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HIGHLIGHTS GRAPHICAL ABSTRACT

e Simple cross-linking synthetic strategy
was designed for beads synthesis.

e Maximum adsorption capacity of the
SL/PEI/SA for Cr (VI) was up 2015.3
mg g’l.

e High removal efficiency for Cr(VI) in
wastewater environments.

eThe presence of sodium humate
contributed to the Cr(VI) removal rate.

e Removal mechanism contains both
electrostatic adsorption and reduction.
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ARTICLE INFO ABSTRACT

Editor: Sungjun Bae Chromium (VI) is a widely occurring toxic heavy metal ion in industrial wastewater that seriously impacts the
environment. In this study, we used environmentally friendly sodium lignosulfonate (SL), polyethyleneimine

Keywords: (PEI), and sodium alginate (SA) to synthesize SL/PEI/SA beads by employing a simple crosslinking method with

Cr(VI) removal to develop a novel absorbent with excellent adsorption capacity and practical application in wastewater treat-

Electroplating wastewater
Dynamic adsorption
Redox

ment. We studied the adsorption performance of SL/PEI/SA through batch adsorption and continuous dynamic
adsorption experiments. SL/PEI/SA has ultra-high adsorption capacity (2500 mg-g™!) at 25 °C, which is much
higher than that of existing adsorbents. Humic acids and coexisting anions commonly found in wastewater have
minimal effect on the adsorption performance of SL/PEI/SA. In the column system, 1 g SL/PEI/SA can treat 8.1 L
secondary electroplating wastewater at a flow rate of 0.5 mLmin™, thereby enabling the concentration of Cr(VI)
in secondary electroplating wastewater to meet the discharge standard (< 0.2 mg-L™1). It is worth noting that the
concentration of competitive ions in secondary electroplating wastewater is more than 500 times higher than
that of Cr(VI). These results demonstrate that the novel SL/PEI/SA beads can be effectively applied in the
removal of Cr(VI) in wastewater.
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1. Introduction

Chromium (Cr) is a heavy metal that is widely used in industrial
applications, including textile mills, electroplating plants, wood mills,
and tanneries (X. Wang et al., 2020; Y. Wang et al., 2020). Owing to its
high solubility and bioaccumulation, Cr is often detected in natural
water sources (Liu et al., 2019). Cr exists in two main oxidation states: Cr
(V) and Cr(Il) (Yang et al., 2022) with the former being
non-biodegradable and 500 times more toxic than the latter (Chen et al.,
2016). Therefore, Cr(VI) has been flagged as an extremely dangerous
pollutant by the US Environmental Protection Agency (Liu et al., 2019),
while the International Agency for Research on Cancer (IARC) has
classified it as a group-1 human carcinogen (Su et al., 2021). Therefore,
reducing the concentration of Cr (VI) in industrial wastewater to an
acceptable level is crucial for safeguarding environmental and human
health (Guo et al., 2018).

Among the applied strategies for mitigating Cr(VI) pollution,
adsorption is considered one of the most effective approaches because of
its low cost, ease of operation, and ability to remove low-concentration
pollutants (Huang et al., 2018b; Zhao et al., 2017). To prevent adsorbent
induced secondary pollution in water environments, certain environ-
mentally compatible adsorbents for Cr(VI) removal have been devel-
oped, such as those based on activated carbon (Nasseh et al., 2021),
zeolite (Zhang et al., 2018), montmorillonite (Wang et al., 2016), bio-
char (Lian et al., 2019), and cellulose (Liao et al., 2020). However, their
adsorption capacity and Cr(VI) removal efficiency are yet to reach
satisfactory levels (Fang et al., 2021). Therefore, the development of a
new adsorbent featuring environmental compatibility, ultra-high
adsorption capacity, and potent Cr(VI) removal efficiency from water
environments is of paramount importance.

Sodium alginate (SA) is a non-toxic, biocompatible, renewable and
low-cost polysaccharide derived from sea algae (Feng et al., 2021). It
contains abundant carboxylate groups (COOH), which can chelate with
metal ions to form a complex "egg-box" structure (Y. Yan et al., 2017
Y.-Z. Yan et al., 2017), and can be used as an adsorbent to remove Cr(VI)
from water environments (Wang et al., 2019). In addition, SA can yield a
hydrogel under the action of calcium ions, which facilitates the recovery
of the adsorbent from aqueous solutions (Feng et al., 2021). These
excellent characteristics of SA make it get considerable attention in the
field of wastewater treatment (Jiao et al., 2020). However, because of
the lack of reducibility, the adsorption capacity of pure SA gel for Cr(VI)
is unsatisfactory. In addition, SA has low mechanical strength and is
fragile, which affects its reusability and large-scale application in in-
dustry. Accordingly, the introduction of additional components into the
SA hydrogel for improving its adsorption and mechanical features has
been proposed (Feng et al., 2021; Jiao et al., 2020).

Polyethyleneimine (PEI), a polyamine containing multiple amine
groups, has been widely used for adsorbent modification because of its
strong ability to chelate heavy metal ions (Sun et al., 2016). In recent
years, the introduction of PEI into SA gels to improve the mechanical
strength and Cr(VI) adsorption capacity of SA gel beads has been re-
ported. For example, Yan et al. coated PEI on the surface of SA gel beads
by cross-linking reaction, which not only improved the mechanical
properties of SA gel beads, but also increased the maximum adsorption
capacity of SA gel beads to 431.6 mg-g! (Yan et al., 2017). Feng et al.
modified SA by crosslinking reaction with MXene and PEIL The double
network structure that formed following the modification of SA by PEI
significantly enhanced the mechanical strength of SA gel. In addition,
the abundant active groups of PEI and the in-situ reduction ability of
MXene dramatically improved the adsorption capacity of SA gel for Cr
(VI) to 538.97 mg-g"'. However, the adsorption capacity of MXene/-
PEI/SA for Cr (VI) was significantly inhibited by high concentration of
competitive anions (Feng et al., 2021). Considering the complex com-
ponents in industrial wastewater, it is necessary to introduce some new
components, which will greatly enhance the adsorption and removal
ability of SA gel beads for Cr(VI) in wastewater.
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SL has great potential to improve the adsorption capacity of SA gel
beads to Cr(VI). SL is an inevitable by-product of paper industry, and has
excellent characteristics similar to SA, such as environmental friendli-
ness, low cost, and rich functional groups (hydroxyl and sulfonic acid)
(Gao et al., 2018; Liu et al., 2020; Yang et al., 2020). These character-
istics render it as a potential candidate for enhancing the adsorption
capacity of the absorbents, which can remove Cr(VI). For example,
graphene modified by SL shows a high adsorption capacity of 1743.9
mg-g! for Cr(VI), which verifies the advantage of SL modified adsorbent
for Cr(VI) removal (Sun et al.,, 2021). At present, there has been a
research repored that SL can be crosslinked with PEI through glutaral-
dehyde (Xie et al., 2020), so SL has the potential to improve the
adsorption performance of SA gel beads through crosslinking reaction
with PEI and to synthesize an adsorbent with ultra-high adsorption ca-
pacity for Cr(VI) removal from wastewater.

