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The possibility of using three types of NaOH-treated tea residues (green tea, pu-erh, and tieguanyin) as low-cost adsorbents for Cr(VI)
treatment was investigated. The surface charge, composition, morphology, structure, and functional groups in the obtained
biosorbents were characterized by pH,,,, cellulose content, SEM, BET, XRD, and FTIR spectroscopy. The nonlinear pseudo-first-
order, pseudo-second-order, and Elovich models were used to investigate adsorption kinetics at various initial concentrations. The
adsorption processes were more consistent with the pseudo-second-order kinetic model in the range of 5-50mgL™. The
adsorption isotherm at 298 K was described using the nonlinear Langmuir, Freundlich, Temkin-Pyzhev, and Dubinin-
Radushkevich models, indicating that the process was favorable and complex with maximum adsorption amounts of 6.15, 19.50,
and 12.31 mgg™' for green tea, pu-erh, and tieguanyin residues, respectively. Thermodynamic analysis revealed that the adsorption
was a spontaneous, endothermic process. The results demonstrated that all materials had the potential to successfully remove

Cr(VI) from the aqueous solution.

1. Introduction

Heavy metal effluents discharged directly or illegally from
the metallurgy, dye, electroplating, and textile industries
are regarded as severe problems as a result of increasing
modernization and industrialization. Depending on the
types, sources, and concentrations of heavy metals, they
can pose either short-term or long-term risks. Chromium
is a typical heavy metal pollutant that has a bad effect on
water bodies and human society. Even at low levels, chro-
mium can harm the ecosystem and cause carcinogenic
effects [1]. The most common chromium oxidation forms
are Cr(VI) and Cr(III), the latter of which is a trace element
required for life [2]. However, hexavalent chromium is the

most harmful due to its higher oxidation state and diffusibil-
ity. Inhaling and holding Cr(VI)-containing materials can
result in nasal septum perforation, asthma, bronchitis, pneu-
monia, laryngitis, liver inflammation, and a higher risk of
bronchogenic carcinoma. Contact with Cr(VI) compounds
can also cause skin allergies, dermatitis, and ulceration [3].
Many countries have been concerned for a long time about
the detection and treatment of Cr(VI)-containing
wastewater.

Over the years, many researchers have worked tirelessly
to promote effective heavy metal removal methods such as
membrane filtration, chemical precipitation, ion exchange,
adsorption, electrocoagulation, and electrodialysis [4-6].
Adsorption, as one of the most promising techniques, has
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the advantages of high selectivity, large adsorption capacity,
and simple operation, which is favored by many scientists
[7-9]. Recently, the use of diverse biomass materials as alter-
natives to high-cost adsorbents for the treatment of hazard-
ous compounds has become a hot research issue [10-13].

Despite the benefits of adopting these locally accessible
adsorbents, there are still difficulties in utilizing different
treatment technologies. First, even though some materials
are affordable, they may not be available in all nations with
heavy metal contamination. Secondly, the normal adsorp-
tion capability of biosorbents is not sufficient due to the lim-
ited number of active sites. Some modifications are needed
to increase the materials’™ ability to adsorb. Therefore, spe-
cialized knowledge and capabilities are required, which
might not be appropriate for developing countries. Thus,
to operate these adsorption systems, it is crucial to look for
materials that are widely distributed and easy to use [14, 15].

Tea is one of the most commonly consumed beverages
worldwide. Several researchers have reported that tea contains
a variety of active groups and that the tea residue, a byproduct
of tea consumption, also consists of various active ingredients,
such as tea saponin, caffeine, purine bases, and amino acids,
which may contribute to adsorption or complexation. There-
fore, the utilization of tea residues has become one of the main
focuses of the development of wastewater treatment technol-
ogy. Recently, much published research has been carried out
on the utilization of tea residue for the adsorption of various
pollutants from wastewater [16-21]. China is the world’s lead-
ing tea producer and consumer, with an annual production of
2.9 million tons in 2020 [22, 23]. Thus, there is a need to con-
vert tea residues into useful adsorbents.

In this study, the three most common types of tea residues
have been particularly chosen: green tea (nonfermented), pu-
erh (post-fermented), and tieguanyin (semi-fermented),
which were then simply treated with NaOH. This work is
aimed at estimating the effect of the alkaline treatment on
the properties of tea residues, comparing the adsorption
capacity of different types of tea residues for the removal of
Cr(VI) from wastewater samples, and determining the possi-
ble adsorption mechanism involved, therefore providing a
possible sustainable technology to the problem of wastewater
treatment and low-cost adsorbent development.

