f, when the dose of QS-CTS@ZVI 
gradually increases from 0.005 to 0.04 g/L, the removal rate 
of Cr(VI) increases from 24.0% to 91.6%. With the increase 
in the QS-CTS@ZVI dosage, the adsorption rate of the coat-
ing material for Cr(VI) increases, but an opposite change 
in the equilibrium adsorption amount of QS-CTS@ZVI is 
observed (Fig. 5e). In the reaction system, the mass of the 
QS-CTS@ZVI coating material increases, improving the total 
number of adsorption sites on the surface of QS-CTS@ZVI 
and increasing the removal rate of Cr(VI). When the dos-
age of QS-CTS@ZVI reaches a certain amount, the removal 
rate of Cr(VI) solution by the adsorbent reaches a certain 
value and tends to stabilize, resulting in a low content of 

Cr(VI) in the solution and the inability to provide a high 
driving force for diffusion into the adsorbent. However, at 
this time, some adsorbents still have an excessive number 
of unoccupied adsorption active sites, so the removal rate 
of Cr(VI) slightly decreases when the dosage is too large. 
This indicates that suitable active sites and Cr(VI) content 
are the key to improving the Cr(VI) removal efficiency. ZVI 
powder had a certain degree of agglomeration. Loading ZVI 
with CTS significantly improves the agglomeration of ZVI 
and increases its antioxidant capacity, and on the surface 
of the material, ZVI is more likely to react with the nega-
tively charged Cr(VI) adsorbed by CTS and reduce it to 
Cr(III), which improves the efficiency of Cr(VI) removal by 
ZVI [20,42,55]. When the dosage of the coating material is 
0.035~0.04 g, the removal efficiency of Cr(VI) and total Cr 
remains above 90%. A greater QS-CTS@ZVI content leads to 
a greater probability of contact between ZVI and Cr(VI) and 
a stronger reduction effect. ZVI reduces Cr(VI) to Cr(III), 
and both Cr(VI) and Cr(III) can be adsorbed and removed 
by CTS. In addition, the ZVI powder in QS-CTS@ZVI may 
be oxidized during the adsorption process, but increasing 
the dosage objectively increases the contents of ZVI and 
CTS; therefore, the reduction effect and the active adsorp-
tion sites in the solution are enhanced. The number of sites 
increases, and the removal efficiency of Cr(VI) and total Cr 
increases (with a dosage greater than 0.025 g). Fig. 5e shows 
that there is a certain difference between the adsorption 
capacities for Cr(VI) and total Cr. Under the same condi-
tions, the adsorption capacity for Cr(VI) is higher than that 
for total Cr because the Cr(III) generated by reduction of 
Cr(VI) is not completely adsorbed by the coating material, 
and part of the Cr(III) is dissolved in the reaction solution.

Fig. 6. Possible Cr(VI) removal mechanism of QS-CTS@ZVI.
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3.7. Effect of coexisting ions

When QS-CTS@ZVI coexists with NaCl, CaCl2 and 
MgCl2, the adsorption capacity of QS-CTS@ZVI for Cr(VI) is 
weakened to varying degrees. This may be because the ZVI 
powder contained in QS-CTS@ZVI consumes H+ in the solu-
tion during the reaction with Cr(VI), and the pH of the whole 
reaction system gradually increases during the reaction. In 
this case, Fe(OH)3, Cr(OH)3 or Fe(III)-Cr(III) co-precipitates 
are formed on the surface of QS-CTS@ZVI [56], hindering 
adsorption on QS-CTS@ZVI and reduction of Cr(VI) and 
resulting in a decreased adsorption capacity of the coating 
material. However, the degree of weakening is small, and 
electrostatic repulsion between the cations and adsorbents 
may be present, maintaining the availability of the adsorp-
tion sites of the adsorbent for Cr(VI).

The negative effect of anions (SO4
2–, H2PO4

2–, HCO3
–, PO3

3–) 
on Cr(VI) adsorption is also clear. SO4

2– has the greatest 
interference in the adsorption of Cr(VI) and total Cr, fol-
lowed by HCO3

–. This is because anions such as SO4
2– and 

HCO3
– in the solution compete with Cr(VI) on the adsor-

bent (mainly in the form of HCrO4
2– and Cr2O7

2–). However, 
SO3

2– significantly promotes the adsorption of Cr(VI). After 
SO3

2– is added to the solution, the adsorption amount of 
QS-CTS@ZVI is 41.9 mg/g higher than that for the blank 
solution. SO3

2– is more difficult to oxidize in an environment 
with higher H+ content; thus, the probability of a reduc-
tion reaction between QS-CTS@ZVI and Cr(VI) increases, 
and Cr(VI) is reduced to Cr(III). H+ is also combined with 
−NH2 in QS-CTS@ZVI to generate positively charged 
NH3

+, enhancing the electrostatic attraction between the 
compounds and achieving successful removal of Cr(VI).

3.8. Cyclic adsorption of QS-CTS@ZVI

The removal effect of QS-CTS@ZVI on Cr(VI) is shown 
in Fig. 4f. After three desorption cycles, the trend of Cr(VI) 
adsorption by QS-CTS@ZVI changes little, but the removal 
effect is small (6.85 mg/g) and in the normal range. With 
three cyclic adsorption experiments, the removal rate of 
QS-CTS@ZVI is approximately 80%. The above data show 
that QS-CTS@ZVI shows a good ability to remove Cr(VI), as 
well as an excellent reuse performance.

