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Abstract: A lignosulfonate/chitosan—graphene oxide hydrogel (LCGH) composite was successfully
synthesized to effectively remove Cr(VI) from wastewater. The physical-chemical properties of
the prepared LCGH was characterized by SEM, FI-IR, XRD, XPS, and TGA. The results showed
that LCGH had an cross-linked three-dimensional porous network structure that was conducive to
Cr(VI) adsorption, resulting in a high Cr(VI) adsorption capacity (564.2 mg/g). Thermodynamic
analysis showed that Cr(VI) adsorption on LCGH was spontaneous endothermic and fitted well
with the pseudo-second-order kinetic and Langmuir models. The reaction mechanisms for Cr(VI)
removal were hydrogen bond, electrostatic attraction, and 7-m interaction. LCGH demonstrated good
reproducibility and its adsorption capacity of Cr(VI) could still maintained at 85.4% after 5 cycles
of regeneration. The biosorbent LCGH was a low-cost and eco-friendly material, which has a good
prospect for Cr(VI) wastewater removal.

Keywords: lignosulfonate; graphene oxide; hydrogel; Cr(VI); adsorption

1. Introduction

Cr(VI) polluted wastewater produces great harm because of its toxic and carcinogenic
effects in living organisms [1]. A variety of economical and efficient means of Cr(VI) re-
moval are available. Traditional treatment techniques include membrane filtration [2], ion
exchange [3], adsorption [4], and chemical photocatalytic [5]. Among them, adsorption is
a useful technology because of its convenient preparation, low cost, and widely applied
of the adsorbent [6]. The preparation of adsorbents from biomass feedstock has received
much attention because of their wide range of sources. For example, cellulose and its
derivatives and waste straw have been developed as efficient adsorbents for environmen-
tal treatment [7,8]. However, the preparation of efficient adsorbents from biomass raw
materials and its components needs investigation.

Sodium lignosulfonate (SL) is a derivative of lignin, and its structure contains car-
boxyl, sulfonic acid and phenolic hydroxyl groups [9], which motivates researchers to
develop environment-friendly, biodegradable and reproducible materials in environmental
management [10]. For example, SL was endowed with magnetism and showed excellent
Cr(VI) adsorption performance (57.1 mg/g) [11]. Lignosulfonate/N-methylaniline (LSMA)
composite showed a strong affinity for Cr(VI) in pH 2.0 solution and possessed good
adsorption properties (1264.8 mg/g) [9]. The Cu(Il) adsorption by lignosulfonate through
phosphoric acid activation, showing superior adsorption performance at pH 2.0 [12]. The
carbon microspheres prepared with sodium lignosulfonate, ZnCl, and polystyrene had a
significant adsorption effect on Cr(VI) (227.7 mg/g) [13].

Graphene oxide (GO) has been used in many fields because of its excellent properties,
especially as a composite material [14]. GO can adsorb heavy metals due to the presence
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of oxygen-containing groups (hydroxyl, carboxyl, epoxy, and ketone). It can form an ex-
tended layered structure, showing the characteristics of expansion and intercalation [15,16].
Therefore, GO can be widely used to prepare materials, especially in excellent performance
heavy metal adsorbents. For instance, the amino-functionalized graphene oxide (GONN)
showed superior adsorption properties for Cr(VI) (1185 mg/g) [17]. Free-standing GO
foam (GOF) was a special adsorbent for 7Zn?*, Fe3*, Pb?*, and Cd?* with a large surface
area (578.4 m?/g) [18].

Herein, chitosan (CS) has the advantages of biocompatibility and biodegradation,
which attracts many researchers to use modified CS-based materials to adsorb heavy met-
als. For example, Sakr et al. prepared a nano-silica/chitosan (SiO,/CS) sorbent with
high adsorption capacity on uranium(VI) (165 mg/g) at pH 3.5 [19]. The functionalized
chitosan/4-(2-pyridinazo) resorcinol (CS-PAR) adsorbent showed a maximum adsorp-
tion capacity of 170.23 mg/g for Cu(Il) [20]. In addition, chitosan immobilised in algi-
nate (ALG-CHz) showed good adsorption properties for Cu(Il) (527.3 mg/g) and Cd(II)
(207.0 mg/g) [21]. Since the structure of CS contains hydroxyl and amino groups, it can
combine SL and GO through electrostatic attraction and hydrogen bonding [22], to ob-
tain a composite material with large specific surface area, good stability, environmental
friendliness, and three-dimensional structure, which is expected to have good adsorption
performance for Cr(VI) in wastewater adsorption [23].

In this work, we investigated a facile and green approach to preparing an environ-
mentally friendly lignosulfonate/chitosan-graphene oxide hydrogel (LCGH) composite
and applied it to heavy metal removal from wastewater. In LCGH, SL inserted into the
layers offering strong repulsion, and GO provided a multilayer skeleton, whereas CS acted
as a crosslinker to maintain a stable three-dimensional network. The current study aims
to: (i) investigate the influences of CS/SL/GO mass ratio, initial pH, contacting time,
temperature, and initial concentration; (ii) explore Cr(VI) adsorption mechanism on LCGH;
(iii) apply LCGH to the Cr(VI) removal in practical application; and (iv) investigate the
recycle and reuse of LCGH.