In this study, we synthesized SA gel beads modified by PEI and SL
(SL/PEI/SA) at 25 °C through simple crosslinking reactions. The main
contributions of this study are summarized as follows: (1) The optimal
adsorption parameters/capacity of the SL/PEI/SA gel beads were
determined through batch adsorption experiments. Concurrently, the
adsorption data were fitted using kinetic and thermodynamic models to
study the main adsorption mechanism. (2) The adsorption-desorption
experiments were run 10 times to understand the regenerative adsorp-
tion capacity of the SL/PEI/SA beads. (3) The effects of competitive ions
and humic acid on SL/PEI/SA adsorption were investigated. (4) The
ability of SL/PEI/SA to treat wastewater was investigated through batch
adsorption and continuous dynamic adsorption experiments.

2. Materials and Methods
2.1. Materials and reagents

SA, SL, and PEI were purchased from Shanghai Aladdin Bio-Chem
Technology Co., LTD. Glutaraldehyde (GA, 25 %) was purchased from
Tianjin Kemio Chemical Reagent Co., LTD. Potassium dichromate (KCD)
was purchased from Macklin. All reagents were used directly without
further purification. The solution was prepared using ultrapure water
(18.25 MQ-cm) as the solvent.

2.2. Synthesis of adsorbents

The preparation processes of SL/PEI/SA are shown in Fig. S1. The
specific process is as follows: 0.2 g of SA, 0.2 g of PEI, and 0.2 g of SL are
added to a 50 mL beaker containing 15 mL of water and was stirred at
25 °C. After 12 h, 0.7 mL of glutaraldehyde was added to the above
beaker and stirred continuously for 5 h at 25 °C Subsequently, the so-
lution was dropped into a 3 % of CaCl; solution to form beads. After
allowing this solution to stand for 12 h, the beads were filtered and
washed three times with water, and subsequently suspended in an
aqueous solution with a pH of 1 for 24 h. Finally, the beads were
repeatedly washed with water and freeze-dried to obtain SL/PEI/SA
beads. Concurrently, SA, SL/SA, PEI/SA, and SL/PEI/SA; were synthe-
sized according to the aforementioned steps. The difference between SL/
PEI/SA; and SL/PEI/ SA is that glutaraldehyde was not added in the
process of synthesizing SL/PEI/SA;.

2.3. Adsorbent characterization

Fourier transform infrared (FTIR) spectroscopy was used to obtain
information on the functional groups of the adsorbent (Bruker MPA and
Tensor 27, Germany). X-ray photoelectron spectroscopy (XPS) was used
to analyze the chemical composition of the components on the adsorbent
surface (Thermo Fisher K-Alpha+, USA). Scanning electron microscopy
(SEM) was used to observe the morphology and particle size distribution
of the adsorbent (Zeiss Sigma300, Germany). The specific surface area,
pore volume, and pore size distribution of the adsorbent were obtained



Y. Huang et al.

using a special analyzer (TriStar II 3flex, USA).
2.4. Adsorption experiments

A Cr(VI) solution with an initial concentration of (50-1400) rng-L'1
was prepared using potassium dichromate. The adsorbent and Cr(VI)
solution were mixed at a solid-to-liquid ratio of 1:10-1:1 (g:L) and
shaken at 150 rpm. After the adsorption process reached equilibrium,
the filtrate was filtered through a 0.45 pm filter. The Cr(VI) concentra-
tion in the filtrate was measured using an ultraviolet spectrophotometer
(Thermoscientific, Genesys 50) and inductively coupled plasma emis-
sion spectrometer (ICP-OES, Aglient 5110).

2.5. Desorption experiment

The regeneration ability of an adsorbent is an important index of its
practical application potential. In this study, the SL/PEI/SA beads were
tested for 10 adsorption-desorption experimental cycles. Within 6 h, the
SL/PEI/SA beads reached more than 80 % of their maximum adsorption
capacity. Considering the time, 30 mg of SL/PEI/SA was added to a Cr
(VD) solution with a concentration of 400 mg-L'1 and was shaken for 6 h.
Subsequently, SL/PEI/SA (separated from the Cr(VI) solution) was
added to 30 mL of a NaOH solution with a concentration of 0.05 M and
was allowed to desorb for 2 h. Finally, the SL/PEI/SA beads were filtered
and cleaned with water before each adsorption session. The final process
was repeated 10 times.

2.6. Dynamic adsorption experiment

The dynamic adsorption experiment was carried out in a chro-
matographic column with an inner diameter of 1.7 cm and a height of
20 cm. The weight of the SL/PEI/SA gel beads filled in the chromato-
graphic column was 1.0 g, and the filling bed height was 10 cm. The
dynamic adsorption experiment can be divided into two parts as
described below.

(1) The Cr(VI) solution with an initial concentration of 100 mg~L’1
was controlled by a peristaltic pump to enter the chromatographic col-
umn from top to bottom at a flow rate of 1.5 mL-min’!. The Cr(VI) so-
lution was collected at different times until its concentration reached 90
% of the initial concentration (exhaustion point).

(2) The secondary electroplating wastewater was passed through the
chromatographic column at the rate of 0.5 mL-min’}, and the filtrate was
continuously collected until the concentration of Cr(VI) in the filtrate
reached 0.2 mg-L'L.

2.7. Applicability of SL/PEI/SA to wastewater treatment

To investigate the ability of SL/PEI/SA to remove Cr(VI) in electro-
plating wastewater that contains a high concentration of Cr(VI), an
adsorption experiment was carried out using untreated electroplating
wastewater collected from the Jiangyan Longgou electroplating plant
(Taizhou City, Jiangsu Province, China). SL/PEI/SA gel beads were
added to a 100 mL conical flask containing 30 mL of electroplating
wastewater, and the changes in the components of the wastewater
before and after adsorption were measured at the adsorption equilib-
rium point.

