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Abstract

A novel tannic acid—reduced graphene oxide (TAG) composite absorbent was prepared by using a simple one-step method. The
prepared TAG was characterized by various analytical techniques including FTIR, Brunauer—Emmett-Teller (BET), scanning
electron microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. Tannic acid (TA) not only can prevent graphene
sheets from agglomerating by suppressing the hydrophobic stacking interactions but also can introduce a large number of phenol
hydroxyls. The adsorption studies indicate that the TAG composite showed an excellent uptake capacity (179.22 mg/g) for
Cr(VI) under the optimized conditions (viz., adsorbent dosages of 0.75 g/L, solution pH of 2.5, contact time of 360 min, and
temperature of 60 °C), which is higher than that of most graphene oxide— and TA-based adsorbents. The BET specific surface
area of TAG was calculated to be 118.3 m%/g; the pore diameter of Tannin acid-reduced graphene hydrogel (TAGH) was mainly
3—6 nm, with pore size peak at 5.0 nm. The kinetics of Cr(VI) adsorption on TAG followed the pseudo-second-order model. The
isotherm studies confirmed that the Cr(VI) chemically adsorbed on TAG in a monolayer fashion, which was attributed to the
electrostatic interaction between chromium ions and oxygen negative ions. The process of Cr(VI) adsorption was found to be

thermodynamically spontaneous and endothermic.
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1 Introduction

Since the industrial revolution, humankind has changed the
world at an unprecedented speed and scale. While creating
enormous wealth, the industry has also devastated the envi-
ronment on which human beings depend. As an important
environmental element for human survival and development,
the water body has suffered from various types of pollution to
varying degrees [1]. Heavy metal is a major environmental
pollutant, which is highly toxic, degrading difficultly, and
accumulating easily. It not only will damage the aquatic envi-
ronment but also have the potential danger of harming aquatic
organisms and human health through the food chain, which is
of great concern worldwide [2]. Particularly, chromium, iden-
tified as one of the toxic pollutants that cause serious
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environmental and public health problems, is often used in
excess in industrial processes, such as tanning and
electroplating, leather tanning, and corrosion protection paint-
ing; chromium pollution of source water represents an impor-
tant environmental issue [3, 4].

Chromium exists mainly in two stable valence states of
Cr(lll) and Cr(VI) in the environment. Among them, Cr(III)
is an essential element required by the human body, and its
toxicity is relatively low, while Cr(VI) is chemically active, is
easy to move, and has strong and long-lasting biological tox-
icity. In addition, it is easily absorbed by plants and poisons
them [5]. Therefore, when the chromium-containing wastewa-
ter with excessive content is mixed into agricultural irrigation
or water culture, it will enter the human body through the food
chain, which is irritating to human skin and mucous mem-
branes, and may cause cancer and seriously threaten human
health [6-8]. The current treatment methods for removing
hexavalent chromium include chemical precipitation, ion ex-
change, electrochemical, and adsorption [9]. Compared with
other methods, the adsorption method has the advantages of
high efficiency, energy saving, recycling, and environmental
protection.
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Activated carbon and biochar are usually used as one of the
common adsorbents for heavy metal pollution in water due to
their large specific surface area. However, these carbon mate-
rials themselves usually contain less active groups, and it is
difficult to efficiently remove hexavalent chromium in water.
Therefore, researchers often modify it to obtain larger adsorp-
tion capacity and rate. Sun et al. [10] used cellulose and Fe
(NO3); as the precursors of carbon and iron, respectively, and
heated the precursor to 800 °C at a temperature increase rate of
10 °C/min to prepare magnetic carbon materials for removing
Cr(VI). The material has a large specific surface area
(136.27 m?*/g) and can separate the adsorbent from the solu-
tion by applying an external magnetic field. Lashanizadegan
et al. [11] chemically activated chestnut shells by H;PO, and
carbonized them at 450 °C to prepare micro-mesoporous ac-
tivated carbon adsorbents. The maximum adsorption capacity
of Cr(VI) was 85.47 mg/g at a pH of 2.0.