2. Materials and Methods
2.1. Material

Sodium lignosulfonate (SL) was obtained from Yuanye Biological Technology Co., Ltd.
(Suzhou, China). Chi-tosan (CS) was bought from Lanji Biological Technology Co., Ltd.
(Shanghai, China). Graphene oxide (GO) was achieved from Carbon Technology Co., Ltd.
(Suzhou, China). K;Cr,O; was bought from Beilian Fine Chemicals Development Co., Ltd.
(Tianjin, China).

2.2. Synthesis of LCGH

Briefly, a solution of GO (10 mg/mL) was diluted with distilled water and ultrasoni-
cally dispersed for 1 h to get 2.5 and 1.25 mg/mL. Then SL was put into the above obtained
GO solution and sonicated for 30 min to ensure uniform dispersion. Subsequently, the
solution (1 mg/mL, 0.8 mg/mL) was prepared by dissolving a certain quality of chitosan
(CS) in 1 wt% glacial acetic acid solution. Take 10 mL of this CS solution and slowly
add dropwise to the above-mentioned mixed SL and GO solution. The corresponding
CS/SL/GO mass ratios were 1:5:10, 1:10:10, 1:10:5, 2:10:10, 1:5:5. Finally, the solution
was magnetically stirred, then placed in Tren nylon reactor at 180 °C (4 h). The prepared
biosorbent was cleaned with distilled water and freeze-dried for subsequent use (Figure 1).
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Figure 1. Preparation process of LCGH.

2.3. Characterizations

Fourier transform infrared spectroscopy (FI-IR) was identified by Bruker Tensor
II (Germany). The materials surface morphology were obtained by scanning electron
microscope (SEM, 20 kV, Japan). The composites were analyzed with X-ray diffraction
(XRD, Bruker D8 advance, Germany) and X-ray photoelectron spectroscopy (XPS, Kratos
Axis Ultra, Japan). Thermogravimetric analysis (TGA, Discovery SDT 650, Germany) was
used to test the thermal stability in an inert atmosphere.

2.4. Adsorption Experiments

The adsorption capacities of Cr(VI) by LCGH were evaluated. The required Cr(VI)
solution was prepared using K,Cr,Oy. The following batch processing model was generally
used in the experiment: the LCGH was placed in 100 mL Cr(VI) solution, then stirred
continuously at 130 rpm. The pH was adjusted to 1.0-10.0 with 0.1 M HCI or NaOH. Certain
quantities of Cu(Il), Zn(II) and Cu(II) + Zn(II) (1:1) were added to 50 mg/L Cr(VI) solution
with mass concentration ratios of 1:1, 2:1, 3:1 and 4:1 to explore the influence of Cr(VI)
adsorption in binary and ternary heavy metals systems. Then 0.2-1.8 mol/L NaCl, KCl
and CaCl, inorganic salts were added to study the influence of Cr(VI) removal efficiency at
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different ionic strength. The concentration of Cr(VI) was quantitatively measured using
an UV-visible spectrophotometer. The adsorption capacity and removal percentage were
obtained according to Equations (1) and (2):

Co— C.)V
Qe:( OmE) 1)
R=9=C 1000 )
Co

where g, is the adsorption capacity; R is the removal percentage; and Cy and C, (mg/L) are
the initial and equilibrium concentration, respectively; V (L) is the solution volume, and
m (g) is the weight of LCGH used. All experiments were performed in duplicate. Each
point represents the average of repeated measurements.

2.5. Reusability Study

The composite hydrogel with mass ratio CS:SL:GO = 1:10:10 was added to Cr(VI)
solution (50 mg/L), the hydrogel was adsorbed by shaking at 130 r/min for 3 h at pH = 2.0
and 25 °C £ 0.5 °C. The adsorbed LCGH was parsed in 0.1 M NaOH (100.0 mL) to
regenerate LCGH. The reuse efficiency of LCGH was calculated as follow Equation (3):

Reuse ef ficiency(%) = Z—" x 100% 3)
1

where g1 and g,, are the initial and nth time adsorption capacities (mg/g), respectively.

3. Results and Discussion
3.1. Characterization of LCGH
3.1.1. FT-IR

As shown in Figure 2a, the peak near 3255 cm ! was due to the -OH bond stretching
vibration of SL, GO, CS, and LCGH [24]. The peak at 1650 cm ! was belonged to C=C
stretching. The stretching vibration peaks of GO and LCGH at 1760 cm ™!, 1112 cm !, and
1065 cm~! were the functional groups, such as carbonyl group and C-OH stretching [25].
The peaks of LCGH at 2948 cm ™! and 2856 cm ™! were -CHj and -CH, in CS and SL,
respectively [26]. The new peak of LCGH at 1015 cm ™! originated from S=O group of -SO3
in SL, and the new peaks at 1153 cm~! and 1380 cm~! were caused by -NH- and -C-N
stretching in CS, respectively [23,27]. The peaks detected in SL, GO, and CS were all clearly
characterized in LCGH, indicating that the composite was successfully prepared.