2. Methods

2.1. Preparation of Adsorbents. The three different types of tea
residues (green tea, pu-erh, tieguanyin) used in the experi-
ments were collected from a local market. To improve its
adsorption capacity, the tea residues were mixed in a certain
solid/liquid ratio (1:15, 1:20, 1:40, 1:50 w/v) with 1 mol L!
NaOH at room temperature for 24 hours to ensure a complete
reaction. The resulting mixture was then filtered, washed, and
dried at 363K for 10 hours. Finally, the materials were
grounded and sieved to 200-400 um for further use.

2.2. Adsorption of Cr(VI) on Modified Tea Residues. Adsorp-
tion tests were performed in a 100 mL beaker containing
50 mL of Cr(VI) solution at various initial concentrations.
0.2g of adsorbent was added to the solution. The samples
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TaBLE 1: The mathematical equations of kinetic models.
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TaBLE 2: The mathematical equations of isotherm models.
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were then agitated in a magnetic stirrer at room temperature
for 2 hours. The solution of 1 M HCl was used for pH adjust-
ment. After centrifugation, the concentration of Cr(VI) in
the supernatant was determined using a UV-visible spectro-
photometer at A=540nm. Finally, each adsorbent was
rinsed with 50 mL of deionized water after adsorption and
separated by centrifugation. The adsorption capacity g,
(mgg) is calculated as follows:

R o)

where ¢, (mgL™") and ¢, (mgL™") are the Cr(VI) ion concen-
trations initially and at time ¢ (min), m (g) is the mass of the
tea residue, and V (L) is the volume of Cr(VI) solution.

2.3. Adsorption Kinetics. In kinetic experiments, a 250 mL
Cr(VI) solution with initial concentrations ranging from 5
to 50mg L™ was contacted with 1g of tea residues at 298 K
and a pH of 2. The supernatant was withdrawn at different
time intervals and analyzed as before. Different kinetic
models were applied to fit the kinetic data (Table 1).

q, and g, are the amounts of Cr(VI) adsorbed (mgg™) at
equilibrium and at time ¢ (min), respectively, k, (min™!) and
k, (gmg'min') are the pseudo-first-order and pseudo-
second-order rate constants, respectively, « is the initial
adsorption rate (mgg ' min''), and B is the desorption con-
stant (gmg™).

2.4. Adsorption Isotherm. For the equilibrium studies, 1 g of
tea residues was added to 250mL of Cr(VI) solution at
initial concentrations ranging from 5 to 50mgL™”. The
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F1Gure 1: The pH,,,,.

TaBLE 3: The content of cellulose in three types of tea residues
(in wt%).

Greentea  Pu-erh  Tieguanyin
Raw tea residue 8.60 12.27 18.72
NaOH-treated tea residue 15.61 27.34 32.30
Charge +7.01 +15.07 +13.58

solution was agitated at different temperatures (298, 308,
323, 338, and 353K) and a pH of 2 until equilibrium
was reached (40 minutes for pu-erh, 180 minutes for tiegua-
nyin, and 360 minutes for green tea). Four isotherm models
(Langmuir, Freundlich, Temkin, and Dubunin-Radushkevich)
were applied to describe the process (Table 2).

¢, is the equilibrium concentration of Cr(VI) (mgL™),
q,, is the maximum adsorption capacity (mgg"), and K;
(mgL™") and b (Lmg") are the Langmuir constants. 7 is
related to the intensity of adsorption, K (mgg" (mgL™)
m) is the Freundlich constant, b, (Jmol™) is the Temkin-
Pyzhev isotherm constant related to the heat of adsorption,
A (Lg") is Temkin-Pyzhev isotherm equilibrium binding
constant, R (8.314]Jmol ™ K™') is the universal gas constant, &
(Jmol™) is the potential of Polanyi, [3' (molkJ?) is the
Dubinin-Radushkevich isotherm constant, T (K) is the absolute
temperature, and E (k] mol ") is the mean adsorption energy.