Graphene (G) is a new type of carbonaceous material; its
unique structure makes it exhibit many excellent properties.
The theoretical value of up to 2630-m*/g specific surface area,
as well as a large number of unbonded 7t-electrons capable of
bonding with electrons in heavy metals and aromatic organics
[12], makes graphene a highly promising adsorbent for heavy
metal and organic pollutant. However, due to the strong hy-
drophobic stacking and van der Waals force between the two-
dimensional graphene sheets, graphene is easily agglomerated
in an aqueous solution, thereby reducing the specific surface
area of graphene and hindering the application of graphene in
water pollutants. Graphene oxide (GO) is a product of chem-
ical oxidation and stripping of graphite powder; it can be uni-
formly dispersed in an aqueous solution or other organic sol-
vent. Some studies have shown that the performance of GO in
the removal of pollutants from water can be improved by
functionalization of GO with a number of reagents [13—19].

Recently, giving the graphene material a higher specific
surface area and pore structure, the three-dimensional (3D)
structured GO was a significant advancement in catalysts
and environment applications [20-22]. This graphene material
not only retains the high surface area of graphene sheets but
also has a high pore structure network with a pore size of
several micrometers. This unique structure gives it great po-
tential in water treatment and has achieved great success,
[23-28] but still requires a higher adsorption capacity and
low-cost three-dimensional graphene composite.

Tannin is a widely distributed secondary metabolite of
higher plants with a large amount of phenolic hydroxyl groups
in its structure [29]. The rich catechol and pyrogallol units in
the tannin molecule impart their reducing power, which is
often used as a reducing agent for metal ions [30]. Tannic acid
(TA) is one of the typical hydrolyzable tannins and can be
used as a reducing agent and stabilizer for GO. Therefore,
tannic acid can interact with multiple graphene nanosheets
via hydrophobic interactions to form a network in solution,
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which possibly function as a template during the self-
assembly of graphene nanosheets into a 3D architecture.

In this work, a high-performance and self-assembled
graphene hydrogels were prepared with TA molecules as the
reducer, stabilizer, and dispersant. Compared with other types
of hexavalent chromium adsorbent [31-35], TA not only can
prevent graphene sheets from agglomerating by suppressing
the hydrophobic interactions in tannic acid—reduced graphene
oxide (TAG) but also can introduce a large number of hy-
droxyls. The effects of pH, amount of adsorbent, initial con-
centration of heavy metal solution, and adsorption time on
adsorption capacity were investigated. In addition, the kinetic
and thermodynamic parameters of the adsorption process are
determined, and different adsorption isotherm models are
fitted to understand the adsorption behavior.

2 Experimental
2.1 Preparation of GO

GO sheets were prepared from graphite using the modified
Hummers method [36]. Three grams of flake graphite and
1.5 g of sodium nitrate were stirred in an ice water bath of
70 mL of 98% H,SO, for 15 min, and then a total of 9 g of
potassium permanganate and 3 g of potassium ferrate were
slowly added in three batches, with an interval of 15 min
between each batch. After the addition of the drug, the solu-
tion was stirred for an additional 90 min in an ice water bath,
then the beaker was transferred to a water bath and stirred for
3 h at 30-40 °C. A total of 150 mL of deionized water was
slowly added to the solution. The beaker was transferred to an
oil bath at 90 °C for 20 min, then the oil bath was remove,
500 mL of deionized water was added to stir evenly, and
15 mL of 30% hydrogen peroxide was quickly added, and
the color of the solution changed from dark brown to bright
yellow. Finally, it was washed once with 250 mL of hydro-
chloric acid having a solubility of 1:10, and then washed with
deionized water until the pH of the solution reached neutral,
that is, a graphene oxide solution was obtained.

2.2 Preparation of TAG

The adsorbent used in the experiment was prepared by using
the hydrothermal method using graphene oxide and tannin
acid. A total of 100 mg of tannic acid was dissolved in
20 mL of graphene oxide solution having a concentration of
2 mg/mL in a ratio of 5:2. The mixture was sonicated for
20 min to be dispersed, placed in a polytetrafluoroethylene-
lined autoclave and sealed, and kept at 180 °C for 12 h. The
obtained hydrogel was freeze-dried for 24 h to obtain a tannic
acid/graphene oxide composite aerogel (TAG).
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Fig. 1 Schematic illustration of reduction of GO by TA and macrostructure of TAG [37]