3.1.2. XPS

The XPS analysis of LCGH showed the ratios of different elements (Figure 2b). For
the C element, the mass ratios for CS/GO, SL/GO, and CS/SL/GO were 1:10, 1:1, and
1:10:10, respectively. The content of C decreased from 75.19 at.% to 58.94 at.%, but the O
content increased from 24.20 at.% to 38.76 at.%. The N content of the prepared hydrogel
without SL was 0.61 at.%, which was due to the presence of chitosan [28]. The same S
content of chitosan-free hydrogel was 0.35 at.%, which was attributed to the SL [29]. The N
and S contents of the LCGH composite with CS and LS were 2.06 at.% and 0.24 at.%, which
indicated that CS and SL were successfully introduced into the composite. As shown in
Figure 2c—e, the contents of C-C/C=C, C-O, C=0, and O-C=0 of each component material
were 72.91%, 16.12%, 7.04%, and 3.93% for CS/GO (1:10); 75.62%, 12.45%, 6.99%, and
4.95% for SL/GO (1:1); and 60.00%, 23.95%, 10.53%, and 5.53% (CS/SL/GO = 1:10:10),
respectively. The contents of C-O, C=0, and O-C=0 on LCGH composite were higher than
those composites without SL and CS addition, indicating that the introduction of both SL
and CS could increase the content of oxygen, such as -OH and -COOH [30].
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Figure 2. (a) FT-IR spectra of SL, GO, CS and LCGH, XPS spectra of C1s peaks for the (b) total spectra,
(c) CS/GO =1:10, (d) SL/GO = 1:1, and (e) CS/SL/GO = 1:10:10, (f) XRD spectra of LCGH, (g) TGA
curves of the LCGH.

3.1.3. XRD

As shown in Figure 2f, the material CS/GO = 1:10 had a diffraction peak at 20 = 24.44°,
and the interlayer spacing calculated according to Bragg’s law was 0.364 nm. The diffraction
peaks of SL/GO = 1:1 and CS/SL/GO = 1:10:10 were 20 = 24.65° (d = 0.361 nm) and
20 =24.37° (d = 0.365 nm), respectively. It could be seen that the addition of SL and CS
increased the layer spacing of CS/SL/GO, which may have been caused by the interaction
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of the GO layer when SL was inserted into CS crosslinking [15,23]. At the same time, it
could be seen that the peaks displayed by CS/SL/GO were wide and weak, indicating the
amorphous properties of the composite material [31].

3.1.4. TGA

The TGA curves of CS/GO, SL/GO, and CS/SL/GO composites as shown in Figure 2g.
It can be observed that the initial degradation temperature of the CS/GO composite was
217.27 °C, and the maximum weight loss occurred at 330.84 °C, with mass loss of 22.84%.
The initial degradation temperature of SL/GO was 240.86 °C, and the maximum weight
loss occurred at 292.83 °C, with mass loss of 29.61%. The initial degradation temperature
and maximum weight loss temperature of LCGH were observed at 318.73 °C and 347.20 °C,
respectively, with mass loss of 31.51%. It was proved that the addition of SL and CS
was helpful for enhancing the thermal stability of the LCGH [23,32], indicating an inner
connecting structure of LCGH. In addition, the weight loss at 300400 °C and 400-600 °C of
LCGH was due to the pyrolysis of oxygen-containing functional groups in composite [33].

3.1.5. SEM

The morphology and structure of prepared composites were characterized by SEM
in Figure 3. Liu et al. [15] showed that unmodified GO had a smooth surface and a
flaky structure with wrinkled edges. The image of CS/GO composite showed plenty
of small holes with thin sheets (Figure 3a), and the SL/GO composite showed ordered
sheet structures with macroporous structures (Figure 3b). SL could insert into the GO
layer and prevent the graphene sheets from severe agglomeration, and a macroporous
structure was produced [23]. The layered structure and 3D reticular porous structure could
be clearly observed in CS/SL/GO composite (LCGH) (Figure 3c). Yan et al. [23] showed
that SL macromolecules were embedded in GO through noncovalent interactions, such as
van der Waals force and n-7r interaction. SL had many oxygen and sulfonic acid groups,
and thus carried a negative charge, which dispersed the GO layer by strong electrostatic
attraction. The hydroxyl and amine groups on CS made it possible to cross link GO and SL
by hydrogen bonding and electrostatic force. Therefore, the cross-linking effect of CS and
SL embedded in the GO layer can contribute to the construction of 3D porous materials
conducive to pollutant diffusion and adsorption [34].