3. Results and discussion
3.1. Characterization of SL/PEI/SA

3.1.1. SEM analysis

The micromorphology and structure of the adsorbent are important
factors affecting its adsorption performance. Fig. 1 shows the micro-
morphology of the SL/PEI/SA gel beads investigated via SEM. The beads
mainly comprised a three-dimensional (3D) porous structure with many
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circular and oval pores (Fig. 1a,b,c). These 3D pores, which were con-
structed by the cross-linking between SA, PEI, and SL, can rapidly
penetrate water and Cr(VI) molecules (Fig. 1). This process can signifi-
cantly promote the reaction rate between the Cr(VI) molecules and the
SL/PEI/SA active sites (Q. Wang et al., 2021; X. Wang et al., 2021).
Furthermore, the presence of SA induced the formation of many irreg-
ular macro-porous structures in the cross-sectional regions of the
SL/PEI/SA beads (Zhang et al., 2019). After adsorbing Cr(VI) (Fig. 1a),
the pores on the SL/PEI/SA beads were blocked (Fig. le, f). The
energy-dispersive X-ray spectroscopy (EDS) results confirmed that the
adsorbed Cr(VI) species led to pore caking or blockage on the gel beads
(Fig. 1g).

3.1.2. Brunauer-Emmett-Teller (BET) analysis

The pore size distribution results for the SL/PEI/SA gel beads before
and after Cr(VI) adsorption are shown in Fig. 2a and b, respectively.
Before Cr(VI) adsorption (Fig. 2a), the Ny adsorption-desorption
isotherm curve showed evident hysteretic loops. Furthermore, the pore
size distribution in Fig. 2a shows that the pores of the SL/PEI/SA beads
fluctuated between 400 and 1000 nm in size, while the average pore size
was 13.5 nm, suggesting that SL/PEI/SA is mainly a mesoporous struc-
ture. After Cr(VI) adsorption (Fig. 2b), the pore size of the SL/PEI/SA
beads ranged between 50 nm and 200 nm, and the average pore size was
reduced to 12.1 nm, which is caused by the adsorbed Cr(VI) that oc-
cupies the pores. (as shown in SEM Fig. 1f).

3.1.3. FTIR Analysis

To further investigate the reaction mechanism underlying the
crosslinking between the SA, PEI, and SL molecules, the functional
groups of the SL/PEI/SA; and SL/PEI/SA beads were compared
(Fig. 2¢). In the SL/PEI/SA;, a wide peak appeared at 3400-3500 em’,
which was attributed to the —~OH groups from SA and SL (Feng et al.,
2021; Zhang et al., 2021). The peak at 2929.3 cm™ was attributed to the
—CHj; groups from PEl and SL (X. Wang et al., 2021; Q. Wang et al., 2021;
Zhang et al., 2021). In addition, two distinct peaks at 1740 em’! and
1244.1 cm™ were respectively assigned to the carbonyl stretch of
—COOH (Huang et al., 2018c; Zhang et al., 2019) and active —OH groups
in SA (Zhao et al.,, 2021). Moreover, the characteristic peaks at
1042 cm™, 650 cm™, and 536 cm™ were attributed to the ~SOsH groups
from LS (Q. Wang et al., 2021; X. Wang et al., 2021). After adding the
crosslinking agent, the peak at 3415 cm™ representing the —COOH
groups in SA disappeared, and the peak from SL/PEI/SA; at 3415 cm™!
shifted to 3412 cm™. This phenomenon stemmed from the reaction be-
tween glutaraldehyde and the -COOH groups of SA (Fig. 7) (Feng et al.,
2021). In addition, the peak of the -CH; group of SL/PEI/SA; at
2929.3 cm™! was significantly weakened, and a new peak appeared at
1660 cm™!, which corresponded to the C=N bond formed by the
cross-linking of SA/PEI/SL and GA (Xie et al., 2020; Xue et al., 2022).
The changes in these characteristic peaks showed that SA, PEI, and SL
were crosslinked by chemical reactions.

Notably, the peak of SL/PEI/SA; representing the aromatic lignin
ring at 1590 em! still existed after the crosslinking reaction, suggesting
that the original lignin structure underwent minimal changes (Sun et al.,
2021). The comparison between PEI/SA and SL/PEI/SA showed that
after SL addition, the PEI/SA peak representing -OH at 3413.7 cm’!
shifted to 3412.9 cm™ (Feng et al., 2021). Moreover, the peak intensity
increased significantly, indicating that the addition of SL increased the
content of ~OH groups.

After the adsorption of Cr(VI), two new peaks appeared at
896.89 cm! and 545 cm’l, representing Cr(VD)-O and N-Cr(VI),
respectively (Feng et al., 2021; Zhang et al., 2020), which proved that Cr
(VI) was successfully adsorbed by SL/PEI/SA. Meanwhile, the peaks
representing —OH, amide I vibration, the bending vibration of C-H, and
the stretching vibration of C-O-C shifted to 3412.53 cm'l, 1617.5 cm'l,
1384.06 cm’l, and 1073.61 cm™! (Chen et al., 2011; Feng et al., 2021;
Wang et al., 2021), and the intensity of these four peaks decreased. The



Y. Huang et al. Journal of Hazardous Materials 436 (2022) 129270

Fig. 1. SEM images of the SL/PEI/SA gel beads before (a, b, ¢) and after (d, e, f) Cr(VI) adsorption. (g) EDS elemental mapping of SL/PEI/SA gel beads after Cr
(VD) adsorption.
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C—H/C-H stretching vibration peaks at 2935.47 cm™ and 2860 cm™!
also decreased significantly (Q. Wang et al., 2021; X. Wang et al., 2021),
indicating that these functional groups were involved in the process of
Cr(VI) adsorption (See formula 3).

3.1.4. XPS analysis

The XPS results showed that after adding SL, the S content of PEI/SA
increased from 0 % to 2.4 %, indicating that SL was successfully loaded
onto the SL/PEI/SA gel beads (Table S1). Meanwhile, the O content
increased from 22.2 % to 24.0 %, indicating that the addition of SL
increased the number of oxygen-containing functional groups, such as
—OH. In the high-resolution Cr 2p XPS spectrum (Fig. 3b), the peaks of Cr
2 P35 and Cr 2pg/5 can be clearly observed. The peaks at 577.9 eV,
588.1 eV and 577.1 eV, 586.7 eV represent Cr(VI) and Cr(IlI), respec-
tively (Fang et al., 2021). The presence of Cr(II) on the SL/PEI/SA bead
surface indicated the reduction of Cr(VI) to Cr(III) during the adsorption
process.

