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Abstract: Heavy metal pollution is an important problem in current water treatments. Traditional
methods for treating chromium-containing wastewater have limitations such as having complicated
processes and causing secondary pollution. Therefore, seeking efficient and fast processing methods
is an important research topic at present. Photocatalysis is an efficient method to remove Cr(VI) from
aqueous solutions; however, conventional photocatalysts suffer from a low metal absorption capacity,
high investment cost, and slow desorption of trivalent chromium from the catalyst surface. In this
study, a novel composite gel was synthesized by chemically modifying thiourea onto sodium alginate,
which was then mixed with biochar. The composite gel (T-BSA) can effectively remove 99.98%
of Cr(VI) in aqueous solution through synergistic adsorption and photocatalytic reduction under
UV light irradiation. The removal mechanism of Cr(VI) was analyzed by FT-IR, FESEM, UV-DRS
and XPS. The results show that under acidic conditions, the amino group introduced by chemical
modification can be protonated to adsorb Cr(VI) through electrostatic interaction. In addition, the
biochar as a functional material has a large specific surface area and pore structure, which can provide
active sites for the adsorption of Cr(VI), while the photo-reduced Cr(III) is released into the solution
through electrostatic repulsion, regenerating the adsorption sites, thereby improving the removal
performance of Cr(VI). Biochar significantly intensifies the Cr(VI) removal performance by providing
a porous structure and transferring electrons during photoreduction. This study demonstrates that
polysaccharide-derived materials can serve as efficient photocatalysts for wastewater treatment.

Keywords: sodium alginate; hexavalent chromium; adsorption; photocatalysis; biochar

1. Introduction

Water pollution caused by heavy metal ions from the metallurgy, mining, electro-
plating, and leather tanning industries is an increasingly serious problem with the rapid
development of the economy [1–4]. Chromium is a common heavy metal, which could
accumulate in the human body after ingestion, causing diseases such as central nervous
system disorders, and liver and kidney damage [5–7]. Chromium generally exists in hex-
avalent and trivalent forms in water with different toxicities and electron charges [8], of
which an efficient elimination method has long been one of the research hotspots.

Traditional methods for Cr(VI) removal include chemical precipitation, ion exchange,
electrochemical reduction, and adsorption [9,10]. These methods have certain defects in
industrial applications, such as causing secondary pollution from the sludge produced
by the chemical precipitation method; the cyclic regeneration and heat resistance limit
of exchange resin used by the ion exchange method; the high energy consumption and
electrode passivation with the electrochemical reduction method; and the regeneration and
solid waste produced by adsorption [11–14]. Compared with other methods, photocatalysis
is a method with a faster reaction rate and higher removal rate, which can reduce Cr(VI) to
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Cr(III) with significantly lower toxicity. Mondal et al. prepared a defect-rich SnS2 nanosheet
by hydrothermal synthesis. The synthesized material exhibited high catalytic activity, which
could remove 94% of the Cr(VI) within 26 min under xenon lamp irradiation [15]. Lian
et al. synthesized a highly efficient inorganic heterojunction photocatalyst, BiVO4@Bi2S3,
by a hydrothermal method. The experimental results indicated that the atomic-level close
contact between the BiVO4 and Bi2S3 not only enhanced the visible light absorption, but also
accelerated the separation efficiency of the carrier, thus completely reducing the Cr(VI) ions
within 40 min [16]. Therefore, the use of photocatalytic technology to remove Cr(VI) ions
in aqueous solution is feasible; however, traditional nano-metal compounds or noble metal
materials have no obvious adsorption effect and can only provide a low metal absorption
capacity, which limits the application in high Cr(VI) initial concentration solutions. The
incomplete contact of Cr(VI) with conventional photocatalysts restricts the photocatalytic
efficiency to a certain extent, resulting in a high cost and it being unfavorable for large-scale
productions and applications. Compared with inorganic materials, organic materials have
abundant surface functional groups which enhances the adsorption performance on Cr(VI),
such as cellulose, chitosan, chitin, and sodium alginate [17–21]. These materials can be
cross-linked or modified with functional groups to further enhance the adsorption capacity
of Cr(VI). Some studies have found that these natural polysaccharide materials can reduce
some metal ions (Au3+, Ag+, Cr6+) to lower valance states, but the mechanism of reaction is
not clear [22,23]. In this study, we speculate that the modification can increase its response
to light illumination, thus improving its photocatalytic performance of the reduction ability
towards Cr(VI). In addition, these organic materials are rich in the natural environment
and are exhibited as agricultural wastes, thus, the utilization and application of these
materials are of great significance as potential photocatalysis materials in the treatment of
industrial effluents.

Sodium alginate is a natural polysaccharide extracted from algae, which contains
rich carboxyl and hydroxyl groups in the molecular chain, providing adsorption sites for
metal ions; however, sodium alginate has poor stability, heat resistance and mechanical
strength, thus it needs to be cross-linked and modified to improve its comprehensive
properties [24–27]. Zhang et al. prepared GO@PAN-PPy/SA by in-situ copolymerization
of functional materials into sodium alginate, which provided a 133.7 mg/g adsorption
capacity for Cr(VI) at pH 3.0. Moreover, the electron-rich active functional groups could
reduce Cr(VI) to low-valence Cr(III) in an acidic medium [28]. Yan et al. introduced a large
number of N-containing functional groups through a cross-linking reaction and designed
a flexible core-shell alginate@PEI adsorbent. The maximum adsorption capacity of the
alginate@PEI adsorbent for Cr(VI) reached 431.6 mg/g, which substantially exceeded the
original sodium alginate gel. During the adsorption process, the active amino groups
provided electrons for the reduction of Cr(VI) [29]. Therefore, the chemical modification
of sodium alginate to improve its comprehensive removal performance is an effective
approach to remove Cr(VI) in a solution. In addition, sodium alginate can be blended
with carbonaceous materials, polymer materials, and nanomaterials to further improve the
stability, specific surface area and mechanical properties [30–32].