2.5. Characterization. The point of zero charge (pH,,,.) was
determined using the following procedure [24]. 0.15g of
adsorbent was added to 50 mL of a 0.01 M NaCl solution

PH,pitial

Pu-erh before NaOH treatment
Green tea after NaOH treatment
—— Green tea before NaOH treatment

of green tea, pu-erh, and tieguanyin before and after NaOH treatment.

and agitated with a magnetic stirrer. The pH was then
adjusted to successive initial values between 2 and 12 by
adding either HCI or NaOH. After 24 hours, the final pH
of the solution was measured and plotted against the initial
pH. The pH, . was calculated as the value where pHg,,, =
pH

zZpc
initial *

The amount of cellulose was measured using the method
described by Liu et al. [25]. Briefly, 0.05-0.1 g of the desic-
cated sample was placed in a test tube. Then, 5mL of the
acetic and nitric acid mixture was added to the sample and
heated in a boiling water bath for 25 minutes. The treated
sample was filtered and washed several times with ionized
water. After that, the sample was hydrolyzed with 10 mL of
72% H,SO, and 10 mL of 0.01 mol L' K,CrO, in a boiling
water bath for 10 minutes. Finally, 5mL of 20% KI and
ImL of 0.5% (CiH,,05), were added and titrated with
0.02mol L™ Na,S,0,. The amount of cellulose can be calcu-
lated as follows:

K(vg—vy)

x== o) 2)

(mx24)°

where X is the amount of cellulose, K (molL™) is the con-
centration of Na,S,0;, v, (mL) is the amount of Na,S,0,
consumed in blank samples, v, (mL) is the amount of
Na,S,0; consumed in samples, and 24 is the equivalent
number of 1 mol (C,H,,05), to Na,S,0;.

The morphology was studied using scanning electron
microscopy (SEM, FEI Quanta 200, USA). XRD
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FI1GURE 2: SEM images of (a) green tea, (b) pu-erh, and (c) tieguanyin before NaOH treatment; (d) green tea, (e) pu-erh, and (f) tieguanyin

after NaOH treatment.

measurements were carried out on the powder X-ray diffrac-
tometer (Bruker Phaser-D2, German). The surface func-
tional groups of adsorbents were measured by FT-IR
spectra (Nexus ThermoNicolet, USA) using KBr pellets.
The surface area and pore volume were measured in a BET
surface area analyzer (BSD-PM2-1203, China) at liquid
nitrogen temperature (77 K).

2.6. Statistical Analysis. The Origin 7.5 software (Origin Lab,
version 7.5, USA) was used to analyze and graph the exper-
imental data.

3. Results and Discussion

3.1. Determination of pH,,. The pH,, is an important
parameter in adsorption processes because it identifies the
pH value at which the charges at the adsorbent’s surface shift
from anionic (>pH,;,.) to cationic (<pH,, ) [26]. Adsorption
of cations is favored at pH values greater than pH,,.
whereas that of anions is favored at pH values less than
PH, e
As shown in Figure 1, the values of pH,, obtained
before and after NaOH treatment were 6.6 and 7.6 for green
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F1GUre 3: Nitrogen adsorption/desorption isotherms at 77 K of the green tea, pu-erh, and tieguanyin.

TaBLE 4: The BET results of three types of tea residues before and after NaOH treatment.

NaOH-treated

NaOH-treated NaOH-treated

Green tea green tea Pu-erh pu-erh Tieguanyin tieguanyin
BET surface area (m*g™") 0.56 0.41 0.28 1.61 0.36 1.08
The average pore diameter (nm) 14.65 11.53 23.90 17.75 15.45 14.11

tea, 6.6 and 7.2 for pu-erh, and 6.3 and 7.1 for tieguanyin.
This increase in pH,,. values suggested the adsorbent sur-
faces were more positively charged at the experimental pH,
which in turn increased the Cr(VI) anions’ adsorption
attraction. These results were consistent with recent research
by Anjum et al. [27], Azzaz et al. [28], Zhao and Dai [29],
and Patel et al. [30].

3.2. Content of Cellulose. Table 3 shows the content of cellu-
lose in three types of tea residues. Before NaOH treatment,
the cellulose content of the green tea, pu-erh, and tieguanyin
residues was 8.60%, 12.27%, and 18.72%, respectively. Sig-
nificantly higher cellulose content was obtained for the sam-
ples of NaOH-treated green tea (34.91%), pu-erh residues
(27.34%), and tieguanyin (32.3%), indicating that alkaline
treatment facilitated the removal of hemicelluloses, pectin,
and lignin, which agreed with the previous results [31].