2.3 Adsorption experiments

All experiments were carried out at room temperature, 20 mL
of the test solution was placed in a 100-mL centrifuge tube,
and the adsorbent was placed. The bulk adsorption study was
carried out under the desired pH, contact time, and adsorbent
dosage. The Cr(VI) ion stock solution was prepared by dis-
solving 0.2829 g of potassium dichromate in 1000 mL of
deionized water and adjusting the initial pH of the solution
by adding an appropriate amount of 1 mol/L NaOH and HCL.
The appropriate amount of adsorbent and initial concentration
ofthe Cr(VI) solution were found by adding different doses of
adsorbent and different initial concentrations of the Cr(VI)
solution. Samples were taken at specified intervals until the
equilibrium is reached to find the time to reach equilibrium.
The filtrate from which the adsorbent was filtered was collect-
ed, and the residual chromium ion concentration in the filtrate
sample was analyzed by following a standard method using a
UNICO-UV-2600 ultraviolet-visible spectrophotometer and
1,5-diphenylcarbazide. The amount of adsorption of Cr(VI)
per unit mass of adsorbent was calculated by using the follow-
ing mass balance equation:
(=)

g=1N (1)

where C° is the initial concentration of Cr(VI), C° is the
concentration of 4 Cr(VI) in the solution at equilibrium, v is

the volume of the Cr(VI) solution, and w is the dosage of the
adsorbent.

3 Results and discussion
3.1 Characterization of TAG (Fig. 1)

Figure 2 shows the FTIR spectra of TA, G, and TAG. G
exhibits several absorption bands at 3445, 1716, 1558, 1384,
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Fig. 2 FTIR spectra of TA, GO, and TAG

@ Springer



3878

Biomass Conv. Bioref. (2022) 12:3875-3885

and 1110 cm ™', which are attributed to the O—H stretching
vibration, C=0 stretching vibration, aromatic C=C stretching
vibration, and C-O stretching vibration, respectively. For
TAG, several new peaks at 1534, 1447, 1319, and 1193 cm-
1 were observed, which were assigned to the characteristic
bands of tannic acid, indicating that TA molecules have
existed in graphene hydrogel. In previous literature [38], the
reduction of GO can be directly reflected from the remarkable
decrease in band intensity at 1730, 1380, and 1050 cm ! with
the removal of the most oxygen-containing group during
chemical reduction. In our system, owing to the overlap of
absorption bands of TA with those of GO, the reduction of
GO could not get direct support from the FTIR spectrum, so it
is necessary to combine the data of XPS to judge.

Determination of specific surface area and three-
dimensional porous characteristics of the adsorbent TAG by
nitrogen adsorption/desorption experiments. It can be clearly
seen from Fig. 3 that TAG exhibits a type IV adsorption iso-
therm curve and an H4-type hysteresis loop. It indicates that
the sample contains a large number of mesopores which struc-
tures are irregular [39]. The BET specific surface area of TAG
was calculated to be 118.3 m?/g, the pore diameter of TAGH
was 3—6 nm, with pore size peak at 5.0 nm. TAG with low
density had a lower specific surface area than that of GO,
which might be attributed to the incorporation of the low sur-
face area material of TA molecules. TA reduces the number of
micropores in graphene itself in spite of expanding the
graphene sheet structure [40]. As a result, the specific surface
arca of TAG has slightly reduced.

The SEM images of G and TAG are shown in Fig. 4. It can
be observed that graphene sheet showed a typical wrinkled
and crumbled two-dimensional structure. In contrast, from
the surface images, TAG shows a 3D porous structure formed
by the highly interconnected sheets with the presence of dom-
inant large pores (the size ranging from 3 to 6 nm). Compared
with G, we can see that larger mesopores were formed, and the
pore walls became thinner in TAG, which could be explained
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by the fact that the pore walls of the TA-decorated graphene
hydrogel were highly etched, and some micropores collapsed
as the TA molecules were a reducer itself. Combined with the
results of BET, it is proved that the introduction of tannins
does reduce the number of micropores, thereby reducing the
surface area of TAG.