In this study, sodium alginate was modified by thiourea via surface grafting, fol-
lowed by blending with biochar then followed by cross-linking with calcium ions to form
a composite hydrogel. The synthesized composite material (T-BSA) could effectively
adsorb Cr(VI) in acidic solutions onto the protonated amino groups via electrostatic in-
teraction [33,34], accompanied by the photocatalytic reduction to Cr(III) under UV light
irradiation. Porous biochar and its surface functional groups resulted in a high specific
surface area of the composite material, which provided adsorption sites for Cr(VI), thus
enhancing the photocatalytic reduction efficiency. Moreover, the redox functional groups
on the biochar including phenols and quinones contributed to the reducing ability toward
Cr(VI) ions [35]. The graphitic carbon structure in biochar was able to conduct significant
electron transfer, and the biochar matrix could act as electron shuttles in the reduction of
Cr(VI) in the synergistic removal process [36].
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2. Results and Discussion
2.1. Removal of Cr(VI) via Synergistic Adsorption and Photocatalytic Reduction
2.1.1. Effect of Light Irradiation and pH Value

Figure 1a illustrated the effect of light irradiation on the removal of Cr(VI). It can
be clearly discovered that the removal rates of Cr(VI) significantly increased for all three
materials under UV light irradiation. This phenomenon can be explained as the removal
of Cr(VI) under dark condition was restricted to adsorption where the surface functional
groups interacted with the Cr(VI) via electrostatic interaction, while under UV light irradia-
tion, the light stimulated the electrons on the T-BSA composite that reduced the Cr(VI) to
Cr(III). Moreover, the Cr(III) ions were simultaneously desorbed to solution by electrostatic
repulsion [37], which released the pregnant adsorption sites for further adsorption. In
addition, the graphitic carbon structure in biochar has been reported as being capable for
electron transfer [36], which enhanced the reduction reaction of Cr(VI).

Figure 1. (a) Effect of light and pH values on Cr(VI) removal; (b) Cr(VI) reduction rate under UV
light at different pH values.

Under low pH values, Cr(VI) exists in the form of HCrO4
– in aqueous solutions,

which is preferably adsorbed by the protonated amino groups on synthesized material via
electrostatic interaction. Thus, the removal rates of Cr(VI) decreased with increasing pH
values as indicated in Figure 1. Figure 1b presents the reduction rate of Cr(VI) after removal
by GTSA and T-BSA. Compared to GTSA, the Cr(III) concentration in the equilibrium
solution was apparently lower in the solution treated by T-BSA, which might be due to
the re-adsorption of released Cr(III) by the biochar. In the synergistic removal of Cr(VI)
process, the Cr(VI) species captured the photo-generated conduction band electrons and
consumed protons by following reactions [38]:

Cr2O7
2− + 14H+ + 6ecb

− → 2Cr3+ + 7H2O (1)

HCrO4
− + 7H+ + 3ecb

− → Cr3+ + 4H2O (2)

CrO4
2− + 8H+ + 3ecb

− → Cr3+ + 4H2O (3)

It was discovered that the photocatalytic reduction of Cr(VI) consumed protons in the
solution, therefore the pH values before and after the T-BSA treatment was measured and
listed in Table 1. The pH values all increased after the reaction, suggesting the involvement
of protons in the process.
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Table 1. The pH values of solution before and after T-BSA treatment.

Initial pH 1.00 2.00 3.00 4.00 5.00
pH after reaction 1.13 2.30 4.72 4.79 5.23

2.1.2. Effect of Biochar Dosage on Cr(VI) Removal by T-BSA Photocatalyst

The removal rates of Cr(VI) increased with the increasing biochar dosage, which were
77.42%, 84.52%, and 92.6%, respectively, for biochar/sodium alginate ratios of 0:1, 1:1
and 2:1. It is inferred that the addition of biochar significantly increased the porosity of
the composite materials, which was beneficial for the adsorption of Cr(VI). We have also
tested the composite material with more biochar dosage; however, the physical strength of
composite was not stable and could not form hydrogels when the biochar/sodium alginate
ratio was larger than 2.5:1.

2.1.3. Effect of Different Light Sources

Figure 2 presents the removal rate of Cr(VI) by T-BSA under different light sources. It
can be concluded that the removal rate of Cr(VI) under UV mercury light irradiation was
obviously higher than xenon light exposure and under dark experimental conditions. The
relative short wavelength of UV mercury light provided high energy that is desirable for
electron stimulation, which contributed to the reduction of Cr(VI).

Figure 2. The removal efficiency of Cr(VI) by T-BSA under different light sources.

2.1.4. Effect of Contact Time

Figure 3 illustrates the effect of contact time on Cr(VI) removal. It can be seen that the
removal rate of Cr(VI) by T-BSA was fast within the initial 30 min and then became gentle.
This can be explained as the abundant adsorption sites on the T-BSA surface interacted
and captured the Cr(VI) species in the solution, consuming –NH3

+ functional groups. The
adsorption sites as well as the pores became pregnant with the reaction process, which
were occupied by adsorbed Cr(VI) or Cr(III), resulting in the equilibrium of Cr(VI) in the
solution. Table 2 is the comparison of the photocatalytic Cr(VI) removal performance of
the prepared T-BSA and other reported materials. The results show that T-BSA was highly
competitive in the performance of Cr(VI) removal.
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Figure 3. Effect of contact time on Cr(VI) removal.

Table 2. Comparison of the photocatalytic removal of Cr(VI) between T-BSA and other materials.