. ignal A = EHT = 5. Signal A = SE2 EHT = 5.00 K 10 pm
WD=127mm _ Ma= S00KX WD=113mm _ Mas= 200KX

Signal A = SE2 EHT = 5.00 kV 10 pm
WD=124mm  Mmg= 200KX

Figure 3. SEM images of samples (a) CS/GO = 1:10, (b) SL/GO = 1:1, (¢) CS/SL/GO = 1:10:10.
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3.2. Adsorption Experiments
3.2.1. The Effect of Mass Ratio of CS/SL/GO

The LCGH with CS/SL/GO mass ratios 1:5:10, 1:10:10, 1:10:5, and 1:5:5 and SL/GO
1:1 CS/GO 1:10 were applied to experimental investigation. As shown in Figure 4a, the
content of CS, SL, and GO had a distinct influence on Cr(VI) removal. The addition of CS
and SL in the composite obviously promoted the Cr(VI) removal. The LCGH composite
with CS/SL/GO = 1:10:10 had better Cr(VI) removal than that of other composites. It was
found that increasing the contents of SL and GO of the composite resulted in an increase
in the Cr(VI) removal rate, suggesting that SL was beneficial for adsorption. However,
increasing the content of CS decreased the Cr(VI) removal efficiency by LCGH composite.
This was probably because the chitosan reacted with the GO and SL functional groups,
which consumed more adsorption sites. In addition, too much CS could clog the three-
dimensional porous structure, leading to the smaller LCGH adsorption area and greater
loss of adsorption capacity [34]. Furthermore, the CS/SL/GO showed a higher removal
efficiency than the composites of SL/GO and CS/GO, indicating an advantage of the LCGH
composite. It could be concluded that composite with CS/SL/GO = 1:10:10 could be used
as the best biosorbent for experiments.
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Figure 4. (a) Effect of mass ratio of CS:SL:GO on Cr(VI) adsorption (pH = 2.0), (b) Effect of pH
on Cr(VI) adsorption by LCGH (CS/SL/GO = 1:10:10), (c) Isoelectric point analysis on the Cr(VI)
adsorption by LCGH (CS/SL/GO = 1:10:10) (all the above conditions are Cyp =50 mg/L, T =298 K,
t=2h).

3.2.2. Influence of pH

The pH has a certain effect on charge properties of adsorbed material surface, func-
tional groups, and Cr(VI) valence states [35]. The adsorption properties improved as pH de-
creased (Figure 4b). The adsorption capacity was high under acid conditions (pH = 1.0-5.0)
but lower under high pH conditions (pH = 5.0-10.0). This is because HCrO4~ and Cr,0,2~
are the dominant species of Cr in acidic solutions [36], while CrO,42~ is the dominant species
under neutral and alkaline conditions (pH = 5.0-10.0). When the pH of the solution is less
than 5.0, the surface of the LCGH could be protonated and tended to be positively charged.
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The strong chemisorption and electrostatic attraction occurred between the chromium
containing anions and the adsorbent of LCGH. The adsorption capacity of Cr(VI) was
up to 435.58 mg/g. However, when pH was between 3.0 and 10.0, the adsorption perfor-
mance deteriorated with the increasing pH. Under neutral and alkaline conditions, Cr(VI)
mainly existed as Cr,O72~ and CrO42~. Excessive OH™ and Cr,Oy2~ /CrO42~ competi-
tively adsorbed the active site of LCGH composites, resulting in less Cr(VI) adsorption
capacity [37-39].

3.2.3. Isoelectric Point Analysis

The isoelectric point of LCGH was approximately 2.3 (Figure 4c), indicating that acidic
group content on material surfaces was greater than that of basic groups [24]. First, the
carboxyl, hydroxyl, sulfonic acid, and other functional groups on sample surface were
protonated while the solution was in acidic condition (pH < 2.3), resulting in a positive
charged surface of the sample which was conducive to adsorption. Second, the functional
groups on sample surface were deprotonated while the pH > 2.3, resulting in negatively
charged of the sample surface. Therefore, the OH™ competed with the chromium containing
anions for sites of the adsorbent, which could reduce the adsorption efficiency [23]. This
finding was in accordance with the result in pH analysis.

3.3. Theoretical Study of Cr(VI) Adsorption on LCGH
3.3.1. Adsorption Kinetics

In practical adsorption applications, contact time is an important influence due to
the different types of solid-liquid interactions [40]. Due to more available active sites
on LCGH, the adsorption capacity increased rapidly within 30 min (Figure 5). As the
reaction progressed, the pores and sites on LCGH were gradually consumed, resulting in a
trend of adsorption rate gradually slowing down before reaching equilibrium [23]. When
Cr(VI) was 50 mg/L, LCGH (CS/SL/GO = 1:10:10) reached the adsorption equilibrium at
T =298 K for 3 h.

50 600
——

45 - —s— Adsorption capacity

40 DI Percentage removal - 500 =
S N E)
= I 4400 2
E -
230 " £
£ N Z
=251 1300 =
é’n <
a0l £
= =
] 4200 &
=151 S
o o
: 2

10 4 100

5 -

0

10 20 30 40 60 80 90 120 150 180 210 270
Time (min)
Figure 5. Effect of reaction time on the Cr(VI) adsorption by LCGH (Cy = 50 mg/L, T = 298 K,
pH =2.0, CS/SL/GO = 1:10:10).