Fig. 3c and d show the high-resolution N 1 s spectra before and after
SL/PEI/SA adsorption, respectively. The peaks of SL/PEI/SA at
401.1 eV, 399.1 eV, and 398.4 eV correspond to the protonated amine
(-N = 1), amine (-NH-/-NHy), and imine (-N =) groups, respectively
(Bao et al., 2020; Zhang et al., 2019). After Cr(VI) adsorption, the
binding energies of the three peaks shifted to 401.3 eV, 399.8 eV, and
398.8 eV, respectively, suggesting that the functional groups related to
N were involved in the adsorption of Cr(VI). Functional groups related to
N mainly participate in the adsorption of Cr(VI) in two ways: 1) The
protonated amino group reacted with the negatively charged Cr(VI)
species via electrostatic adsorption. 2) The amine to bind with the
positively charged reduced Cr(III) species (Y.-Z. Yan et al., 2017; Y. Yan
et al., 2017). In addition, it is worth noting that the peak attributed to
-N =" appeared before the adsorption of Cr(VI) on the SL/PEI/SA
surface. This behavior was theoretically attributed to the final prepa-
ration step of SL/PEI/SA, namely, immersion in an acidic solution,
which resulted in the protonation of some amino groups on SL/PEI/SA.

After Cr(VI) adsorption, the peak representing O 1 s shifted from
167.9 eV to 168.5 eV (Fig. 3c and d). Meanwhile, the peak representing
S 2p shifted from 532.1 eV to 531.6 eV (Fig. 3g and h), indicating that
the O-related groups and sulfonic acid groups from lignin were also
involved in the adsorption of Cr(VI) (Sun et al., 2021) (See formula 3 and
5).

3.2. Effect of solution pH on Cr(VI) adsorption

The pH of the solution can affect the electrical charges on the surface
of the adsorbent and the existing form of Cr(VI) in the solution, thereby
affecting the adsorption capacity of the adsorbent for Cr(VI). Therefore,
the effect of pH on the Cr(VI) adsorption capacity of SL/PEI/SA was first
investigated.

SL/PEI/SA was synthesized from SA, PEI, and SL components. To
study the role of each component in the adsorption process, the
adsorption capacities of SA, SL/SA, PEI/SA, and SL/PEI/SA for Cr(VI) at
different pH were investigated. As shown in Fig. 4a, the adsorption ca-
pacity of SA, SL/SA, PEI/SA, and SL/PEI/SA increases gradually, indi-
cating that SL and PEI can improve the adsorption capacity of SA. In
addition, it is worth noting that SA and SL/SA were almost dissolved at
pH 7, whereas PEI/SA and SL/PEI/SA beads remained stable at pH 8.
This proves that PEI is an important component of cross-linking reaction
with SA and SL, thereby making PEI/SA and SL/PEI/SA stable under
neutral and alkaline conditions. Therefore, SL/PEI/SA was the adsor-
bent with the best adsorption efficiency and stability among the four
adsorbents.

SL/PEI/SA had the largest adsorption capacity of Cr(VI) at pH 2
(429.3 mg~L‘1), and 44.1 % of Cr (VI) adsorbed on the surface of SL/PEI/
SA was reduced to Cr (III). This was because a low pH value is conducive
to the electrostatic adsorption and reduction of Cr (VI) (Song et al.,
2019). As the pH of the solution increased from 2 to 8, the capacity of
SL/PEI/SA for Cr(VI) adsorption decreased from 429.3 + 4.2 mg.g™' to
1805 + 1.3mgg"’ (Fig. 4a). The reasons for the decrease in the
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adsorption capacity of SL/PEI/SA with the increase of pH are the foll-
woing: (1) The ~OH group on SL/PEI/SA acts as an electron donor group
and consumes H' in the solution, thus reducing a part of Cr(VI) in the
solution to Cr (III) (See formula 3). As the pH increased from 2 to 8, the
amount of SL/PEI/SA-reduced Cr(Ill) in the solution decreased from
147 mg-g! to 56 mg-g’!, confirming that the reduced H' content in the
solution negatively impacted the efficiency of SL/PEI/SA for Cr(VI) to Cr
(I1I) reduction. (2) The point of zero charge (pHzpc) of SL/PEI/SA is 6, as
identified by the pH drift method (Zhang et al., 2017). When the pH of
the solution is less than 6, a large number of amino groups on the surface
of SL/PEI/SA were protonated and positively charged (Fig. 4b) and
therefore, could absorb additional Cr(VI) species (which were negatively
charged). As the pH increased, the decreased number of protonated
functional groups on the surface of SL/PEI/SA led to a weakening of its
electrostatic adsorption effect on Cr(VI). (3) At pH 1-3, Cr (VI) in the
solution mainly exists in the form of HCrO3. With the increase in pH,
crof gradually replaces HCrOj. As the adsorption free energy of Cro7 is
higher than that of HCrOz, CrO7 is more difficult to be adsorbed than
HCrO; with the same concentration. Consequently, resulting in a
decrease in the adsorption capacity of SL/PEI/SA for Cr(VI) with the
increase in pH. (Huang et al., 2018b). (4) The Cr(VI) species competed
against an increased number of ~OH radicals in the solution for the
adsorption sites on SL/PEI/SA. As the pH of industrial wastewater with
Cr(VI), such as electroplating wastewater, is typically in the range of

Humic acid concentration (mg g”)

approximately 2~ 3, we chose to investigate the adsorption perfor-
mance of SL/PEI/SA at pH 2.