3.3. SEM Analysis. Figure 2 represents the SEM images of
three types of tea residues before and after NaOH treatment.
In Figure 2(a), it was clearly shown that the surface of
untreated green tea residue was irregular, rough, and cov-

ered with impurities like hemicellulose, lignin, and waxy ele-
ments. These impurities generally cover the cellulosic
hydroxyl groups, preventing them from interacting with
the adsorbate. After treatment with alkaline, the green tea
residue changed significantly (Figure 2(d)), becoming
cleaner and smoother as the noncellulosic components were
removed from the surface. The untreated pu-erh residue
flocculated into a group with many loops and humps
(Figure 2(b)). The NaOH caused the fiber to begin to crack
into small pieces during alkaline treatment, which resulted
in an increase in surface area (Figure 2(e)). In the case of tie-
guanyin residue, it exhibited a compact structure that might
result from hydrogen bonding, covalent O-H bonds, and
Van der Waal interactions between cellulose, hemicellulose,
and lignin (Figure 2(c)). The noncellulosic complexes were
partially removed after alkaline treatment, exposing more
porosity and surface area of the cellulose that had previously
been hidden (Figure 2(f)). According to the findings, pre-
treatments of three types of tea residues with alkaline treat-
ment using NaOH helped to open the cellulosic fiber and
improve surface functionality, making them more accessible
for interaction with Cr(VI) and enhancing adsorption
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FI1GURE 4: XRD patterns of (a) green tea, (b) pu-erh, and (c) tieguanyin before and after NaOH treatment.
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FiGURrk 5: FTIR spectra of (a) green tea, (b) pu-erh, and (c) tieguanyin before and after NaOH treatment.

capacity. The alkaline treatment promoted the dissolution of =~ 3.4. BET Analysis. The impact of NaOH treatments on the
noncellulosic constituents and changed the structure and  surface characteristics of the tea residues was further con-
morphology of tea residues. Similar results have also been  firmed by the nitrogen adsorption analysis. Figure 3 displays
reported in previous studies [32-35]. the N, adsorption and desorption isotherms of both original
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TaBLE 5: The surface functional group shift in peaks.

Wave number range (cm™)

Wave number range (cm™)

before treatment after treatment Assignment
3444 3416 -OH or N-H
3130 3128 -OH or N-H
2923 2923 Aliphatic C-H
2852 — Aliphatic C-H
1736 — C=0
Green tea residue 1653 1637 C=0
1400 1401 Phenyl groups
1386 — Aliphatic C-H group
1235 — -S0O; stretching/P=0, C-O
1150 — C-0-C
1064 1071 C-0
3441 3441 -OH or N-H
3312 3328 -OH or N-H
3063 — -OH or N-H
2923 2923 Aliphatic C-H
2854 — Aliphatic C-H
Pu-erh residue 1655 1678 Amid If:fo ”
mide II of proteins,
1517 — N ox
1456 1456 N-H bending, C-H
1367 — Aliphatic C-H group
1106 — C-0-C
1028 1025 C-0
3443 — -OH or N-H
3335 3330 -OH or N-H
2922 2922 Aliphatic C-H
2853 2853 Aliphatic C-H
1736 — C=0
1656 1655 C=0
Tieguanyin residue 1537 . Amide II of proteins,
N-H, C-N
1456 1459 N-H bending#C-H
1380 — Aliphatic C-H group
1240 — -SO; stretching/P=0, C-O
1160 — C-0-C
1067 1022 C-O0

and modified tea residues. All three types of tea residues
exhibited a type IV isotherm, suggesting the characteristics
of nonporous and macroporous adsorbents. The desorption
process showed a minor hysteresis, which could be attrib-
uted to the amorphous phase that generated macropores at
the exterior surface [36].

Based on N, adsorption and desorption analysis, the spe-
cific surface areas and average pore diameters were calcu-
lated. Table 4 shows that after alkali treatment, pu-erh and
tieguanyin tea residues greatly increased in specific surface
area and average pore diameter. The specific surface of pu-
erh and tieguanyin tea residues was 5.75 and 3 times that

before modification, respectively. The average pore diameter
decreased by 21.3%, 25.73%, and 8.67% for green tea, pu-erh,
and tieguanyin tea residues, respectively. The cracks and holes
in the treated tea residues’ outer and cross-sectional surfaces
had an effect on surface areas. NaOH treatment resulted in
the formation of mesopores. This outcome matched the find-
ings of an earlier SEM analysis of the study’s sample materials.
While NaOH treatment increased the surface areas of pu-erh
and tieguanyin residues, it had the reverse effect on green tea
residue, which might be a result of the partial framework col-
lapsing. As a result, the surface area of treated green tea was
not increased following NaOH treatment [37, 38].
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Ficure 7: Kinetic curves for Cr(VI) adsorption onto tea residues.
3.5. XRD Analysis. Further studies were performed in order As seen in Figure 4, the XRD patterns of the raw and

to better understand the impact of the alkaline treatment  modified tea samples showed significant amorphous regions.
on the crystalline structure of the tea residues. The phase = Two broader peaks at 16.54° and 20.46° for green tea, 16.3°
and crystallinity of the untreated and NaOH-treated samples ~ and 19.2° for pu-erh, and 15.98" and 19.7° for tieguanyin
were evaluated using X-ray diffraction (XRD). Typical dif- appeared in the untreated tea residues, respectively. These
fraction patterns are shown in Figure 4. peaks correlated with the cellulose I structure and are
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TABLE 6: Parameters of pseudo-first-order, pseudo-second-order, and Elovich models for Cr(VI) adsorption onto tea residues at different

initial concentrations.