The XRD spectra of G showed two broad diffraction peaks
at 20=24.2° (d=0.37 nm) and 43.2° (d=0.21 nm) corre-
sponding to the reflection peak of (002) and (100) crystal
planes of graphene (Fig. 5) [41]. As for TAG, a slightly sharp
peak at around 26.3° with an interlayer space of 0.338 nm was
quite close to that of natural graphite, indicating the success-
fully reduced TA and restored conjugate structures in TAG
composites. Moreover, the intensity of the peak at 20 = 43.2°
in TAG was weaker than that in G, which implied the inter-
calation of TA molecules among stacked graphene sheets
[42].

The XPS was carried out to evaluate the surface elemental
compositions of as-prepared samples (Fig. 6). The C 1s (~
285.5eV)and O 1s (~ 533 eV) both appear in the spectra of all
as-prepared samples (Fig. 4a). The O content (20.56%) is
dramatically reduced in TAG, due to the deoxygenation ac-
companied by translation of GO into graphene and the inter-
actions between G and TA during hydrothermal assembly
[43]. The C 1s peaks of G, TA, and TAG can be deconvoluted
into four components, denoted as C=C/C-C (284.5 eV), C-O
(286.6 ¢V), and C=0 (289 eV). The content ratio of the C-O
peak for TAG (29.4 at.%) is apparently less than that for TA
(38.9 at.%) and GO (after the hydrothermal process), while the
content ratio of the C=C/C—C peak increases. The results are
attributed to the deoxygenation of GO during the hydrother-
mal process [44] and successful synthesis of TA/graphene
composite, indicating that a hydrophobic conjugated structure
is generated between the G and TA molecules after the intro-
duction of TA [45]. The C=0 content in TAG (10.2 at.%) is
higher than that in G (5.4 at.%), suggesting the existence of
quinoid functional groups by the introduction of TA [46, 47].
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Fig. 3 a N, adsorption—desorption isotherms of TAG. b Pore size distribution of and TAG calculated by using the DFT method in nitrogen adsorption
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Fig. 4 SEM images of G (a, ¢) and TAG (b, d)

3.2 Effect of pH

It can be seen that as the pH increases, the amount of adsorp-
tion decreases, indicating that the pH of the solution has a
great influence on the adsorption of Cr(VI) by TAG. The
effect results are shown in Fig. 7.
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Fig. 5 XRD images of G and TAG
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During the adsorption process, the pH of the solution af-
fects not only the existence of hexavalent chromium but also
the charge properties of the adsorbent surface. With the
change of pH, hexavalent chromium ions coexist in aqueous
solution mainly in the form of A, B, and C. H,CrO,4 predom-
inates at pH < 1.0, HCrO— 4 at a pH range of 1.0-6.0, and
CrO2-4 at pH > 6.0 [48]. By measuring the zeta potential of
the adsorbent at different pHs, it is found that the point of zero
charge (pH,,.) of the adsorbent is at a pH of about 2.5.

The abundant acidic surface functional groups on
TAG are protonated and positively charged in the forms
of -OH+ 2, —-COOH+ 2, or =C=0OH+ 2 in the acidic
medium. These protonated surface functional groups
provide a more favorable electrostatic force of attraction
for chromium anions (HCrO— 4or CrO2-4). Complexes
form between adsorbents and adsorbates due to electro-
static attractive power, which causes chemical adsorp-
tion [49]. Thus, the more cations that exist on the sur-
face of TAG, the better the adsorption capacity of
Cr(VD) from water is. When the pH falls below pH,,.
(2.5), the surface of TAG possesses electropositivity,
and it will transform to electronegativity gradually with
increasing initial pH, leading to repulsion between the
surface of TAG and chromium anions [48]. In an

@ Springer
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Fig. 6 a XPS survey spectra of G, TA, and TAG. High-resolution XPS C 1s spectra of G (b), TA (c), and TAG (d)

alkaline environment, there will be a large amount of In addition, some Cr(VI) are reduced to Cr(Ill) during the
OH in the solution, and a large amount of OH can  adsorption process. The specific electron transfer process is as
compete with the anion form of Cr(VI) for the adsorp-  follows [51]:

tion sites on the TAG surface, thus greatly reducing the

- + O3
removal rate of Cr(VI). [50] HCrO, + 7H 43¢ ©Cr" 4 4H,0
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Fig. 7 Effect of pH on Cr(VI) adsorption (initial concentration of Cr(VI) is equal to 2 mg/L, TAG = 15 mg, volume =20 mL, 298 K). Zeta potential at
different pHs
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Fig. 8 Three coordination
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Carboxyl and phenolic hydroxyl are the dominant surface
functional groups in TAG, and Cr(IIl) could be combined by
ion exchange with these groups (Fig. 8).