To study the adsorption rate and control step, pseudo-first-order [41], pseudo-second-
order [42], and intra-particle diffusion models were investigated as described below:
Pseudo-first-order:
In(ge — q¢) = Ing, — Kyt 4)

Pseudo-second-order:
t 1 1

— = 4 =

g Koxgi e
where g, and g; are heavy metal ions adsorbed amounts (mg/g) at equilibrium and contact
time t (min), respectively; k1 (1/min) and k; (g/mg-min) are the rate constant.

X t 5)
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The calculated g. by pseudo first-order model was inconsistent with the experimental
value (Table 1). R was quite low (0.9645), indicating that the first-order model could not
explain adsorption kinetics well. R? for the pseudo-second-order model was relatively high
(0.9716), and the calculated g, was very similar to the research result. As shown in Figure
Sla, it suggested that the adsorption conformed to pseudo second-order. In addition, an
intra-particle diffusion model suggested by Weber and Morris was adopted to learn the
adsorption mechanism [43,44]:

Table 1. Adsorption kinetics fitting results of Cr(VI) on LCGH from three kinetic models.

Isotherm Model Parameter Value

Qe (mg/g) 129.12

Pseudo-first-order model Ky x 1072 (min~ 1) 0.343

R? 0.9645

Q. (mg/g) 495.050

Pseudo-second-order model Ky x fo(ﬂg[g -(?mrgigin)*l] 202962545;

R? 0.9716

Kipe1 (mg/(g-min®P)) 21.4413

G 167.8161

Ry2 0.9692

Kipto (mg/(g-min3)) 47.3354
Intraparticle diffusion model C, —89.3949

Ry? 0.9448

Kin3 (mg/ (g-min®P)) 3.1494
Cs 521.9974

R32 0.9998

Intra-particle diffusion:
g = kinet'/? + Ci (6)

where k;,;; (mol-g~! .min'/2) is the diffusion rate constant intra-particle and C; is propor-
tional to the boundary layer thickness.

If g; versus t'/2 shows a straight line, then adsorption includes intra-particle diffusion,
and if this line goes through the origin, then intraparticle diffusion is the only rate-limiting
step, calculating K;,; from the slope and C; from the intercept. Figure S1b showed the plot
of g; versus t'/? at initial Cr(VI) concentration. There were three parts suggesting the mass
transfer on the LCGH (Table 1). In the first stage, the adsorption rate of LCGH was quiet fast,
because Cr(VI) rapidly diffused to LCGH outer surface through bulk solution. The second
stage was a gradual adsorption process, indicating that Cr(VI) diffused from the outer
surface of the LCGH composite to the inner surface. With the gradual saturation of active
sites in the inner pores, the contact surface between LCGH and Cr(VI) became smaller, and
the adsorption rate became slower [45]. The third stage was the final equilibrium process:
Cr(VI) moved very slowly, the adsorption sites were saturated, and finally equilibrium
was reached. The finding showed that the rate constant order was kj,;;o > ki1 > ki3
(Table 1), indicating that the adsorption rate of stage two was the highest. Because the
LCGH composite had many active sites that could promote the Cr(VI) adsorption. As the
process continued, the Cr(VI) adsorption finally reached equilibrium. The fact that the
adsorption did not cross origin, indicated that the intra-particle diffusion model was not a
key process for controlling the rate in the adsorption process.

3.3.2. Analysis of Adsorption Isotherms

The variations in adsorption capacity in different concentrations and a certain temper-
ature range was discussed. The adsorption capacity improved with increased temperature
and concentration in a certain range (CS/SL/GO = 1:10:10, pH = 2.0, t = 3 h) (Figure 6a).
Especially at lower Cr (VI) concentration (<50 mg/L), it showed a sharp increase trend,
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which was mainly due to strong electrostatic attraction. With the concentration increased,
more Cr(VI) was adsorbed on LCGH until equilibrium was reached (50 mg/L) [46]. The
maximum Cr(VI) adsorption capacity could reach 564.2 mg/g at T = 298 K in the range of
the experimental concentration.

1200 0.16
(a) (b)
—=— 298K m 208K
1000 |—*— 308K A A ® 308K
—a— 318K 0124 318K ]
300 - L Langmuir model
Cy o
g0
E 600 < 0.08
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=
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0.04
200 -
0 | L . | 1 "
0 20 40 60 80 100 0.00 0 20 40 60 80
Cr(VI) concentration (mg/L) Ce
© 35 @ = SmglL
30F m 298K ® 10 mg/lL
* 308K 300 A 25 mg/L
4 318K A : 50 mg/L
28 Freundlich model 75 mg/L
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=
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Figure 6. (a) Effect of initial concentration on the Cr(VI) adsorption by LCGH (CS/SL/GO = 1:10:10,
pH =2.0, t =3 h), (b) Langmuir isotherm model, (c) Freundlich isotherm model (CS/SL/GO = 1:10:10,
pH =20, t =3 h), (d) adsorption thermodynamics LCGH on the Cr(VI) adsorption (Cy = 50 mg/L,
T=298K,t=3h, pH=2.0,CS/SL/GO = 1:10:10).