Catalyst Concentration (mg/L) pH Time (min) Removal Efficiency (%) Reference

Mn/SA-C 10 4.915 45 >98% [39]
Fe3O4/Ca-Alg beads 10 4 180 87.2% [40]
Gd2MoO6-rGO-ZnO 10 4 160 94.5% [41]

ZnO 5 5.22 300 70% [42]
UV/ZnO-TiO2 20 3 120 100% [43]

TnS-Pz 10.4 3 180 95% [44]
T-BSA 50 1 180 99.98% This work

The reaction kinetics of Cr(VI) removal by T-BSA under UV light exposure was
further studied by quasi first-order and quasi second-order kinetic models by the following
equations [45]:

− ln(Ct/C0) = k1t (4)

ln(1/Ct − 1/C0) = k2t (5)

where C0 and Ct (mg/L) are the initial concentration and the Cr(VI) concentration at time t,
respectively; and k1 and k2 (mg/(g.h−1)) are the rate constants for quasi first-order and
quasi second-order kinetic models. The model fitting results and the fitting parameters are
presented in Figure 4. The correlation coefficient R2 of the quasi first-order kinetic equation
was 0.9786, which can better describe the reaction process.

Figure 5a presents the variation of the adsorption capacity of T-BSA for Cr(VI) with
time. As shown in the figure, with the extension of the adsorption time, the adsorption ca-
pacity of Cr(VI) also increased. The adsorption sites and pores on the T-BSA were gradually
consumed and occupied with the extension of time. Figure 5b shows the effect of different
temperatures and initial concentrations on the adsorption of Cr(VI) on T-BSA, which sug-
gests that the removal rates of Cr(VI) decreased with an increasing initial concentration
under experimental temperatures while the adsorption capacities of Cr(VI) increased with
a higher temperature.
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Figure 4. The model fitting results of (a) quasi first-order kinetics (b) quasi second-order kinetics.

Figure 5. (a) The effect of time on the removal of Cr(VI) by adsorbent, (b) the effect of different
temperature and concentration on the removal of Cr(VI) by T-BSA.

In order to explore the adsorption kinetics of Cr(VI) by T-BSA, pseudo-first-order and
pseudo-second-order kinetic models were used [46]:

qt = qe(1− e−k1t) (6)

qt =
qe

2k2t
1 + qek2t

(7)

where qt (mg/g) is the adsorption amount at time t; qe (mg/g) is the adsorption amount at
equilibrium; k1 (mg/(g/h)) is the rate constant of the pseudo-first-order equation; and k2
(mg/(g/h)) is the rate constant of the pseudo-second-order equation.

The Langmuir and Freundlich adsorption isotherm models were used to fit Cr(VI)
adsorption at temperatures of 298.15, 308.15, and 318.15 K [33]:

qe =
qmKLCe

1 + KLCe
(8)

qe = KFCe
1/n (9)
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RL =
1

1 + KLC0
(10)

In the formula, qe (mg/g) and qm (mg/g) represent the equilibrium adsorption capac-
ity and the maximum adsorption capacity, respectively; C0 (mg/L) and Ce (mg/L) represent
the initial and equilibrium concentrations of adsorbate; KL (L/mg) and KF (L/mg) rep-
resent the Langmuir and Freundlich adsorption equilibrium constants, respectively; and
RL is a dimensionless separation factor of the Langmuir model equations which is used
to judge whether the reaction is favorable. When 0 < RL < 1, it is favorable for adsorption,
when RL > 1, it is unfavorable for adsorption, and when RL is equal to 0, the adsorption is
irreversible; n represents the adsorption intensity constant, which is used to express the
adsorption affinity, when n is between 1 and 10, the reaction is easy to occur, and vice versa.

Figure 6a is the pseudo-first-order and pseudo-second-order kinetic diagrams of T-BSA.
The pseudo-first-order kinetic correlation coefficient R2 is 0.99, which does not conform
to pseudo-second-order kinetics, which indicates the factors affecting the adsorption rate
is the mass transfer resistance within the particle [47]. The fitted data of the kinetics are
shown in Table 3. Figure 6b shows the two adsorption models of T-BSA. It can be seen from
Table 4 that the correlation fitting coefficients of the two models were both greater than 0.95,
indicating that both models describe the adsorption process well. Langmuir’s correlation
coefficient R2 (0.9867, 0.9903, 0.9910) was larger than the Freundlich model’s correlation
coefficient R2 (0.9591, 0.9874, 0.9844), which indicates that the Langmuir equation is more
suitable for describing the adsorption process, that is, the way that T-BSA adsorbs Cr(VI) is
through monolayer adsorption.

Figure 6. (a) Kinetic fitting of T-BSA, (b) isotherm model fitting of Cr(VI) adsorption by T-BSA.

Table 3. T-BSA kinetic fitting parameters.

C0 mg/L
Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model

K1 mg/(g.h−1) qe mg/g R2 K2 mg/(g.h−1) qe mg/g R2

50 0.0260 53.4921 0.9786 0.0026 72.3677 0.9912

Table 4. T-BSA isothermal model fitting parameters.

T (K)
Langmuir Isotherm Freundlich Isotherm

KL L/mg qm mg/g R2 KF L/mg n R2

298.15 0.00329 14.1974 0.9867 0.4385 1.5533 0.9591
308.15 0.00401 30.3579 0.9903 0.2920 1.3239 0.9874
318.15 0.00264 27.0282 0.9910 0.2585 1.2543 0.9844
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2.2. Characterization and Mechanistic Study
2.2.1. Zeta Potential

Figure 7 illustrates the zeta potential results, which indicated that the zeta potential
of the T-BSA gradually decreased with an increasing pH value. The point of zero charge
value (pHpzc) was found at 4.49, demonstrating that the surface charge of T-BSA was
positive under pH 4.49 and turned negative with pH higher than pHpzc. The positive zeta
potential value suggested that under experimental conditions, the surface of the T-BSA
was protonated and could interact with negatively charged Cr(VI) species (HCrO4

− and
Cr2O7

2−) via electrostatic attraction.

Figure 7. Zeta potential of T-BSA.