3.9. Mechanisms of Cr(VI) removal by QS-CTS@ZVI

Most Cr(VI) in groundwater exists in the form of Cr2O7
2– 

and HCrO4
– [57]. The synthetic material is prepared from 

ZVI-coated QS after loading CTS, and the iron powder is 
completely wrapped by CTS. When Cr(VI) is in contact 
with the material, it binds to the abundant binding sites of 
CTS on the surface of the material, the ZVI inside the mate-
rial reduces it to Cr(III), and the ZVI is oxidized to Fe(III). 
During the treatment, the modified CTS plays the role of 
an adsorbent, Cr(VI) and Cr(III) play a supporting role 
after the adsorption treatment, and the wrapped quartz 
sand also plays a supporting role.

4. Conclusion

In this study, the effects of the reaction time, reaction 
temperature, initial solution pH, initial Cr(VI) concentration, 

adsorbent dosage, interference ions and adsorption cycle on 
the adsorption of Cr(VI) and total Cr by QS-CTS@ZVI were 
described. The results showed that for a ZVI:CTS ratio of 1:1 
(m:m), a QS:ZVI ratio of 1:2 (m:m), a pH of 3, t = 5 h, an initial 
Cr(VI) concentration of 200 mg/L, a QS-CTS@ZVI dosage of 
3.5 g/L, and T = 25°C, the efficiencies of Cr(VI) and total Cr 
removal by QS-CTS@ZVI were 91.6% and 90.9%, respectively, 
and an increase in the initial concentration or temperature 
was conducive to improving the equilibrium adsorption 
capacity of QS-CTS@ZVI. The pH has a strong influence on 
the adsorption by the modified material, with the best adsorp-
tion capacity obtained under acidic conditions, and the cyclic 
adsorption performance is good. In particular, the coexis-
tence of SO4

2– and water can significantly inhibit the Cr(VI) 
adsorption and removal processes. QS-CTS@ZVI performs 
well in removal of Cr(VI) in an acidic environment, realizes 
cyclic adsorption, effectively reduces the total Cr content in 
a water body after adsorption treatment and effectively elim-
inates Cr pollution after treatment. Thus, QS-CTS@ZVI has 
great prospects for application in PRB dielectric materials.
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Supporting information

Fig. S1a and b shows that the removal effect of Cr(VI) 
under acidic conditions is much higher than that under neu-
tral conditions, and the addition of zero-valent iron powder 
has an effect on the removal of Cr(VI); however, the impact 
is weak. When the pH value is 3, the removal of Cr(VI) by 
chitosan (CTS) depends on the electrostatic attraction and 
chelation between the protonated group and Cr(VI), and this 
effect is greatly weakened under neutral conditions, so the 
removal effect of SA-CTS@ZVI is greatly reduced. In addi-
tion, although the zero-valent iron powder generates Fe(III) 
and Fe(II) under acidic conditions, which has a reducing 
effect on Cr(VI), if the content of zero-valent iron powder is 
too high, it will reduce CTS and zero-valent iron. The steric 

hindrance between the powders and the agglomeration of the 
zero-valent iron powder itself will affect the removal effect. 
The results in Fig. S1b show that the ratio of quartz sand to 
zero-valent iron powder in the range of 1:2~1:4 has very little 

Fig. S1. Effect of ZVI content on Cr(VI) adsorption performance (a) pH of 3 and (b) pH of 6.

Table S1
Parameters of intraparticle diffusion model

Concentration of 
Cr(VI) (mg/L)

100 200 300

Ci (mg/g)
28.44814 87.13499 85.99219
84.47967 89.17238 89.77556
81.09584 86.80589 89.43121
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difference in the removal effect of Cr(VI). Therefore, in sub-
sequent processes of preparing SA-CTS@ZVI, a ratio of 1:2 
between quartz sand and zero-valent iron powder should be 
maintained.

From the comparison in Table S2, it can be seen that at 
the initial concentrations of 100, 200 and 300 mg/L, the maxi-
mum adsorption capacities of 87.3, 91.1 and 119.3 mg/g sim-
ulated by quasi-second-order kinetics are very close to those 
obtained by experiments of 86.6, 87.2 and 115.3 mg/g. In 
the fitting parameters of the second-order reaction kinetics, 
the value of k2 decreased from 0.0014 to 0.00055 min–1 as the 
concentration increased from 100 to 300 mg/L. This shows 
that the active sites on the surface of quartz sand chitosan 
zero-valent iron are occupied by Cr(VI) at high concentra-
tions, and the energy consumed by adsorption increases.

Table S2
QS-CTS@ZVI dynamic parameters

Kinetic model Parameter

Concentration of Cr(VI) qe(cal) (mg/g) k1 (min–1) R2 qe(exp) (mg/g)

Pseudo-first-order
100 mg/L 18.64168123 0.00516 0.68947 86.61865
200 mg/L 30.76414843 0.0072 0.92086 87.23819
300 mg/L 37.10530681 0.00707 0.86182 115.34499
Concentration of Cr(VI) qe(cal) (mg/g) k2 (min–1) R2 qe(exp) (mg/g)

Pseudo-second-order 100 mg/L 87.33624 0.001408 0.99963 86.61865
200 mg/L 89.52551 0.000749 0.99883 91.91176
300 mg/L 119.3317 0.000547 0.99882 115.34499

Table S3
QS-CTS@ZVI isothermal model parameters

Parameter

T (°C) KL (L/mg) R2 qe(cal) (mg/g)

Langmuir
293 K 0.02228 0.98396 114.8106
298 K 0.029949 0.98769 120.3369
303 K 0.033974 0.99411 123.6094

T (°C) KL (L/mg) R2 1/n

Freundlich
293 K 34.40646 0.95129 0.18266
298 K 44.44675 0.94317 0.15227
303 K 45.72566 0.9869 0.15533
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