Green tea residue

Pu-erh residue Tieguanyin residue

o (mgg™") 232
Pseudo-first-order

oca, (MgE™") 2.08

k, (min") 2.16 x 1072

R? 0.8948
Pseudo-second-order

Gocaz (MgE) 2.42

k, (gmg”' min™) 1.05x 1072

R? 0.9511
Elovich

a (mgg ' min™) 0.11

B (gmg™) 1.90

R? 0.9815

237 2.1
232 1.99
8.99 x 1072 2.72x1072
0.9787 0.9203
2.53 226
5.49 %107 1.52x 1072
0.9836 0.9727
3.03 0.17
2.89 222
0.8271 0.9888

consistent with the high levels of lignin and hemicellulose
that contributed to the amorphous phase [35].

The XRD patterns after modification demonstrated that
alkali treatment not only noticeably affected the position,
shape, and intensity of the main peaks in treated samples
but also caused some peaks to become slightly more defined.
Some corresponding peaks shifted to the 20=21.28",
21.52°,and21.8° for green tea, pu-erh, and tieguanyin,
respectively. These distinct peaks might indicate the transi-
tion of cellulose I into cellulose II [39].

Additionally, the characteristic diffraction peaks of
green tea and pu-erh gradually weakened. The peaks of
the alkali-treated tieguanyin residue, however, were
sharper and larger than those of the untreated samples,
indicating that the amorphous regions were largely
destroyed following the alkaline treatment, which also
resulted in an increase in crystallinity [40]. This conclu-
sion was in line with the earlier cellulose examination of
samples used in the study.

3.6. FTIR Analysis. FTIR analysis was performed to evaluate
the characteristics of functional groups in the tea residues
before and after alkali treatment. Figure 5 shows a compari-
son between FTIR spectra obtained for raw tea residues and
NaOH-treated samples. Typically, the broad, strong peaks at
3440-3063 cm™' indicated the existence of surface hydroxyl
groups (-OH). The peaks at 2922-2852cm’™ corresponded
to the aliphatic C-H group [41]. The peaks at 1736-1653
and 1656-1653cm™ were assigned to C=0O stretching and
N-H bending, which were the bonds of hemicellulose, lignin,
and amino acids. The peaks located at 1537-1517 cm™" indi-
cated the secondary amine group [42]. The peaks that
appeared at 1456, 1400, and 1386-1367 cm™! were attributed
to N-H bending, phenyl groups, and -CH, bending. Besides,
the peaks at 1240-1235, 1160-1106, and 1028-1067 cm’™!
were related to -SO; stretching, C-O-C groups, and C=0
groups, respectively. Overall, the tea residues, which con-
sisted of cellulose, hemicellulose, and lignin components,

were confirmed by the existence of alkanes, esters, aromatics,
ketones, amines, and alcohols [43].

In contrast, it was clear that the NaOH-treated tea resi-
dues showed some changes compared to the spectra of the
raw tea residues. As shown in Figure 5, the carbonyl groups
(C=0) and hydroxyl groups (-OH) increased significantly in
all NaOH-treated samples, indicating a high ionic exchange
capacity to uptake Cr(VI) from the solution. In addition, the
fact that treating tea residues with NaOH changed the sur-
face functional group was also evident by the shift in peaks
shown in Table 5. Furthermore, the absorption bands of
the aliphatic C-H groups, C=0 stretching, C-O-C groups,
and the secondary amine group were not detected when
compared to those cellulose samples due to the hydrolysis
of carbonyl groups and the elimination of noncellulosic con-
stituents in alkaline solutions [44].

3.7. The Effect of Tea Residues: NaOH (S/L) Ratio on Cr(VI)
Adsorption. The effect of NaOH modification on adsorbent
adsorption performance was also investigated (Figure 6). In all
three cases, the presence of NaOH initially increased the
adsorption capacity and removal efficiency of Cr(VI). At a
1:40 ratio, green tea (87.76%, 2.15mgg"') and pu-erh
(90.67%, 2.36mgg™") showed the highest removal efficiency
and adsorption capacity. However, the highest removal effi-
ciency (98.72%) and adsorption capacity (2.34mgg™") of tie-
guanyin residue were observed at a ratio of 1:20.