2.2.2. FT-IR

Figure 8 presents the FT-IR spectra of SA, GTSA and T-BSA before and after Cr(VI)
removal. A characteristic peak of SA can be found in the spectrum: 3417 cm−1 due to
the O–H stretching vibration; 2923 cm−1 related to C–H stretching; 1612 and 1427 cm−1

assigned to the unsymmetrical and symmetrical stretching of carboxyl groups, respectively;
and 1305, 1089, and 1029 cm−1 corresponded to C–O–H deformation and C–O vibrations
from COO– and C–O–H group, respectively [48]. After chemical modification, the absorp-
tion peak at 1739 cm−1 was attributed to a C=O bond from glutaraldehyde [48]. The peak at
1637 cm−1 can be assigned to the overlap of C=N and the unsymmetrical peak of carboxyl
groups, while peaks at 1411 and 1247 cm−1 are corresponded to N–C=S stretching [49,50].
The apparent increase in the vibrational intensity of the absorption peak at 1089 cm−1 was
caused by the C–O vibrational stretching of the COO– group and the vibrational merger of
the C–N on the thiourea [51], and the absorption peak at 1035 cm−1 can be attributed to the
vibration of C–O–C–O–C telescopic. GTSA spectra showed that the modification occurred
through the acetal reaction of hydroxyl and carbonyl groups in glutaraldehyde, indicating
that thiourea was successfully grafted onto the molecular chain of sodium alginate. Similar
characteristic peaks could be found on the T-BSA composite, where peaks at 1617, 1413,
1099 and 1037 cm−1 were corresponded to C=N, N–C=S stretching, C–O vibration, and
C–O–C–O–C vibration, respectively. After Cr(VI) removal, the peak changes at 1631 and
1412 cm−1 on the T-BSA were attributed to the deprotonation of hydroxyl and the protona-
tion of amino groups that electrostatically interacted with anionic chromium species [33].
Slight changes at 1087 and 1031 cm−1 could be assigned to the UV light irradiation that
stimulated the electrons on hydroxyl and carboxyl functional groups. This indicates that



Gels 2022, 8, 293 9 of 19

functional groups such as –OH, C–N, and C=O on the composite material are involved in
the adsorption-photocatalytic process of Cr(VI), where firstly Cr(VI) is adsorbed on the
surface of the material through electrostatic and surface interaction, and the Cr(VI) is then
further reduced to Cr(III) by electrons generated by the light-induced material.

Figure 8. FT-IR spectra of SA, biochar, GTSA and T-BSA before and after Cr(VI) removal.

2.2.3. Surface Morphologies and Structures of T-BSA Composite

Figure 9 illustrates the surface morphologies of T-BSA before and after Cr(VI) removal.
As shown in Figure 9a,c, the addition of biochar significantly increased the roughness
of the material, which increased the specific surface area and provided more adsorption
sites. Figure 9b,d are the corresponding elemental mapping of N and Cr, suggesting the
successful surface grafting of thiourea and the adsorption of chromium species, respectively.

Figure 10a presents the N2 adsorption–desorption isothermal curve of T-BSA. It can
be seen that the curve is a typical IV curve. Single layer adsorption usually occurs at the
inflection point of the isotherm curve. With the increase of relative pressure, the adsorption
of the second and third layers is gradually completed. Finally, when the saturated vapor
pressure is reached, the adsorption layer becomes infinite. With the progress of this
adsorption, the interaction between adsorbate molecules and an adsorbent surface is less
than that between adsorbates, resulting in capillary condensation in some pores of the
adsorbent [52]. Combined with Figure 10b, it can be seen that the T-BSA composite was
highly porous, where mesopores and macropores all exist. The specific surface area of the
T-BSA was 308.27 m2/g, which is significantly higher than traditional sodium alginate
derived materials.
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Figure 9. (a) raw T-BSA; (b) N elemental mapping of T-BSA; (c) T-BSA after Cr(VI) removal; (d) Cr
elemental mapping of T-BSA after Cr(VI) removal.

Figure 10. (a) N2 adsorption–desorption isothermal curve of T-BSA; (b) pore distribution of T-BSA.
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2.2.4. XPS Analysis

High resolution XPS with their deconvoluted fitting curves of T-BSA before and
after Cr(VI) removal was recorded to elucidate the interactions of functional groups in
the process. Figure 10a,b are XPS spectra for O1s before and after Cr(VI) removal. Two
deconvoluted peaks at 532.20 and 530.29 eV are corresponded to C=O and C–O, which all
shifted to higher binding energies after the Cr(VI) removal, suggesting that the UV mercury
light stimulated the electrons and the deprotonation of carboxyl groups [53]. Figure 11c
illustrated a C=N peak at 399.16 eV which shifted to 399.48 eV, indicating that nitrogen
groups acted as electron donors. A new peak assigned to –NH3

+ at 398.42 eV can be
observed in Figure 11d due to the protonation of amino groups, which electrostatically
adsorbed anionic chromium species [54]. Figure 11e,f show the energy spectrum of Cr 2p
before and after the reaction. No obvious absorption peak was found before the reaction,
but the absorption peaks of Cr 2p1/2 and Cr 2p3/2 were found after the reaction. The
existing Cr(VI) and Cr(III) on the T-BSA suggested that the reaction was governed firstly
by the adsorption of Cr(VI) on the material followed by the reduction to Cr(III). Some
reduced Cr(III) ions were released to solution by electrostatic repulsion and other Cr(III)
were trapped on the material via coordination with oxygen containing functional groups.

Figure 11. Cont.
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Figure 11. High resolution spectra of (a,b) O1s before and after reaction; (c,d) N1s before and after
reaction; (e,f) Cr 2p before and after reaction.

2.3. Cr(VI) Removal Mechanism

Cr(VI) exists in the form of Cr2O7
2− and HCrO4

− in the solution, which can be
adsorbed via electrostatic attraction with the positively charged amino groups on the
composite’s surface. At the same time, auxiliary photo-generated electrons will reduce
dichromate and hydrogen chromate ions to the less toxic Cr(III) [55], of which part of the
Cr(III) ions will be released into the solution via electrostatic repulsion, regenerating the
adsorption sites for further adsorption.