The Langmuir and Freundlich models [47] were to further study the adsorption
isotherms, and linear equations were as follows:

Langmuir:
Ce _ 1 +& (7)
e Gm-KL  qm
1
Ry = —F—
FTI4+KGo ®)

where g, is Cr(VI) ion adsorbed amount on the adsorbent (mg/g), C. is the equilibrium
Cr(VI) concentration (mg/L). g, stands for saturated adsorption capacity. K;, (L/mg) is
the Langmuir isotherm adsorption equation constant. The Ry, (1 > Ry, > 0) means that the
adsorption is easy to occur [48].

Freundlich:

1
Ing, = InKp—l—EIan 9)

where Kr (L/g) is the Freundlich constant representing adsorption capacity and 7 is the
heterogeneous factor of adsorption strength.

The fitting results of adsorption equilibrium with the Langmuir and Freundlich mod-
els were shown in Figure 6b,c and Table S1. The Cr(VI) adsorption on LCGH could be
well described with the Langmuir adsorption model (R% = 0.9951) and with the saturated
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adsorption capacity (621.12 mg/g), which followed the study result (564.2 mg/g) (Figure 6b
and Table S1). Thus, we may infer that Cr(VI) adsorption on LCGH was mainly monolayer.
In addition, R was between 0~1 (Table S2), which was favorable for adsorption. As the
Cr(VI) concentration increased, Ry decreased, indicating that high Cr(VI) concentrations
facilitated adsorption, which followed the experiments with different concentrations de-
scribed above. For the Freundlich model, the low R? (0.9743) suggested that the adsorption
was inconsistent with the model (Figure 6¢c). However, n > 1 illustrated that the adsorption
was advantageous under high strength.

3.3.3. Adsorption Thermodynamics

To further learn the mechanism of LCGH effect on Cr(VI) structure, according to Cr(VI)
equilibrium concentration (C,) and adsorption capacity (Q.) on LCGH, the adsorption
equilibrium constants t K, at different temperatures were obtained at 298, 308, and 318 K.
According to the Van't Hoff equation, the thermodynamic parameters of Cr(VI) adsorption
were calculated by plotting InK, vs. 1/T [48] (Figure 6d):

AG = —RTInK, (10)
Q.
K, == 11
= (11)
ASY  AHO
e ="~ RT (12)

where T and R are the thermodynamic temperature and gas constant, respectively. AG,
AS°, and AHO are the change in Gibbs free energy, entropy and enthalpy, respectively. The
results are shown in Table 2.

Table 2. Adsorption thermodynamics fitting results for Cr(VI) on LCGH.

Concentration AG AH AS

2
(mg/L) Temp. K (J/mol)  (J/mol)  (KJ/mol-K)) X

208 K 1934111  —5.8550

5 308 K 683.8367  —74952 361735 0.1407 0.9929
318K 17526599  —8.8455
298 K 591725 —4.5379

10 308 K 3643415  —67722 441209 0.1635 0.9603
318K 8702609  —8.0164
298 K 200520  —3.7468

25 308 K 422562 42986 352438 0.1297 0.8762
318K 287869  —65334
298 K 172718 —3.1685

50 308 K 204458  —3.8839 171003 006776 0.9998
318K 489530  —4.6080
298 K 9.8444 25433

75 308 K 149613  —31064 132117 005267  0.9995
318K 20170  —3.6617
208K 7.6527 22632

100 308 K 111510 —27689 121384 004814  0.9999
318K 160341  —3.2861

The negative value of AG at different concentrations and temperatures showed that
Cr(VI) adsorption on LCGH was spontaneous, and the higher the temperature, the more
favorable for adsorption to proceed, which conformed to results obtained by the isother-
mal model [49]. In general, the absolute magnitude of standard free energy change
(AGO) for physical adsorption is between 0 and 20 kJ-mol~! [50]. The Cr(VI) adsorp-
tion on LCGH (1 AG 1) at the experimental temperature range (from 298 and 318 K) was
less than 20 kJ-mol~!, showing that the adsorption was physical. The interaction was
dominated by electrostatic attraction with positive entropy and small negative enthalpy
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(AH > 0, AS > 0) [51]. The transfer of Cr(VI) from solution to LCGH was entropic favor-
able (AS > 0) and enthalpy unfavorable (AH > 0) (Table 2), indicating that the adsorption
process was entropy-driven through hydrophobic interactions. Even though the entropy
change was reduced, the adsorption capacity increased with increasing surfactant loading
(characterized by increased | AG |), which was caused by the decrease in the unfavorable
enthalpy change. In conclusion, the LCGH composite had high adsorption capacity for
Cr(VI) compared with other materials (Table 3).

Table 3. Adsorption properties of Cr(VI) by lignosulfonate-modified and graphene-based adsorbents
in the literatures.