It is worth noting that the removal efficiencies of
Cr(VI) for NaOH-treated tea residues were higher than
for raw tea residues. This was explained by the fact that
the alkali treatment altered the chemical composition of
the tea by producing more O-Na sites that could bond
with Cr(VI) molecules. Similar results have been observed
in other research [28].

3.8. Adsorption Kinetics. Figure 7 depicts the change in the
adsorption capacity versus the contact time for three differ-
ent types of tea residues with an adsorbent dosage of 1g
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TABLE 7: Parameters of different isotherms at 298 K.
Green tea residue Pu-erh residue Tieguanyin residue

Langmuir

q,, (mgg™) 6.15 19.50 1231

b (Lmg") 0.29 0.18 0.14

R, 0.07-0.41 0.10-0.53 0.13-0.6

R? 0.8954 0.9949 0.9260
Freundlich

Ky (mgg™ (mgL™)™") 1.67 3.54 2.04

n 2.48 2.06 1.94

R? 0.9903 0.9830 0.9872
Temkin-Pyzhev

by (K mol™) 3.01 0.81 1.49

A(Lgh 16.06 5.66 5.76

R? 0.8976 0.9530 0.8797
Dubinin-Radushkevich

E (kJmol™) 1.36 1.13 1.54

q,, (mgg™) 4.04 14.09 7.06

R? 0.7271 0.9378 0.7246

and a 250 mL Cr(VI) solution of 10 mgL'1 at 298 K. The
adsorption capacity for each tea residues increased rapidly
in the first 100 minutes and tended to level off afterward.
It is worthy of note that both green tea and tieguanyin resi-
dues had comparable adsorption kinetics, whereas the
adsorption of pu-erh was faster initially, and the contact
time required for adsorption equilibrium was much shorter
for pu-erh residue than that for green tea and tieguanyin res-
idues. In addition, the g, values of pu-erh were consistently
higher than those of green tea and tieguanyin at every
time interval, demonstrating that it was the best adsorbent
for Cr(VI).

This can be explained by the fact that, initially, the active
sites on the tea residues surface would be occupied due to the
complexation of the -OH and C=0 groups with the metal ions;
the adsorption was predominated by chemisorption, whereas at
later times, the adsorption developed slowly, possibly indicating
adsorption by diffusion. However, these processes are also gov-
erned by particle size and the point of zero charge.

The nonlinear pseudo-first-order, pseudo-second-order,
and Elovich models were used to fit the experimental data
for three types of tea residues (Figure 8), and the results
obtained are shown in Table 6. It can be inferred from
Table 6 that the pseudo-second-order kinetic model fitted
the kinetic data better than the other two models for three
types of tea residues, with R? values greater than 0.95. More-
over, the calculated equilibrium adsorption amount g, ,
was comparable to the experimental values g, ., ,. The kinetic

rate constant k, for pu-erh (5.49 x 1072 gmg™! min!) was
greater than for green tea (1.05x 1072 gmg™' min™!) and
tieguanyin (1.52x 102 gmg™' min™'), which agreed with
the experimental results. In conclusion, the pseudo-second-
order model was better suited for predicting Cr(VI) adsorp-

tion onto three different types of tea residues, indicating the
role of chemical adsorption in this process [7, 45].

The Elovich model was also used to look into the chem-
isorption hypothesis for the heterogeneous system in more
detail. It turned out that the Elovich model was discovered
to be the most suitable for green tea and tieguanyin, indicat-
ing that these adsorption processes may occur on heteroge-
neous surfaces and that chemisorption may be involved in
Cr(VI) adsorption onto these two tea residue surfaces [46].
Some carbonate groups that were present on the shell sur-
face may have played a role in forming bonds with the
Cr(VI) ion molecules. The outcome and the FTIR analysis
results were in good agreement.

3.9. Adsorption Isotherms. To further analyze the interaction
between Cr(VT) and tea residues, the equilibrium adsorption
data for different initial concentrations at 298 K were ana-
lyzed using different isothermal adsorption models, and the
fitting results are shown in Figure 9 and Table 7.

It was observed that the Langmuir model provided a
good description of the interaction between pu-erh residue
and Cr(VI) in terms of the values of R?* > 0.99. The maxi-
mum adsorption amounts calculated from this model were
6.15, 19.50, and 12.31 mgg™" for green tea, pu-erh, and tie-
guanyin, respectively, revealing that pu-erh had the highest
adsorption capacity. And the values R; in all cases were
between 0 and 1, indicating a favorable process and a strong
relationship between the tea residues and Cr(VI) [47].