In this study, UV mercury light with a wavelength of 365 nm and xenon light with a
wavelength of 510 nm were used as the light source. Figure 12a presents the UV-DRS result
for SA, GTSA, and T-BSA. It can be discovered that the T-BSA had a significantly strong
absorbance in the tested wavelength range, suggesting superior light absorbance ability.
Figure 12b illustrates the photoluminescence spectra of SA, GTSA, and T-BSA. The intensity
of the PL emission spectrum reflected the recombination rate of photo-excited electron and
hole pairs. Generally, a stronger PL emission intensity leads to the faster recombination rate
of photo-generated electrons and holes, resulting in lower electron utilization efficiency [56].
It can be seen from Figure 12b that the intensity of the T-BSA was lower than that of the
other materials, which indicated that the electron utilization rate of T-BSA in the reaction
was high, intimating a high photocatalytic activity [57].

Figure 12. (a) UV-DRS spectra of SA, GTSA, and T-BSA; (b) photoluminescence spectra of SA, GTSA,
and T-BSA.
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In the Cr(VI) removal process, the electrons in the valence band could be stimulated to
a conduction band, which were captured by Cr(VI) for the reduction reaction. Moreover,
the photo-generated holes could be removed by the dissolved oxygen in solution [56–58],
which also contributed ·OH for the Cr(VI) reduction [58]. The reaction mechanism is
illustrated in Figure 13 with the following reactions:

T− BSA + hυ→ BG(eCB
−) + BG(hυVB

+) (11)

3e− + Cr6+ → Cr3+ (12)

H2O + 2h+ → •OH + H+ (13)
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Figure 13. Proposed reaction mechanism of Cr(VI) removal by T-BSA.

In conclusion, the removal of Cr(VI) by T-BSA is the synergistic effect of an adsorption
and photocatalytic reduction.

3. Conclusions

A novel sodium alginate-derived material (GSTA) was synthesized by chemical mod-
ification, and then blended with biochar to obtain a composite material (T-BSA) for the
adsorption-photocatalytic reduction of Cr(VI) in solution. The effects of the biochar doping
amount, solution pH, time, and different light sources on the composites were studied. The
results showed that the T-BSA exhibited excellent removal performance in the adsorption
and photocatalytic reduction of Cr(VI), and 99.98% of the Cr(VI) could be removed within
180 min under UV mercury lamp irradiation. The characterization results show that the
T-BSA had a large specific surface area and abundant functional groups, which favored
the adsorption process of the Cr(VI). The chemical modification and blending of biochar
reduced the photo-generated electron-hole recombination efficiency of the material, ac-
celerating the transfer of photo-generated electrons, and thus significantly improved the
catalytic performance of the composite. The removal of Cr(VI) by composite materials
was mainly accomplished by the synergistic effect of adsorption and photocatalysis. First,
Cr(VI) was adsorbed on the surface of the material by electrostatic and physical effects, and
then photo-generated electrons were induced on the surface of the material by ultraviolet
light. The adsorbed Cr(VI) was reduced to Cr(III), and then the photo-reduced Cr(III)
could be easily released by electrostatic repulsion, regenerating the adsorption sites for
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further reactions. This work provides a new approach and theoretical basis for natural
polysaccharides as photocatalytic materials.

4. Materials and Methods
4.1. Materials

Sodium alginate, with a low viscosity (40–90 mPa·s in 1% solution, molecular weight
of 16–34 kDa, M/G ratio of 2.05, SA) was purchased from Fisher Scientific. Thiourea,
anhydrous calcium chloride, glutaraldehyde, potassium dichromate, biochar, hydrochloric
acid, and sodium hydroxide were purchased from Adamas-beta® (Shanghai Titan Scientific
Co., Ltd., Shanghai, China). Deionized (DI) water was used throughout the experiments.
All the chemical reagents were analytical grade and used as received without purification.

4.2. Preparation of Thiourea Modified Biochar/Sodium Alginate Composite

The thiourea modified biochar/sodium alginate composite gel (T-BSA) was synthe-
sized by surface grafting of thiourea on the sodium alginate matrix via the condensation
and acetal reaction [59,60], followed by blending with biochar, and then solidified in a
calcium chloride solution. The synthetic scheme was illustrated in Figure 14.

Figure 14. Schematic diagram of material preparation.

Specifically, 0.94 mL of 25% glutaraldehyde was mixed with 0.716 g thiourea and
heated to 55 ◦C and kept shaking in an oscillation water bath for 4 h, then 2 g of sodium
alginate was added to the mixture and stirred for 6 h for the grafting reaction. A certain
amount of biochar was blended to the solution and mixed under sonication for 2 min to
form a homogenous viscous mixture. The composite gel beads were solidified by adding
dropwise via a syringe into the 2% calcium chloride solution and settled for 12 h. The
T-BSA composite was obtained after drying at 50 ◦C in an oven.

The thiourea modified sodium alginate (GTSA) and sodium alginate hydrogel (SA)
were also prepared without biochar blending and chemical modification, respectively, for
the comparison of Cr(VI) removal performance.

4.3. Removal of Cr(VI) by T-BSA Composite

The removal of Cr(VI) from aqueous solutions was dominated by the adsorption
process on T-BSA, followed by the photocatalytic reduction of adsorbed Cr(VI) to Cr(III).
The removal process was affected by some parameters, including light irradiation, pH
value, biochar dosage, and contact time.
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4.3.1. Effect of Light Irradiation and pH Value

The pH value was a dominating factor for the metal ions removal by adsorption as it
determines the surface charge of both adsorbent and metal ions. In this study, 35 mL of
50 mg/L Cr(VI) solution with pH values ranging from 1–5 were tested with the addition of
30 mg T-BSA composite. The mixtures were kept under dark conditions and UV mercury
light illumination with a light wavelength of 365 nm for 3 h under constant stirring. The
concentrations of Cr(VI) and total Cr were detected by UV-Vis spectrophotometer and an
inductively coupled plasma emission spectrometer, respectively. In subsequent tests, the
removal rate of Cr(VI) was calculated using the following relationship:

Cr (VI) removal% =
Ci − Cf

Ci
× 100% (14)

where Ci (mg/L) is the initial concentration of Cr(VI), and Cf (mg/L) is the final concentra-
tion of Cr(VI).