3.3. Effect of adsorption time on Cr(VI) adsorption performance

Fig. 4c shows the time curve of the adsorption amount of Cr(VI) by
SL/PEI/SA. When the initial Cr(VI) concentration was 1000 mg~L’1, the
adsorption capacity of SL/PEI/SA for Cr(VI) reached as high as 954.5
+ 2mg-g! (63 % of the total adsorption capacity) in the first 5 min
and increased further to 93.5 % (1410.3 mg-g™) of the total adsorption
capacity within 6 h. This indicated that a large number of active sites on
SL/PEI/SA can notably accelerate the reaction with Cr(VI). The
adsorption capacity of SL/PEI/SA in the first 5 min (954.5 = 2 mg-g™)
significantly exceeded the maximum adsorption capacity (qn) of various
reported excellent adsorbents, such as polydopamine (PDA)/PEI-modi-
fied CaCO3 composites (524.7 mg-g'l) (Yan et al., 2017), magnetic
mesoporous polydopamine nanocomposites (574.71 mg~g’1) (Yang
et al.,, 2021), diethylenetriaminepentaacetic acid/thiourea-modified
magnetic chitosan (321 mg~g'1) (Liu et al., 2021), and Zn-MOF/chito-
san composites (225 mg~g'1) (Niu et al., 2021). For a lower Cr(VI) con-
centration (200 mg-L'l), although the final equilibrium of Cr(VI)
adsorption by SL/PEI/SA was reached at 24 h, SL/PEI/SA reached 59 %
(3372 + mg-gl) and 944 % (578.0 + 1mggl) of the
maximum adsorption capacity in 5 min and 8 h, respectively. These
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Fig. 6. (a) Column adsorption of SL/PEI/SA for Cr(VI). (b) Breakthrough curve
of SL/PEI/SA to Cr(VI).

results confirm that SL/PEI/SA has the excellent ability to efficiently and
rapidly remove of Cr (VI).

To further explore the mechanism of Cr(VI) removal by SL/PEI/SA
and the limiting steps during the adsorption process, the kinetic data
were fitted using first-order kinetics and second-order kinetics (as
expressed by formula S1 and S2). The fitted parameters are listed in
Table 1. The correlation coefficients (0.99 and 0.99) fitted using the
second-order kinetics was higher than those fitted with the first-order
kinetics (0.9 and 0.98), and the fitted equilibrium adsorption capacity
of SL/PEI/SA was similar to the actual adsorption capacity of SL/PEI/
SA, indicating that the second-order kinetics better described the
adsorption process (Fig. S2). Therefore, the adsorption mechanism of Cr
(VI) by SL/PEI/SA was inferred to mainly stem from chemical adsorp-
tion (Liang et al., 2019).

To understand the rate-limiting step, the Weber—Morris intra-particle
diffusion model was employed to study the rate control process (as
expressed by formula S3). The line fitted by the Weber—Morris intra-
particle diffusion model did not pass through the origin (Fig. 4d), sug-
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(Huang et al., 2018a). The slope and correlation coefficient of the first
step were higher at both low and high concentrations (0.96 and 0.98),
indicating that boundary diffusion was the main rate-limiting step for
the removal of Cr(VI) by SL/PEI/SA.

3.4. Adsorption isotherm

The adsorption capacity of SL/PEI/SA for Cr(VI) was also affected by
the initial concentration of the Cr(VI) solution and adsorption temper-
ature. As shown in Fig. 5a, at the same temperature, the adsorption
capacity of SL/PEI/SA for Cr(VI) increased with an increase in the Cr(VI)
concentration. This was because the increase in the Cr(VI) concentration
increased the driving force to overcome the mass transfer resistance of
Cr(VI) between the aqueous and solid phases (Chowdhury et al., 2011).
Notably, even for a low Cr(VI) concentration (300 mg~L’1), the adsorp-
tion capacity of SL/PEI/SA to Cr(VI) remained as high as
934.7 + 2mg-g", showing a strong affinity for Cr(VI) adsorption.

As the temperature increased, the adsorption capacity of SL/PEI/SA
for Cr(VI) gradually increased as well. Specifically, the maximum
adsorption capacities of SL/PEI/SA for Cr(VI) at 10 °C, 25 °C, and 40 °C
were 1538.4 + 46 mg-g’}, 2016.0 + 57 mg-g !, and 2209.2 + 43 mg-g’},
respectively, which were much higher than those of previously reported
adsorbents. Notably, the maximum adsorption capacity of SL/PEI/SA at
25 °C was significantly higher than that at 10 °C, but there was no sig-
nificant difference in the maximum adsorption capacity of SL/PEI/SA at
40 °C, indicating that the temperature affects the adsorption capacity of
SL/PEI/SA for Cr(VI) only at a low range (10-25 °C). When the tem-
perature was higher, its effect on adsorption was not obvious.

To better evaluate the adsorption capacity of SL/PEI/SA for Cr(VI)
and understand the adsorption mechanism between SL/PEI/SA and Cr
(VI), the adsorption data obtained at the aforementioned three tem-
peratures were fitted by Langmuir model and Freundlich model (as
expressed by formulae S4 and S5). According to the correlation
coefficient-fitted model (Fig. $3), the R? value was slightly better when
fitted with the Langmuir model (0.95-0.98) than with the Freundlich
model (0.94-0.98); however, both models fitted the adsorption data
well, indicating that the adsorption of Cr(VI) by SL/PEI/SA was not only
a single monolayer or multilayer adsorption reaction but a complex
process. In addition, all the 1/n values calculated by the Freundlich
model were below 1, indicating that the adsorption of Cr(VI) by SL/PEl/
SA is easy (Y. Wang et al., 2020; X. Wang et al., 2020).

The maximum adsorption capacities of SL/PEI/SA for Cr(VI)

Table 1
Kinetics of Cr(VI) adsorption on SL/PEI/SA.

Pseudo-first order model Pseudo-second order model
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Fig. 7. Reaction mechanism of SL/PEI/SA to Cr(VI).
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calculated by the Langmuir model at 10 °C, 25 °C, and 40 °C were
2000 mg-g?, 2500 mg-g}, and 3333 mg-g’}, respectively (as given in
Table 2). These values not only far exceeded those of the equivalent
adsorbents synthesized by SA and PEI (Chen et al., 2018; Jiang et al.,
2020; Qing et al., 2021; Shi et al., 2018; Yan et al., 2021), but also
notably surpassed those of the majority of adsorbents reported thus far
(Table S2). Therefore, the significant application potential of our pro-
posed SL/PEI/SA gel beads for Cr (VI) removal was clearly
demonstrated.