As compared to other models, the Freundlich model
showed the best degree of fit, as indicated by values of R*
of 0.9903, 0.9830, and 0.9872 for green tea, pu-erh, and tie-
guanyin, respectively. Similar conclusions have been
recorded previously [48-51]. The distribution of pore sizes
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TaBLE 8: Thermodynamic parameters for Cr(VI) adsorption onto tea residues.
a1 11 AG® (KJ mol™)
Adsorbents AH® (kJmol ™) AS® (Jmol " K ) 208 K 308K 33K 338K 353K
Green tea residue 7.62 27.22 -0.49 -0.76 -1.17 -1.58 -1.99
Pu-erh residue 4.39 157.17 -2.97 -4.55 -6.9 -9.26 -11.62
Tieguanyin residue 36.3 128.19 -1.9 -3.18 -5.1 -7.03 -8.95

and the presence of functional groups on the surfaces of the
tea residues contributed significantly to their high degree of
heterogeneity. The heterogeneous nature is also consistent
with the results of the Elovich kinetic analysis. Additionally,
the heterogeneity parameter n indicates the favorability of
adsorption. If n is between 1 and 10, the adsorption is favor-
able. Table 7 shows that the values of n in all three cases were
greater than one, indicating that the adsorption of Cr(VI)
onto the three types of tea residues was favorable [10, 17].
The average adsorption energy E calculated from the
Dubinin-Radushkevich isotherm model was less than
8kJmol”, implying that physical adsorption took place at
298K [28, 52, 53]. Thus, the adsorption of Cr(VI) onto pu-
erh was a complex process that involved physical and chemical
adsorption, as well as monolayer and multilayer adsorption. But
owing to the low values of R?, this model might not adequately
describe the adsorption processes of green tea and tieguanyin.
For the Temkin-Pyzhev isotherm model, the R* values
were greater than 0.95 for the pu-erh residue, indicating that
electrostatic interaction was an important mechanism dur-
ing the adsorption process. The magnitude of b, (adsorption
heat) indicated that the adsorption process was feasible with
high Cr(VI) coverage on the surface of biosorbents, and this

type of tea residue had strong chromium affinities. Similar
results have been reported before [54, 55]. However, for
the green tea and tieguanyin, the Temkin fittings appeared
to deviate from the experimental data.

In general, among the four studied isotherms, the Freun-
dlich isotherm provided the greatest match to the experi-
mental results, as shown in Table 7. The findings suggested
that the adsorption of Cr(VI) onto the three tea residues
might occur on the heterogeneous active sites present on
the adsorbent surfaces.

3.10. Adsorption Thermodynamics. The following equations
can be used to calculate the thermodynamic parameters of
chromium adsorption by tea residues:

AG® = AH® — TAS®,

AG®=-RTInK,=-RTIn %,
e (3)
AH®  AS°

q
nde__27 2>
n RT 'R

C

>
e

where K, is the distribution coefficient of the adsorbate.
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Using the experimental data at 298-353 K, the AH® and
AS® were calculated from the slope and intercept by plotting
In g,/c, against 1/T, and the AG® was estimated at different
temperatures. The results obtained are shown in Figure 10
and Table 8.

As can be seen from Table 8, the positive values of AH®
for each tea residues suggested that the adsorption processes
were endothermic. Moreover, when the AH® value is
between -40 and -600 k] mol ™', the adsorption process is gen-
erally driven chemically. Accordingly, the experimental
results revealed that in the case of green tea, in the present
experimental range, chromium adsorption might involve
physical adsorption due to electrostatic attraction, hydrogen
bonding, and ligand group exchange. As for pu-erh and tie-
guanyin residues, the process might involve chemical
adsorption, which confirmed the previous analysis.

At different temperatures, AG® values for the three types
of adsorbents were negative, suggesting the spontaneity nature
of the adsorption of Cr(VI) onto green tea, pu-erh, and tiegua-
nyin residues. And they became more negative with increasing
temperature, meaning the adsorption is more favorable at
higher temperatures. This result was consistent with other
reports obtained by Villabona Ortiz et al. (2020) [56]. Further-
more, the fact that the absolute values of AG® were less than
40kJ mol ™' showed that the adsorption in this study appeared
to be a physicochemical sorption process instead of a simple
physical or chemical adsorption process [57].