The reduction rate was calculated using the following formula:

Cr (VI) reduction% =
CT − C f

Ci
× 100% (15)

where Ci (mg/L) is the initial concentration of Cr(VI), CT (mg/L) is the total concentration
of chromium in the solution after the reaction, and Cf (mg/L) is the final concentration
of Cr(VI).

4.3.2. Effect of Biochar Dosage

In order to explore the influence of the biochar dosage of T-BSA on the Cr(VI) removal
efficiency, three composite materials with different biochar dosages were synthesized, with
biochar/sodium alginate weight ratios of 0:1, 1:1 and 2:1. A 30 mg amount of composite
materials was added to 35 mL of the Cr(VI) solution with an initial concentration of
50 mg/L at pH 1.0. The reaction was conducted under 400 W UV light illumination at a
wavelength of 365 nm for 150 min and then the final concentration of Cr(VI) was detected.

4.3.3. Effect of Different Light Sources

Different light sources were applied to investigate the effect of illumination wavelength
on the removal of Cr(VI). Solutions of 35 mL of 50 mg/L Cr(VI) with pH levels of 1–5 were
mixed with 30 mg of T-BSA under dark conditions, a xenon lamp with 510 nm wavelength,
and a UV-mercury lamp with 365 nm wavelength irradiation for 3 h, respectively. The effect
of the illumination intensities on the removal of Cr(VI) was investigated by mixing 30 mg
T-BSA into a 35 mL solution at a pH range from 1–5 with an initial Cr(VI) concentration of
50 mg/L. The reaction was carried out under a UV mercury lamp at a 365 nm wavelength
for 3 h with an output of 400 and 800 W, respectively. The concentration of Cr(VI) was
detected after the reaction.

4.3.4. Effect of Contact Time

Amounts of 30 mg T-BSA were added into 35 mL of Cr(VI) solution with pH = 1 and
an initial concentration of 50 mg/L in 8 conical flasks under different light irradiation,
with reaction times of 15, 30, 45, 60, 90, 120, 150, and 180 min, respectively. The Cr(VI)
equilibrium concentrations were measured by a UV-Vis spectrophotometer.

4.3.5. Zeta Potential Measurement

The adsorption of Cr(VI) is highly dependent on the pH value solution and the surface
charge of the adsorbent as electrostatic interaction dominates the process. In this study,
zeta potentials of T-BSA under a pH range 1–8 were recorded by mixing 15 mg of T-BSA
into 25 mL of 1.0 mmol/L KCl solutions under constant stirring, followed by adjusting
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the pH value by HCl or NaOH solutions. The supernatant was taken and analyzed by a
zeta-potential analyzer and average values with three measurements were recorded.

4.3.6. Influence of Temperature and Solution Concentration

Cr(VI) solutions with concentrations of 20, 35, 50, 65, 80, 95, 110, 125 mg/L were
prepared, and 294 mg of the adsorbent was added into 35 mL of the solution, respectively,
at temperatures of 298.15, 308.15, and 318.15 K. The adsorption experiment was conducted
at pH 1 for 24 h. The effects of temperature and solution concentration on the adsorption
performance of the adsorbent were investigated.

4.3.7. Effect of Contact Time

An amount of 210 mL of Cr(VI) solution with pH = 1 and initial concentration of
50 mg/L was prepared, and then 1.758 g of adsorbent was added for the adsorption test
at a room temperature of 298.15 K. An amount of 1 mL of the supernatant was taken at
scheduled time intervals and the concentration of Cr(VI) was recorded. The effect of time
on the adsorption performance of the adsorbent was investigated.

4.4. Analytical Methods

Fourier transform infrared spectra (FT-IR) were recorded by Nicolet 6700 spectrome-
ter (Thermo Fisher Scientific, Waltham, MA, USA) in the range of 4000–500 cm−1. Field
emission scanning electron microscopy (FESEM) was conducted by the Nova NanoSEM
430 scanning electron microscope (FEI, Hillsboro, OR, USA) with EDAX Genesis software
for elemental dispersive X-ray spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS)
equipped with Al-Kα X-ray source (1486.6 eV) was used for analyzing the surface chemistry
before and after photocatalysis on a Thermo ESCALAB 250XI X-ray photoelectron spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). An ICP-OES (ICP-7510, Shimadzu,
Japan) and UV-Vis Spectrophotometer (LH-3BA, Beijing Lianhua YongXing Science and
Technology Development, Beijing, China) were used for determining the concentration of
total chromium and trivalent chromium, respectively. The zeta potential measurements
were conducted using a Malvern Zetasizer Nano ZS90 analyzer (Malvern, UK). The deter-
mination of UV-vis DRS of the samples was achieved with a UV-vis spectrophotometer
(UV-3600, Shimadzu, Japan). The specific surface area and pore size of the material (BET)
were analyzed by means of an ASAP 2460 specific surface area and porosity adsorption
instrument (Micromeritics, Norcross, GA, USA). The combination and separation of photo-
charge electrons were studied by using a steady-state fluorescence spectrometer (FLS980,
Edinburgh, UK).
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4. Uzaşçi, s.; Filiz, t.; Bedia, E. Removal of hexavalent chromium from aqueous solution by barium ion cross-linked alginate beads.