3.5. Removal rate of Cr(VI) by SL/PEI/SA

In addition to the maximum adsorption capacity, the removal rate of
Cr(VI) by the adsorbent also plays a key role in its practical application.
Therefore, the removal rate of Cr(VI) by SL/PEI/SA was also investi-
gated at different concentrations (Fig. 5b). However, because the
removal rate of Cr(VI) by adsorbent was affected by the dosage of
adsorbent, the removal rate of Cr(VI) by SL/PEI/SA under different
dosage was first investigated. The results are shown in Fig. S4, wherein
the initial concentration of Cr(VI) solution is 200 mg~L’1. As the dosage
of adsorbent increases from 0.1 gL to 1 gL}, the adsorption capacity
of SL/PEI/SA for Cr(VI) decreased from 712.5 mg-g! to 198.7 mg-g'};
however, the removal rate increased from 37 % to 100 %, indicating that
the removal rate of Cr(VI) by SL/PEI/SA increases with the increase in
dosage. In this study, the removal rate of Cr(VI) by SL/PEI/SA was
investigated under the condition of 1 g-L! (solid-to-liquid ratio), which
is currently the commonly reported solid-liquid ratio, to facilitate the
comparison of the removal rate of SL/PEI/SA with other adsorbents. The
removal rate of Cr(VI) with different concentrations by SL/PEI/SA is
shown in Fig. 5b, wherein the initial concentrations of Cr(VI) were
50 mg-L !, 100 mg-L!, 200 mg-L%, and 300 mg-L™. Furthermore, the pH
of Cr(VI) solution was 2, the removal rate of Cr(VI) by SL/PEI/SA
reached 100 %, and the removal rate reached 98 % at 400 mg.L™}. When
the pH of Cr(VI) solution was not adjusted using acid, the removal rate of
Cr(VI) by SL/PEI/SA could reach 92 %, 74 %, and 62 % at the initial
concentrations of 200 mg-L !, 300 mg-L, and 400 mg-L. These results
verified the excellent removal ability of SL/PEI/SA for Cr(VI) in water
environments.

3.6. Effect of HA on the adsorption capacity of SL/PEI/SA

Dissolved organic matter (DOM) is common in industrial wastewater
and its concentration can be as high as 40 mg-C-L! (Huang et al., 2020).
Previous reports have shown that DOM may affect the adsorption ca-
pacity of adsorbent on Cr (VI) (Liu et al., 2009; Rouhaninezhad et al.,
2020). In this study, the effect of humic acid (HA) as the main compo-
nent of DOM on the adsorption effect of SL/PEI/SA for Cr(VI) was
investigated at pH 2. The adsorption capacity of SL/PEI/SA for Cr(VI)
without HA was 387.0 mg-gl. When HA exists, the concentration of HA
increased from 5 mg-L? to 20 mg-L}, and the adsorption capacity of
SL/PEI/SA increased from 387.8 + 2mg-g’ to 425.1 + 0.4 mg-g™.
Although the adsorption capacity of SL/PEI/SA for Cr(VI) did not in-
crease when the concentration of HA increased from 20 mgL?! to
50 mg-Ll, it was still higher than that of SL/PEI/SA without HA. This
indicates that the presence of HA promoted the adsorption affinity of

Table 2
Cr(VI) adsorption data of SL/PEI/SA at different temperatures.
Langmuir Freundlich

T Qmax Ky R? Ky 1/n R?
0 (mg g™ (L mgh (L mg™h
10 2000 3.0 x 103 0.95 5.3 0.49 0.94
25 2500 2.4 x10° 0.99 6.4 0.47 0.98
40 3333 1.7 x 10 0.98 6.9 0.46 0.98
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SL/PEI/SA for Cr (VI) at pH 2.

To investigate why HA promoted the Cr(VI) removal by SL/PEI/SA,
the Cr concentration in the solution after adsorption was determined
using ICP-OES. The results of ICP-OES showed that when the HA con-
centrations were 0 mg~L'1, 5 mg~L’1, 10 mg-L’l, 15 mg~L'1, 20 mg-L’l,
and 50 mg-L'l, the Cr(IIl) contents in the filtrate at the adsorption
equilibrium were 10.9 mg-L?, 11.0 mg-L?, 11.1 mgL?, 11.5 mgL,
11.9mg-L?, and 11-8 mg-L'}, respectively (Fig. Se, broken line). This
indicates that the presence of HA promoted the reduction of Cr(VI) to Cr
(Ii1). The influence of HA on Cr(VI) adsorption by SL/PEI/SA was
theorized to include the following aspects (Huang et al., 2020): (1) At
the low pH (< 3.5), the phenolic hydroxyl groups of HA bound to the
surface of SL/PEI/SA partially reduced Cr(VI) to Cr(IIl). (2) The partially
reduced Cr(II) in the solution exhibited electrostatic adsorption and
chemical complexation reactions with the -COOH groups of HA that
were bound on the SL/PEI/SA surface.

Furthermore, the effect of HA on the adsorption capacity of SL/PEl/
SA at pH 7 was studied. As shown in Fig. 5f, lower concentrations of HA
(5 mg-L'! and 10 mg-L!) had no effects on the adsorption capacity of SL/
PEI/SA, whereas higher concentrations of HA (15 mg-L, 20 mg-L ™! and
50 mg-L!) slightly inhibited the adsorption capacity of SL/PEI/SA. In
addition, the Cr (III) content in the filtrate did not change significantly
with the increase in HA concentrations (Fig. 5f, broken line), which
proved that HA did not promote the reduction of Cr (VI) at pH 7. The
reasons for the aforementioned results are that the surface charge of SL/
PEI/SA is negative at pH 7, and the amount of HA adsorbed to the SL/
PEI/SA surface is reduced due to electrostatic repulsion, the electron
donor capacity of HA decreases with the decrease in the amount of HA
adsorbed to the SL/PEI/SA surface (Huang et al., 2020). Therefore, HA
could not improve the adsorption effect of SL/PEI/SA by promoting the
reduction of Cr(VI) at pH 7. When the concentration of HA was higher
(50 mg-L'Y), negatively charged HA competed with Cr(VI) for active
reaction sites on the surface of SL/PEI/SA. This resulted in a slight
decrease in the amount of Cr(VI) adsorbed (as shown in Fig. 5f).

3.7. Effect of coexisting ions on the adsorption capacity of SL/PEI/SA

Industrial wastewater usually contains anions coexisting with Cr
(VI), such as CI', NO3, SO%’, which can compete with Cr(VI) for active
sites on the adsorbent and can interfere with the removal of Cr(VI) from
wastewater. Fig. 5d shows the effect of coexisting anions on the
adsorption capacity of SL/PEI/SA. When there was no coexisting anion,
the adsorption capacity of SL/PEI/SA for Cr(VI) was 554.0 + 6.1 mg-L .
In the presence of CI" and NO3, as their concentration increased from
50 mg-L! to 150 mgL?, the adsorption capacity of SL/PEI/SA
decreased from 544.6 mg-L! and 521.3 mg-L? to 511.3 mg-L' and
520 mg-L'!, respectively, indicating that the effects of these two anions
on Cr(VI) adsorption were not significant. When SO%’ exists, the
adsorption capacity of SL/PEI/SA decreases to 472.8 mg-L! with the
increase in SO concentration, indicating that S0 significantly in-
terferes with the adsorption of Cr(VI) by SL/PEI/SA.