The increase in disorder at the solid-liquid interface dur-
ing the adsorption process was reflected in the positive
values of AS®, indicating a high affinity of Cr(VI) for the
adsorbents [58, 59]. This endothermic and disordered
nature of tea residue-chromium adsorption could be due to
a possible hexavalent chromium reduction reaction as well
as physical adsorption in this adsorption process, which
was consistent with previous research [60, 61].

3.11. Possible Adsorption Mechanism. According to FTIR
research, the three types of tea residues were found to con-
tain C=0 bonds, carboxylic acids, amines, phenolics, and
amide groups, all of which have been shown to be highly
effective at removing Cr(VI) ions from wastewater. The exis-
tence of C=0 bonds can create hydrogen bonds, and amino
and oxygen groups, for instance, can form complexes with
Cr(VI) ions, increasing the electrostatic attraction with tea
residues [57, 62, 63].

Additionally, pH will have a significant impact on
adsorption behavior. The ion speciation of Cr(VI) and the
surface charge of the adsorbents are both impacted by the
pH of the solution. The experiment’s findings showed that
at pH 2, when the majority of the adsorbent’s functional
groups were protonated and became more positively
charged, there was the greatest amount of adsorption. Fur-
thermore, in the aqueous phase, Cr(VI) can take on a num-
ber of anionic forms, such as chromate (CrO42'), dichromate
(Cr2072'), and hydrogen chromate (HCrO,) (Figure 11)
[64, 65]. Within the experimental pH range (below pH, ),
the solution was dominated by negatively charged Cr,0,”,
HCrO,  ions, which were more readily attached to the posi-
tively charged functional groups (-OH, -COOH) on the bio-
sorbent due to electrostatic affinity [17, 19, 49].

However, when the pH increased above the pH, . of the
adsorbent, surface protonation declined, the competition
between the chromate and OH species became stronger,
and the electrostatic attraction between the Cr(VI) species
and the surface of the adsorbent decreased, demonstrating
a reduction in Cr(VI) removal efficiency and adsorption
capability. Furthermore, a low pH promotes the reduction
of Cr(VI) ions to Cr(IlI) ions via the acidic and phenolic
groups in the tea residues [66, 67].

According to SEM and BET results, NaOH treatments
increased specific surface area in comparison to untreated
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tea residues. Generally, the relationship between increased
surface area and enhanced metal uptake was shown to be
positive. Increased surface area improved the adsorptive
nature of tea residues or increased the number of active
binding sites.

Based on the kinetic and isotherm analysis, it was
hypothesized that for green tea, adsorption was mostly the
result of physical interactions, while for pu-erh and tiegua-
nyin, adsorption was a combination of both physisorption
and chemisorption. The main mechanisms controlling the
adsorption of Cr(VI) by tea residues were complexation,
hydrogen bonding, electrostatic attraction, and reduction
reactions.

3.12. Comparisons with Other Different Tea Residue
Adsorbents. A comparison of the adsorption characteristics
of other tea residues for Cr(V) is presented in Table 9. As
can be observed in Table 9, different varieties of tea resi-
dues have been found to be effective according to their
remarkable adsorption capabilities. The adsorption mecha-
nisms mainly included reduction reactions, complexation,
coprecipitation, and ion exchange. It can also be noticed
that the three types of tea residues have comparable
adsorption capabilities to other adsorbents, implying that
they have the potential to remove Cr(V) from aqueous
solutions as low-cost adsorbents. Nevertheless, as a result
of the differences in structure, composition, and modifica-
tion methods, the adsorption capacity and mechanism
might be different for the adsorption of chromium and
other contaminants by different types of tea residues,
which needs to be further studied in order to achieve the
aim of residue control by residue.

4. Conclusion

In this paper, the adsorption of Cr(VI) from the aqueous solu-
tion was completed by using three types of tea residues (green
tea, pu-erh, and tieguanyin). Characterization analysis (pH,,,
cellulose content, SEM, BET, XRD, and FTIR) showed that the
alkaline treatment, which was inexpensive and environmen-
tally friendly, was a very efficient step to remove hemicellulose,
lignin, wax, and pectin from the tea residues. Kinetic studies
revealed that all biosorbents followed the pseudo-second
model for Cr(VI) adsorption, with pu-erh having the highest
rate constant in all three cases. The equilibrium data fit well
with the Freundlich isotherm model. The maximum Cr(VI)
adsorption capacities of green tea, pu-erh, and tieguanyin res-
idues were found to be 6.15, 19.50, and 12.31 mgg', respec-
tively. Thermodynamic parameters were predicted and
indicated that the adsorption was spontaneous and endother-
mic. Based on this research, the three types of tea residues can
serve as appealing adsorbents for the adsorption of wastewater
containing Cr(V) ions.
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