Adsorbent Pollutants Ads?rptlon Reference
Capacity(mg/g)
MLS Cr(VI) 57.1 [11]
SLACM Cr(VI) 227.7 [13]
LS-g-P (AM-co-DAC) Cr(VI) 58.86 [52]
N-LEGO Cr(VI) 416.97 [53]
Lignosulfonate-modified Cr(V1) 5640 This work

graphene hydrogel (LCGH)

3.4. Adsorption Mechanism

As shown in Figure 7, the mechanism of efficient adsorption was due to the interaction
between Cr(VI) ion and oxygen containing groups such as phenol and carboxyl groups on
LCGH composite [10]. FT-IR spectra of Cr(VI)-loaded LCGH (LCGH-Cr) demonstrated
a slight shift in the spectral position and a significant change in intensity (Figure 7). The
peaks at 3255 and 1650 cm~! in LCGH appeared at 3252 and 1660 cm ! in LCGH-Cr, which
corresponded to O-H and C-C stretching, respectively, implying that hydrogen bond
and 7-7 interaction existed in Cr(VI) adsorption [23]. The bands at 1760 and 1015 cm !
of LCGH belonged to C=0 and S=O and moved to 1753 and 1009 cm L respectively,
implying that the electrostatic interaction between sulfonic acid and carboxyl groups was
the main part of Cr(VI) adsorption by LCGH [9]. In addition, the N-H and C-N at 1153 and
1380 cm ™! moved to 1149 and 1376 cm ™!, respectively, implying that there were hydrogen
bonds between amino and hydroxyl groups of LCGH. In addition, new peaks appeared
at 916 and 563 cm~! corresponded to CrO4%~ and formation of Cr(OH); in LCGH-Cr,
respectively [54].

Before adsorption Cr(VI)
— After adsorption Cr(VI)

S
2
E 1753li i
s [1650, 5 |
2 1760 P80,,<5
=
-
3252
|
3245 1015

L 1 " 1 " 1 " 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™")

Figure 7. FT-IR spectra of the adsorbent.

In conclusion, the adsorption mechanism of Cr(VI) by LCGH could be summarized
as follows: (1) electrostatic attraction, under the experimental condition (pH = 2), the
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carboxyl group, sulfonic acid group, and amino group on the surface of LCGH underwent
protonation and interacted with negatively charged Cr(VI) in solution, and this adsorption
process was effective; (2) according to the results of kinetics, isothermal process, and
XPS analysis, the adsorption process was a physical-chemical composite adsorption of
monolayer on uniform surface. Surface adsorption was mainly chemical adsorption with
chemical bonds such as oxygen-containing functional groups and amino groups with
Cr(VI). Therefore, it can be deduced that chemisorption is the main process of adsorption.

3.5. Influence of Co-Existing Heavy Metal Ions

The Cr(VI) adsorption experiment in Cu(Il)/Cr(VI) and Zn(II) /Cr(VI) binary systems
and Cu(Il)+Zn(II) /Cr(VI) ternary system by LCGH was conducted to explore the prop-
erties of the biosorbent in the actual polluted wastewater. As shown in Figure 8a, the
‘blank’ is the adsorption of LCGH only for Cr(VI), and the influence of binary and ternary
systems were explored of Cu(Il)/Cr(VI), Zn(II)/Cr(VI), and Cu(Il) + Zn(II) (1:1)/Cr(VI)
under the conditions of mass concentration ratios of 1:1, 2:1, 3:1, 4:1 on Cr(VI) adsorption
performance. For the Zn(Il) /Cr(VI) binary system, the Cr(VI) adsorption capacity dropped
from 564.2 mg/g to 353.5 mg/g, and the removal efficiency decreased from 34.67% to
26.16%, respectively. For Cu(ll)/Cr(VI) binary system, the Cr(VI) adsorption capacity
decreased from 564.2 mg/g to 414.7 mg/g, and the removal efficiency decreased from
34.67% to 30.69%, respectively. For the Zn(II)+Cu(Il)/Cr(VI) ternary system, the Cr(VI)
adsorption capacity decreased from 564.2 mg/g to 394.7 mg/g, and the removal efficiency
decreased from 34.67% to 29.21%, respectively. The adsorption capacity and removal ef-
ficiency of Cr(VI) by LCGH decreased with the increase in coexisting ion concentration,
and the order of the inhibition degree for Cr(VI) adsorption was (Zn(Il) > Cu(II)+Zn(II) >
Cu(Il)). Obviously, the existence of Zn(Il) and Cu(ll) interfered with the Cr(VI) adsorption
by LCGH because Zn(Il) and Cu(II) competed with Cr(VI) for the active adsorption site
on LCGH and hinder Cr(VI) diffusion, which caused the decrease in Cr(VI) adsorption
capacity [55,56]. In addition, the metal cations can also bind to chromium anions, thus
reducing the Cr(VI) adsorption capacity. This discovery was similar to the results of Dong
et al., who found that the existence of Cu(II) reduced the Cr(VI) adsorption capacity by the
cetyl trimethyl ammonium bromide (CTAB) modified Auricularia auricula spent substrate
(AASS) material. Although the modified material could adsorb chromium anions and
repel other coexisting metal cations when it was positively charged under experimental
conditions, the metal cations could combine with chromium anions, thus reducing the
Cr(VI) removal efficiency [57]. Moreover, the reason for the difference in inhibition degree
between Zn(Il) and Cu(ll) was that the hydration radius of Cu(Il) was smaller than Zn(II),
and the smaller hydration radius was easier to diffuse to the surface of the adsorbent, thus
LCGH had a stronger affinity for Cu(II) [58,59]. Therefore, it could be inferred that LCGH
had no selectivity in adsorbing heavy metal ions and could be used to remove various ionic
pollutants in wastewater.