The various inhibitory effects of Cl, NO3, and SO on Cr(VD
adsorption are related to their valence, hydration state, and chemical
structure of anions. The reason for Cl" and NOj3 anions to exhibit slight
effects on Cr(VI) adsorption is that the affinities of CI" and NOj3 through
outer-sphere complexes with binding surfaces are relatively weak (Dong
et al., 2018). Compared to Cl" and NO3, the coexisting SO%’ has a sig-
nificant inhibitory effect on the adsorption of Cr(VI). This is because the
ion energy and electrostatic adsorption of SO?{ (di-anion anion) are
stronger than that of monovalent ion, which has stronger competitive-
ness for the positive charge sites on the surface of SL/PEI/SA, thereby
weakening the adsorption of Cr(VI) (Dong et al., 2018; Huang et al.,
2018b).
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3.8. Thermodynamic study

The temperature dependence on the adsorption of Cr(VI) by SL/PEl/
SA is associated with thermodynamic parameters (i.e., standard free
energy change (AG°), enthalpy change (AH°), and entropy change
(AS%) (Huang et al., 2018b). Here, AG° is an indication of the sponta-
neity of the chemical reaction. The value of AH? can reflect whether the
adsorption reaction is an endothermic or exothermic, and the value of
AS° reflects the affinity of Cr(VI) for the adsorbent (Ucun et al., 2008).
The thermodynamic parameters calculated are given in Table S3. Here,
AG° was negative, indicating that the adsorption by SL/PEI/SA was
spontaneous. The value of AH’ was 7.5 (positive), which reflects that the
adsorption of SL/PEI/SA was an endothermic reaction. Furthermore,
this was supported by the increase in the adsorption capacity of
SL/PEI/SA with the increase in temperature. The value of AS® was 0.07
(positive value), indicating that the randomness at the solid-liquid
interface increased while SL/PEI/SA adsorbed Cr(VI) (Huang et al.,
2022).

3.9. Cr(VI) removal performance of SL/PEI/SA in wastewater

Strict control of hexavalent chromium emissions has become an in-
ternational trend. The Chinese government stipulates that the concen-
tration of Cr(VI) in the discharged industrial wastewater shall not exceed
0.2 mg-LL. In this study, pH of the wastewater used was 2.4, and it was
composed of: SOF (646 mg-L'Y), CI'' (416 mg-L'Y), Cr(VI) (214 mg-L'Y),
Na* (168 mg-L'!), COD (114 mg-L'}), TN (61.3 mg-L'!), Ni (47.6 mg-L’
1y, Ca?* (34.2 mg-L'Y), Cu®* (19.6 mg-L'!), ammonia nitrogen (15 mg-L~
b, Mg?" (9.04 mg-L'), Fe3* (3.06 mg-L1), Pb*" (1.6 mgLY), zn?*
(1.34 mg-L'l), TP (0.17 mg-L’l), and petroleum (1.07 mg-L’l). Although
the composition of wastewater was extremely complex, when the ratio
of SL/PEI/SA to wastewater was 1.1 g-L'!, SL/PEI/SA could reduce the
concentration of Cr(VI) in wastewater to 0.12 mg-L}, thereby meeting
the discharge standard (< 0.2 mg-L™}). This strongly suggests the sub-
stantial application potential of SL/PEI/SA for Cr(VI) removal in water
environments.

To study the competitive effect of other components in wastewater,
the components of wastewater treated by SL/PEI/SA were analyzed. The
results showed that in addition to the reduction of Cr(VI) concentration
from 214 mg-L! to 0.12 mg-L', the concentrations of ClI"! and SO3 also
decreased from 416 mg-L! and 646 mg-L! to 196 mg-L! and 421 mg-L°
! respectively. This indicates that Cl'! and SO participated in the
adsorption competition with Cr(VI), which was consistent with the re-
sults in described in Section 3.7.

3.10. Regeneration capacity of SL/PEI/SA

The change in the adsorption performance of the SL/PEI/SA gel
beads over 10 adsorption-desorption cycles is shown in Fig. 5c. After the
first desorption, the adsorption capacity of the SL/PEI/SA beads in the
second cycle was 84 % of its initial value. The main reason for this
decrease was as follows: a small portion of SA and SL that did not
participate in the crosslinking reaction dissolved in the desorption so-
lution, resulting in the reduction of the adsorption sites on the SL/PEI/
SA surface, which was verified by the blank test conducted in this study.
The crosslinking reaction of PEI with SA and SL is important to maintain
the stability of SL/PEI/SA under alkaline conditions (see Section 3.2).
Therefore, if the amount of PEI is insufficient to crosslink with all SA and
SL, the SA and SL without crosslinking reactions with PEI will be dis-
solved in the alkaline solution (desorption solution). Furthermore, the
amount of glutaraldehyde (crosslinking agent) can affect the degree of
crosslinking between PEI and SA and SL, which has been confirmed
using our previous experiments. In the synthesis of SL/PEI/SA, the
amounts of SL, SA, and PEI were 0.4, 0.2, and 0.2 g, respectively. The
amount of the crosslinking agent (glutaraldehyde) was 0.7 mL. There-
fore, the reason why small amounts of SA and SL dissolve in the alkaline
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solution (desorption solution) can be: 1) the amount of PEI is not suf-
ficient, resulting in the formation of some SA and SL that cannot cross
link with PEL; and 2) 0.7 mL of glutaraldehyde is not sufficient to
crosslink PEI with all SA and SL.