3.3 Kinetics study

Figure 9 shows the adsorption of Cr(VI) ions to the adsorption
time of the adsorbent.

It can be seen that the adsorption of Cr(VI) by the adsorbent
gradually accumulates with time and reaches the adsorption
equilibrium in the reaction for about 6 h. Nearly 90% of the
hexavalent chromium was adsorbed in the first 2 h. This is
because the amount of pore channels and functional groups on
the surface of the adsorbent is sufficient at the initial stage of
adsorption, and it is easier to combine heavy metal ions. As
the reaction progresses, the active binding site decreases and
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Fig. 9 Effect of time on TAG adsorption of Cr(VI) (initial concentration

of Cr(VI) is equal to 2 mg/L, TAG =15 mg, volume =20 mL, 298 K,
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the concentration of heavy metal ions decreases, which grad-
ually reaches the so-called adsorption equilibrium [52].

In order to further study the adsorption mechanism, the
pseudo-1st-order equation (Eq. (2)) and the pseudo-2nd-
order equation (Eq. (3)) were used to fit the adsorption data
of the whole adsorption period.

In(q.,~q,) = Inq,~k:t (2)
t 1 t

LA L 3
q: kq., q. ®)

where g, (mg/g) is the equilibrium adsorption amount, ¢, (mg/
g) is the adsorption amount of TAG at time ¢ (min), and k; and
k; are the rate constant of the pseudo-1st-order model and the
pseudo-2nd-order model (min ), respectively.

Figure 10 is a linear pseudo-2nd-order equation model
curve of adsorbent adsorbing hexavalent chromium ions.
Compared with quasi-first-order kinetics, the correlation coef-
ficient of quasi-secondary kinetics is higher, and the ¢, value
calculated by quasi-secondary kinetics is consistent with the
experimentally measured data. It is indicated that the adsorp-
tion process of sorbent to Cr(VI) satisfies the assumption of
2nd-order kinetics, and the rate-limiting step is a chemical
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Fig. 10 Pseudo-2nd-order plot for the adsorption of Cr(VI) by TAG
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Table 1T Langmuir isotherm model parameters for TAG adsorption of Table 2 Isotherm constants for TAG adsorption of hexavalent

hexavalent chromium chromium

Pseudo-first-order kinetic model ~ Pseudo-second-order kinetic model Absorbents Langmuir model Freundlich model

kmin™) g (mgg) R k(gmgimin) g, (mgly) R 7(°C) gn (mg/g) K, (LUmg) R Kp(Limg) n R

0.24 125.68 0.83  22%10° 130.27 0.91 25 11532 0.51 090 8542 425 0.89
40 154.94 0.73 093 107.79 6.76  0.90
60 179.22 0.65 093 120.35 4.69 0.88

process. This indicates that the speed-limiting step of adsorp-
tion may be due to chemical adsorption, which is mainly due
to the high specific surface area of the adsorbent material and
small internal diffusion resistance [53-56].

3.4 The adsorption isotherms

The adsorption isotherm for removing Cr(VI) was studied
using a Cr(VI) solution with an initial concentration of 20 to
100 mg/L under the conditions of 0.75 mg/mL of adsorbent.
The adsorption isotherm curve refers to the relationship be-
tween the concentration of solute molecules in the two phases
when the adsorption process of the solute molecules at the
two-phase interface reaches equilibrium, which provides in-
formation on the surface properties and adsorption behavior of
the adsorbent, providing a reliable basis for further exploration
of the adsorption mechanism. The experimental data obtained
were fitted to the Langmuir adsorption isotherm (Table 1)
[57]. The expression is as follows:

C, 1 C,

o 2
qmax

= (4)
qe KLqmax

where C, is the equilibrium concentration of the Cr(VI)
solution, g« is the maximum adsorption capacity of the ad-
sorbent for the Cr(VI), ¢, is the adsorption amount of the

140 4
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Fig. 11 Nonlinear Langmuir isotherm model for hexavalent chromium
adsorption at 25 °C, 40 °C, and 60 °C by TAG
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Cr(VI) ion per unit mass of the dry adsorbent at the equilibri-
um of adsorption, and K; is the Langmuir constant related to
the affinity of the adsorption site.