Int. J. Environ. Sci. Technol. 2014, 18, 1861–1868. [CrossRef]
5. Barakat, M. New trends in removing heavy metals from industrial wastewater. Arab. J. Chem. 2011, 4, 361–377. [CrossRef]
6. Qasem, N.A.A.; Mohammed, R.H.; Lawal, D.U. Removal of heavy metal ions from wastewater: A comprehensive and critical

review. Npj Clean Water. 2021, 4, 36. [CrossRef]
7. Borba, C.E.; Guirardello, R.; Silva, E.A.; Veit, M.T.; Tavares, C.R.G. Removal of nickel(II) ions from aqueous solution by biosorption

in a fixed bed column: Experimental and theoretical breakthrough curves. Biochem. Eng. J. 2006, 30, 184–191. [CrossRef]
8. Farzana, M.H.; Meenakshi, S.S. Photocatalytic aptitude of titanium dioxide impregnated chitosan beads for the reduction of

Cr(VI). Int. J. Biol. Macromol. 2015, 72, 1265–1271. [CrossRef]
9. Sun, J.; Wang, J.; Ni, M.; Zhang, X.; Chen, Y.; Liu, S.; Li, H. Studies on Adsorption properties of Pb2+ by modified sodium alginate

microspheres. Environ. Sci. Technol. 2019, 42, 100–104. [CrossRef]
10. Monier, M.; Ayad, D.M.; Wei, Y.; Sarhan, A.A. Adsorption of Cu(II), Co(II), and Ni(II) ions by modified magnetic chitosan

chelating resin. J. Hazard. Mater. 2010, 177, 962–970. [CrossRef]
11. Cai, H.; Han, W.; Jiang, X.; Guo, J.; Jia, D. Research progress in the removal of chromium (VI) ions from water. Shandong Huagong

2020, 49, 53–54. [CrossRef]
12. Guo, C.; Gao, X.; Li, M.; Hao, J.; Long, H.; Zhao, Z. Adsorption of heavy metal ion by sodium alginate based adsorbent—A review.

Chin. J. Process Eng. 2021, 21, 3–17. (In Chinese) [CrossRef]
13. Sadiq, A.; Choubey, A.; Bajpai, A.K. Biosorption of chromium ions by calcium alginate nanoparticles. J. Chil. Chem. Soc. 2018, 63,

4077–4081. [CrossRef]
14. Zhang, X.; Jin, C.; Liu, G.; Huo, S.; Kong, Z. Research progress of heavy metal ion adsorption materials. Biomass. Chem. Eng. 2017,

51, 51–58. (In Chinese) [CrossRef]
15. Mondal, S.; Das, S.; Gautam, U.K. Defect-rich, negatively-charged SnS2 nanosheets for efficient photocatalytic Cr(VI) reduction

and organic dye adsorption in water. J. Colloid Interf. Sci. 2021, 603, 110–119. [CrossRef]
16. Lian, X.; Zhang, J.; Zhan, Y.; Zhang, Y.; Yang, S.; Chen, Z.; Dong, Y.; Fang, W.; Yi, X. Engineering BiVO4@Bi2S3 heterojunction by

cosharing bismuth atoms toward boosted photocatalytic Cr(VI) reduction. J. Hazard. Mater. 2021, 406, 124705. [CrossRef]
17. Zhou, C.; Ni, J.; Zhang, D.; Sun, C. Cellulosic adsorbent functionalized with macrocyclic pyridone pentamer for selectively

removing metal cations from aqueous solutions. Carbohydr. Polym. 2019, 217, 1–5. [CrossRef]
18. Vakili, M.; Deng, S.; Cagnetta, G.; Wang, W.; Meng, P.; Liu, D.; Yu, G. Regeneration of chitosan-based adsorbents used in heavy

metal adsorption: A review. Sep. Purif. Technol. 2019, 224, 373–387. [CrossRef]
19. Zhang, X.; Lin, X.; He, Y.; Chen, Y.; Lou, X.; Shang, R. Study on adsorption of tetracycline by Cu-immobilized alginate adsorbent

from water environment. Int. J. Biol. Macromol. 2019, 124, 418–428. [CrossRef]
20. Wang, Y.; Li, Y.; Liu, S.; Li, B. Fabrication of chitin microspheres and their multipurpose application as catalyst support and

adsorbent. Carbohydr. Polym. 2015, 120, 53–59. [CrossRef]
21. Gao, X.; Guo, C.; Hao, J.; Zhao, Z.; Long, H.; Li, M. Selective adsorption of Pd (II) by ion-imprinted porous alginate beads:

Experimental and density functional theory study. Int. J. Biol. Macromol. 2020, 157, 401–413. [CrossRef] [PubMed]
22. Sandip, S.; Anjali, P.; Subrata, K.; Soumen, B.; Tarasankar, P. Photochemical green synthesis of calcium-alginate-stabilized Ag and

Au nanoparticles and their catalytic application to 4-nitrophenol reduction. Langmuir 2010, 26, 2885–2893. [CrossRef]
23. Lin, Y.-C.; Wang, S.-L. Chromium(VI) reactions of polysaccharide biopolymers. Chem. Eng. J. 2012, 181–182, 479–485. [CrossRef]
24. Huang, P.; Shen, X.; Chen, J.; Wu, Y.; Sun, R. Progress in extraction and functionalization of sodium alginate. Chem. Ind. For. Prod.

2017, 37, 13–22. (In Chinese) [CrossRef]
25. Yu, C.; Dong, X.; Wang, M.; Lin, Q. Preparation and characterization of a calcium alginate/biochar microsphere and Its adsorption

characteristics and mechanisms for Pb(II). Environ. Sci. 2018, 39, 3719–3728. (In Chinese) [CrossRef]
26. Yao, W.; Yu, F.; Ma, J. Preparation of alginate composite gel and its application in water treatment. Prog. Chem. 2018, 30, 1722–1733.