Significantly, the adsorption capacities of the SL/PEI/SA beads
during the 3rd-5th cycles were maintained at 99-93 % of its value
during the 2nd cycle, indicating that after the first desorption, the
remaining components on the SL/PEI/SA could remain stable in the
desorption solution. From the 6th to 10th cycles, the adsorption capacity
of SL/PEI/SA decreased significantly. The reason for this result is that Cr
(III) adsorbed on the SL/PEI/SA surface easily precipitated under alka-
line condition, and formed a very stable complex with the organic li-
gands of hydrogels (Song et al., 2019). As we did not use the acid
desorption solution to desorb the adsorbed Cr(III) on the SL/PEI/SA
surface, the amount of Cr (III) precipitated on the surface of SL/PEI/SA
increased after multiple cycles of adsorption (form the first to 5th cy-
cles). This resulted in a significant decrease in the adsorption capacity of
SL/PEI/SA in the 6th cycle. In addition, during the cycles, the content of
hydroxyl groups on SL/PEI/SA that provide electrons for Cr(VI) reduc-
tion was reduced, which further inhibits the adsorption of Cr (VI) (Song
et al., 2019).

Compared to the excellent adsorbents that were reported, the
regeneration adsorption capacity of SL/PEI/SA in the first five cycles
was lower than that of several excellent adsorbents (as listed in
Table S4). However, the adsorption capacity of SL/PEI/SA can still
maintain 65 % at the 10th cycle, it significantly exceeded the maximum
adsorption capacity of most reported adsorbents because of the ultra-
high adsorption capacity of SL/PEI/SA for Cr(VI) (2015.3 mg.g™).
Consequently, these results verified that SL/PEI/SA is a promising
adsorbent for the removal of Cr(VI) from aqueous solutions.

3.11. Dynamic adsorption experiment

We evaluated the application potential of SL/PEI/SA in Cr(VI) so-
lution through a column adsorption experiment (Fig. 6a). Specifically,
when the concentration of the Cr(VI) solution was 100 mg-L'l and the
flow rate was 1.5 mL-min™', the breakthrough time for 1 g of SL/PEI/SA
to Cr(VI) was 8140 min (Fig. 6b), and the volume of Cr(VI) solution
treated was 12.2 L. Specifically, when the volume of Cr(VI) solution
treated was 0.5 L, the concentration of Cr(VI) in the effluent solution
treated by SL/PEI/SA was 80 pg-L. Even when the volume of Cr(VI)
solution treated was 1.5 L, the removal rate of Cr(VI) by SL/PEI/SA
could reach 99 %.

To evaluate the ability of SL/PEI/SA to treat real wastewater, we
studied the ability of SL/PEI/SA to remove Cr(VI) from secondary
electroplating wastewater in column adsorption experiment. Secondary
electroplating wastewater is the wastewater that has been treated by the
factory but has not yet reached the discharge standard. The content of Cr
(VD) in the secondary electroplating wastewater was 2.4 mg-L%, but it
was still higher than the wastewater discharge standard stipulated by
China (< 0.2 mg-L’l). Furthermore, the wastewater contained other high
concentration complex components, such as SO (1250 mg-L’l), Na™
(542 mg-L'Y), €I (432 mg-L1), Ca®* (302 mg-L1), COD (36 mg-L'Y), TN
(27.9 mg-L’l), Mg2+ © mg~L’1), ammonia nitrogen (3.5 mg~L’1), fluoride
1.12 mg-L‘l), petroleum (1.07 mg~L’1), aluminium (0.1 rng-L'l), Ni
(44.7 pg-L'Y), TP (20 pg-L1), Cu®t (9.8 pg-L'Y), and Zn?* (6.28 pg-L1).
The results showed that that 1 g of SL/PEI/SA could treat 8.1 L of sec-
ondary electroplating wastewater to meet the discharge standard (<
0.2 mg-L’l) when the flow rate was 0.5 mL-min. These results
demonstrate the applicability of SL/PEI/SA to real-world wastewater
treatment.

3.12. Adsorption mechanism of SL/PEI/SA for Cr(VI)

Based on the FTIR and XPS results, the main Cr(VI) adsorption
mechanism by SL/PEI/SA was deduced and is described below (Fig. 7b):
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(1) Under acidic conditions, the amine (-NH—/— NH>) on the surface of
SL/PEI/SA became protonated and adsorbed the negatively charged Cr
(VD) species through electrostatic adsorption. (2) The abundant —OH
groups on the SL/PEI/SA surface acted as an electron donor group,
contributing to the reduction of Cr(VI) to Cr(Ill). (3) Amine, imine, and
sulfonic acid groups on SL/PEI/SA reacted with the positively charged
Cr(II) species and facilitated their loading onto the SL/PEI/SA surface,
through the following specific reactions (Q. Wang et al., 2021; X. Wang
et al., 2021):

R - NH{ + HCrO;—»R — NHj--HCrO;, €))]
R — NH} + CrnO7—->R - NH{-CrOy, @
3(R-OH) + HCrO;, + 4H'->3(R — 0) + Cr't + 4H,0, (3)
R — NH, + Cr'os R— NH,- Cr, @)
R — SO0; + Cr*-R — SO7- Crt. (5)

The SEM and BET results revealed that the SL/PEI/SA beads were
composed of 3D porous network structures, which provided a channel
for Cr(VI) species to move rapidly from the surface of SL/PEI/SA to the
interior, facilitating full contact with a large number of functional
groups in SL/PEI/SA in the process. Owing to this, the SL/PEI/SA beads
could rapidly and efficiently adsorb Cr(VI).

4. Conclusions

In this study, SL and PEI-modified alginate gel beads were synthe-
sized through a simple cross-linking strategy. The SL/PEI/SA gel beads
could effectively separate from water and showed a strong affinity for Cr
(VD) species, rapidly removing them from the solution and demon-
strating an ultra-high maximum adsorption capacity of 2500 mg-g! at
25 °C. Furthermore, the SL/PEI/SA gel beads showed excellent anti-
interference features during the Cr(VI) adsorption process. In the
continuous dynamic adsorption experiment, 1 g of SL/PEI/SA could
treat 8.1 L of secondary electroplating wastewater and was able to meet
the discharge concentration standard stipulated by China (< 0.2 mg-L
1). These results demonstrate the effectiveness of SL/PEI/SA gel beads
for removing Cr (VI) from water, thereby mitigating risks associated
with pollution.
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Environmental Implication

Hexavalent chromium in industrial wastewater can pose a serious
threat to the environment and human health. In this study, gel beads
synthesized by crosslinking with renewable alginate, lignosulfonate
produced by industrial by-products, and polyethyleneimine are shown
to efficiently reduce the concentration of Cr(VI) in electroplating
wastewater such that it meets the national permitted emission standard.
This provides novel technical support for Cr(VI) removal from waste-
water and can simultaneously achieve the goals of resource utilization
and environmental protection.
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