Figure 11 shows the results of fitting the adsorption data to
the Langmuir isotherm model. The relevant calculation pa-
rameters are shown in Table 2.

Compared with other adsorption models such as
Freundlich, the correlation coefficient of the Langmuir model
is higher, which is more suitable for the isotherm adsorption
data of Cr(VI) by adsorbent materials. It is indicated that
Cr(VI) is adsorbed on the surface of TAG by a single layer.

It is observed that the percentage removal of Cr(VI) was
increased with an increase in the temperature from 40 to
60 °C, which may be due to the increase in diffusion rate of
the metal ion [58]. The enhancement in removal efficiency
with the increase in temperature may be attributed to the fact
that at higher temperature, the energy of the system accelerates
Cr(VI) attachment onto the adsorbent surface. In addition, as
the temperature increases, ¢,, and K; in the Langmuir model
also increase, indicating that this reaction process is endother-
mic [59].

3.5 Thermodynamics for adsorption

The adsorption process of hexavalent chromium is a reversible
process with heterogeneous equilibrium. Through thermody-
namic studies, the feasibility of the adsorbent and the sponta-
neity of the adsorption process can be judged.
Thermodynamic parameters can be calculated by using the
following equation:

AG® = —RTInK"° (5)
Table 3  Thermodynamic parameters for adsorption of Cr(VI) by TAG
T (K) AG® (kJ/mol) AH° (kJ/mol) AS° (KJ/(K-mol))
298 -17.67 4.87 70.35

313 —20.38

333 —23.46
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Table 4 Comparison of adsorption capacities of the adsorbents for the removal of Cr(VI) with those of other adsorbents

Adsorbent Specific surface area (m’g ") Adsorption capacities (mg/g) Reference

GO-nZVI 170 162 [61]

Cyclodextrin—chitosan—modified GO 445.6 61.31 [61]

GO-Mg(OH), 40 117.5 [62]

WHB-GO 25.89 150.02 [63]

TAG 118.3 179.22 This study
0 0 These TAG adsorbents with sufficient functionalities effec-

mK® — — AH + AS (6) tively addressed the problems of low adsorption capacity in

RT R

where AG? represents Gibbs free energy change, AH" rep-
resents metamorphosis, and AS° represents entropy change.
The calculation results of thermodynamic parameters under
three different temperature conditions are shown in Table 3.

It can be seen that the Gibbs free energy change AG® is
negative, and as the temperature increases, the absolute value
increases, indicating that the adsorption reaction process is a
spontaneous reaction [60]. AH° (4.87) is a positive value,
indicating that the adsorption process is an endothermic reac-
tion, which is consistent with the previous research results of
isothermal adsorption. AS® (70.35) is also a positive value,
indicating that the adsorption process of Cr(VI) by TAG is
spontaneously completed.

3.6 Comparison of Cr(VI) removal with different
adsorbents reported in literature

As shown in Table 4, the adsorbent has better adsorption
effect than other adsorbents.

4 Conclusions

In summary, a novel TAG composite acrogel with a 3D po-
rous structure was successfully prepared via a simple one-step
method. TA molecules not only can be fully competent in
reducing graphene oxide and stabilizing reduced graphene
oxide but also can be used as a dispersant and prevent
graphene sheets from agglomerating by suppressing the hy-
drophobic interactions. In addition, tannic acid itself has a rich
hydroxyl group, which provides more adsorption sites to ab-
sorb metal ions and enhance the adsorption capacity of
Cr(VI). The adsorption capacity of TAG was found to be
strongly dependent on pH, and the maximum removal capac-
ity reaches up to 179.22 mg/g at pH 2.0 when the component
ratio of GO and TA is 2:5. The adsorption process is sponta-
neous and endothermic, and it well fits the Langmuir and
pseudo-second-order kinetic models, validating that the ad-
sorption behavior is a monolayer chemical adsorption process.

water purification, exhibiting a bright future for their applica-
tions in heavy metal removal from the wastewater.
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