(In Chinese) [CrossRef]
27. Shen, W.; An, Q.-D.; Xiao, Z.-Y.; Zhai, S.-R.; Hao, J.-A.; Tong, Y. Alginate modified graphitic carbon nitride composite hydrogels

for efficient removal of Pb(II), Ni(II) and Cu(II) from water. Int. J. Biol. Macromol. 2020, 148, 1298–1306. [CrossRef]
28. Zhang, W.; Ou, J.; Wang, B.; Wang, H.; He, Q.; Song, J.; Zhang, H.; Tang, M.; Lean Zhou, L.; Yang, G.; et al. Efficient heavy metal

removal from water by alginate-based porous nanocomposite hydrogels: The enhanced removal mechanism and influencing
factor insight. J. Hazard. Mater. 2021, 418, 126358. [CrossRef]

29. Yan, Y.; An, Q.; Xiao, Z.; Zheng, W.; Zhai, S. Flexible core-shell/bead-like alginate@PEI with exceptional adsorption capacity,
recycling performance toward batch and column sorption of Cr(VI). Chem. Eng. J. 2017, 313, 475–486. [CrossRef]

http://doi.org/10.1016/j.scienta.2017.12.039
http://doi.org/10.21967/jbb.v4i1.180
http://doi.org/10.1016/j.chemosphere.2016.08.081
http://www.ncbi.nlm.nih.gov/pubmed/27574815
http://doi.org/10.1007/s13762-013-0377-y
http://doi.org/10.1016/j.arabjc.2010.07.019
http://doi.org/10.1038/s41545-021-00127-0
http://doi.org/10.1016/j.bej.2006.04.001
http://doi.org/10.1016/j.ijbiomac.2014.09.029
http://doi.org/10.19672/j.cnki.1003-6504.2019.07.016
http://doi.org/10.1016/j.jhazmat.2010.01.012
http://doi.org/10.19319/j.cnki.issn.1008-021x.2020.03.020
http://doi.org/10.12034/j.issn.1009-606X.220059
http://doi.org/10.4067/s0717-97072018000304077
http://doi.org/10.3969/j.issn.1673-5854.2017.01.009
http://doi.org/10.1016/j.jcis.2021.06.092
http://doi.org/10.1016/j.jhazmat.2020.124705
http://doi.org/10.1016/j.carbpol.2019.04.048
http://doi.org/10.1016/j.seppur.2019.05.040
http://doi.org/10.1016/j.ijbiomac.2018.11.218
http://doi.org/10.1016/j.carbpol.2014.12.005
http://doi.org/10.1016/j.ijbiomac.2020.04.153
http://www.ncbi.nlm.nih.gov/pubmed/32339590
http://doi.org/10.1021/la902950x
http://doi.org/10.1016/j.cej.2011.12.005
http://doi.org/10.3969/j.issn.0253-2417.2017.04.002
http://doi.org/10.13227/j.hjkx.201711274
http://doi.org/10.7536/PC171112
http://doi.org/10.1016/j.ijbiomac.2019.10.105
http://doi.org/10.1016/j.jhazmat.2021.126358
http://doi.org/10.1016/j.cej.2016.12.099


Gels 2022, 8, 293 18 of 19

30. Zheng, L.; Jerrams, S.; Xu, Z.; Zhang, L.; Liu, L.; Wen, S. Enhanced gas barrier properties of graphene oxide/rubber composites
with strong interfaces constructed by graphene oxide and sulfur. Chem. Eng. J. 2020, 383, 123100. [CrossRef]

31. Patiño-Ruiz, D.; Bonfante, H.; Ávila, G.; Herrera, A. Adsorption kinetics, isotherms and desorption studies of mercury from
aqueous solution at different temperatures on magnetic sodium alginate-thiourea microbeads. Environ. Nanotechnol. Monit.
Manag. 2019, 12, 100243. [CrossRef]

32. Feng, Y.; Wang, Y.; Wang, Y.; Zhang, X.-F.; Yao, J. In-situ gelation of sodium alginate supported on melamine sponge for efficient
removal of copper ions. J. Colloid. Interf. Sci. 2018, 512, 7–13. [CrossRef] [PubMed]

33. Guo, C.; Hao, J.; Li, M.; Long, H.; Gao, X. Adsorption of Cr(VI) on porous sodium alginate/polyethyleneimine hydrogel beads
and its mechanistic study. Acta Mater. Compos. Sin. 2021, 38, 2140–2151. (In Chinese) [CrossRef]

34. Wang, Z.; Wu, S.; Zhang, Y.; Miao, L.; Zhang, Y.; Wu, A. Preparation of modified sodium alginate aerogel and its application in
removing lead and cadmium ions in wastewater. Int. J. Biol. Macromol. 2020, 157, 687–694. [CrossRef] [PubMed]

35. Kluepfel, L.; Keiluweit, M.; Kleber, M.; Sander, M. Redox properties of plant biomass-derived black carbon. Environ. Sci. Technol.
2014, 48, 5601–5611. [CrossRef]

36. Sun, T.; Levin, B.D.A.; Guzman, J.J.L.; Enders, A.; Muller, D.A.; Angenent, L.T.; Lehmann, J. Rapid electron transfer by the carbon
matrix in natural pyrogenic carbon. Nat. Commun. 2017, 8, 14873. [CrossRef]

37. Mohapatra, M.; Samantaray, S.K.; Parida, K. Photocatalytic reduction of hexavalent chromium in aqueous solution over sulphate
modified titania. J. Photoch. Photobio. A 2004, 170, 189–194. [CrossRef]

38. Yang, J.K.; Lee, S.M.; Farrokhi, M.; Giahi, O.; Siboni, M.S. Photocatalytic removal of Cr(VI) with illuminated TiO2. Desalin. Water
Treat. 2012, 46, 375–380. [CrossRef]

39. Mao, W.; Zhang, L.; Zhang, Y.; Wang, Y.; Wen, N.; Guan, Y. Adsorption and photocatalysis removal of arsenite, arsenate, and
hexavalent chromium in water by the carbonized composite of manganese-crosslinked sodium alginate. Chemosphere 2022,
292, 133391. [CrossRef]
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