[
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Figure 8. Effect of (a) coexisting ion and (b) ionic strength for LCGH on the Cr(VI) adsorption
(Co=50mg/L, T=298K,t=3h, pH=2.0,CS/SL/GO = 1:10:10).
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3.6. Influence of Inorganic Ions

As shown in Figure 8b, compared with Cr(VI) adsorption without inorganic ion
addition (blank), the addition of coexisting inorganic ions such as CaZ*, K*, and Na* in
Cr(VI) solution (without Cu(Il) and Zn(1II) addition) was to investigate the Cr(VI) adsorption
performance on LCGH in practical application. As the concentration of ionic strength
increased (0-1.8 mol/L), the Cr(VI) adsorption properties on LCGH constantly decreased,
indicating that these three ions interfered with the Cr(VI) adsorption on LCGH. It could be
inferred that there was a competitive adsorption between these three ions and Cr(VI) on
LCGH biosorbent, and the interference degree for Cr(VI) adsorption was Na* > Ca?* > K*.
That means the existence of Na* could decrease more of the Cr(VI) adsorption by LCGH
than the presence of Ca?* and K* in the wastewater. The reason may be that the increase in
ionic strength reduced the Cr(VI) activity, which hindered the Cr(VI) diffused from solution
to LCGH surface, resulting in the decrease of heavy metals onto the biosorbent [17,60].

3.7. Practical Application and Reusability Study

In order to verify the practical application of LCGH material for Cr(VI) removal,
simulated wastewater was used to verify Cr(VI) adsorption performance by LCGH. The
composition of simulated electroplating wastewater could be seen in Table 4 [61]. The
adsorption capacity and efficiency of LCGH for Cr(VI) removal were 207.32 mg/g and
19.70%, respectively (Figure 9a). Compared with the Cr(VI) adsorption experiment in pure
water (564.22 mg/g, 34.67%), the adsorption performance of LCGH for Cr (VI) decreased,
but the adsorption capacity of LCGH was still higher than other materials. The reason for
this phenomenon was that various metal ions in the simulated wastewater competed with
Cr(VI) for the adsorption site on LCGH materials, and inorganic salt ions also inhibited the
Cr(VI) adsorption on LCGH. Even though the simulated actual wastewater environment
was complex, LCGH still exhibited a good performance for Cr(VI) adsorption.

Table 4. The substance content in simulated electroplating wastewater.

Composition Simulated Electroplating Wastewater (mg/L)
Cr(VI) 100.0
Cu?* 12.4
Ni2* 5.3
Fe3* 55
AL 3.4
Zn%* 6.7
Ca%* 15.0
Cl- 53.9
S04~ 126.5
COD -
30 50
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Figure 9. (a) Adsorption properties of Cr (VI) removal by LCGH from simulated electroplating
wastewater (T =298 K, pH = 2.0, CS/SL/GO = 1:10:10), (b) effect of recycling LCGH on the Cr(VI)
adsorption (Cyp =50 mg/L, T =298 K, t =3 h, pH = 2.0, CS/SL/GO = 1:10:10).
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The experimental conditions for exploring best adsorption performance were
CS/SL/GO = 1:10:10, pH = 2, reaction time 3 h, and T = 298 K (Figure 9b). After five
cycles of regeneration, the Cr(VI) removal rate was only reduced by 4.81% compared with
the first cycle, and the adsorption capacity was reduced from 564.2 mg/g in the first time
to 482.1 mg/g in the fifth time with the high adsorption capacity of 85.4%. Although the
quality of LCGH composite was lost to a certain extent as the adsorption cycles increased,
the final cycle performance test showed that LCGH possessed excellent regeneration per-
formance. These results indicated that LCGH had a promising application prospect in
removing Cr(VI) from wastewater.

4. Conclusions

The prepared LCGH had a cross-linked three-dimensional porous network, which
made Cr(VI) easily diffuse to the surface of the LCGH composite. An adsorption experiment
indicated that the LCGH could achieve strong adsorption capacity (564.2 mg/g) for Cr(VI),
which was related to the 3D porous structure and functional groups of LCGH. The main
adsorption mechanisms were hydrogen bond, -t interaction, and electrostatic attraction.
In addition, the LCGH showed good cyclic regeneration in practical application, and its
adsorption capacity could still be retained up to 85.4% after five cycles. In summary, the
LCGH has great application potential in Cr(VI) removal from wastewater.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w14223684/s1, Figure S1: (a) pseudo-first-order model and
pseudo-second-order kinetic model, (b) Intraparticle diffusion model; Table S1: Langmuir and
Freundlich isotherm models fitting parameters for Cr(VI) adsorption on LCGH at the range of
temperature of 298 K-318 K; Table S2: Ry, values based on the Langmuir equation.
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