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Abstract—Agricultural waste okara (OA) was selected as a precursor to prepare low-cost adsorbent for the removal of
methylene blue (MB). Sodium dodecyl sulfate (SDS), as a kind of anionic surfactant, was loaded onto okara (SOA) to
achieve high adsorption ability. Scanning electron microscopy, Fourier transform infrared spectrometer and X-ray dif-
fraction were investigated for the materials characterization. The effect of pH, contact time, initial concentration, adsor-
bent dose and ionic strength was determined to explore the adsorption properties. The adsorption kinetics, adsorption
isotherms, cost analysis of adsorbent and adsorption mechanism were discussed. And the adsorption equilibrium data
fitted well with Langmuir model, while the calculated maximum adsorption capacity was 238.10mg g ' for OA and
334.83mg g for SOA, respectively. The kinetics data followed the pseudo-second-order model. Thermodynamic
parameters (AH’, AG® and AS’) indicated the spontaneous and exothermal nature. This research reveals that SOA is an
effective, low-cost and promising adsorbent on the adsorption of MB on aqueous solution.
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INTRODUCTION

Dyes are widely used in many industries, such as paper, print-
ing, food, plastics and leather. Every year, these industries produce
more than 7x 10’ tons of dyes in China [1] and part of the untreated
dye wastewater has flowed into rivers, lakes, and seas [2]. Dyes waste-
water has caused a harmful effect on human and aquatic organ-
ism health due to its toxicity, refractory; and high chromaticity [3,4].
Among them, methylene blue (MB) is a well-known and hazard-
ous typical cationic dye [5-7]. In recent years, many methods have
been devoted to remove dye wastewater, such as photocatalysis
[8], chemical oxidation, biological method and adsorption [9].
Among them, adsorption is the most effective method due to its
high efficiency and stability [10,11]. However, though its excellent
adsorption ability, activated carbon is not selected as a better adsor-
bent with its high cost [12]. Hence, to explore effective, low-cost and
easily available biosorbent, agricultural waste has received more
attention over the past few decades [13-15].

Okara is derived from tofu and soymilk production and so on,
which is widely generated in Asian countries, especially in China.
However, as a result of the production and processing of waste-
soybean residue, the output is huge, about 20 million tons per year
[16]. Okara also contains numerous nutrients, a small part of which
are used in feed, but it is difficult to transport because of its cor-
ruption, and most of it is discarded directly, which results in a cer-
tain waste of resources and environmental problems. How to realize
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the reuse of okara has become a major environmental problem [17].

The proportion of common nutritional components per 100 g
of dried okara is shown in the following Table 1. Several studies
have indicated that okara can be used as a precursor for the removal
of pollutants; for example, okara was used to remove Cd** and
Zn** from aqueous solution [18]. The effects of contact time, solu-
tion pH, adsorbent dose and initial solution concentration were
studied. As the results showed, the optimum was at Cd** solution
pH 6.0 and Zn’" solution pH 7.0, solution concentration 50 mg L™,
adsorbent dose 10g L' and contact time 12 h. Gao et al. utilized
acid treated okara as a biosorbent to adsorb Acid Red (AR14) and
Reactive Red 15 (RR15) solutions [19]. The experimental data at
different concentration level was fitted well with Langmuir iso-
therm (100-300 mg L") and Freundlich isotherm (300-500 mg L™');
the obtained maximum adsorption capacity from Langmuir iso-
therm for AR14 and RR15 was 217.39 mg g ' and 243.90mg g ',
respectively. Ye et al. studied epichlorohydrin and dimethylamine
modified okara for the adsorption of acid fuchsin from kinetics and
thermodynamics [20]. The results indicated the adsorption pro-
cess followed the second-order kinetic model and was favored at
high temperature. At the same time, thermodynamical study revealed
that the adsorption process was spontaneous and endothermic. In
this work, okara was used as a novel biosorbent for the removal of
MB because of its low cost and easy availability. However, to the
authors knowledge, there are very few studies reported about the use
of okara as a biosorbent for the MB adsorption previously. Recently,
a new method has been adopted to enhance the adsorption ability
by using a method of surfactant surface modification. Surfactants
can be coated on the adsorbent surface to alter their properties.
Hence, surfactants have been adopted to remove heavy mental ions
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Table 1. General properties of okara

Materials Water (%) Protein (%)

Fat (%)

Ash (%) Cellulose (%) pH

OA 8.31 19.32

12.40 3.54 51.80 5.2

and other organic pollutants [21,22].

Sodium dodecyl sulfate (SDS) is a kind of nontoxic and anionic
surfactant which is commonly used to enhance the solubility of
organic pollutants. Some studies have shown that SDS promoted the
removal of MB by anodic porous alumina, Salacca zalacca skin
and activated carbon [23-25].

We expected that the loading of SDS would increase the adsorp-
tion capacity of OA to MB. Our study compared the adsorption
capacity of okara (OA) and SDS-loaded okara (SOA), then revealed
the mechanism of the reaction and the role of modification via a
series of characterization methods. These materials were character-
ized through scanning electron microscopy (SEM), Fourier trans-
form infrared spectroscopy (FTIR) and X-ray diffraction (XRD). A
number of adsorption parameters were carried out such as adsor-
bent dose, pH, contact time, initial concentration, ionic strength.
And then, adsorption isotherms, kinetics and thermodynamics were
also studied. This study has certain reference significance for agri-
cultural waste utilization and sewage treatment.

MATERIALS AND METHODS

1. Chemicals

All chemicals in this work were of analytical grade. MB (chemi-
cal formula: C,H;sN;SCl, molecular weight: 373.9 g mol ™, solubility
in water: 40g L") was purchased from Fuchen Chemical Co., Tian-
jin, China [26]. The stock solution of MB (1,000 mg L™') was pre-
pared by dissolving MB powders in distilled water, using a 1,000
mL volumetric flask. The MB working solutions were diluted to
the desired concentration by adding distilled water. 1.0 CMC SDS
solution: the SDS solution was prepared by adding 2.307 g SDS
powder into 1,000 mL distilled water. To adjust the pH, 0.01 mol
L' and 0.1 mol L™ HCl or NaOH solutions were used.
2. Materials Preparation

OA: fresh okara was obtained from Northeast Agricultural Uni-
versity canteen. To remove the impurity, the okara was immersed
into tap water for 24 h and washed with distilled water repeatedly.
Then, it was dried in the oven at 60 °C until constant weight. The
dried okara was powdered, sieved (<0.25 mm), and stored for use.

SOA: the OA was impregnated with 1.0 CMC SDS solution
(1,000 mL) for 6 h, and then washed with distilled water to remove
residual SDS [27]. Afterward, the sample was dried in the oven at
60 °C until constant weight (SOA) before use.
3. Samples Characterization

The textural properties of samples were determined using sur-
face area and porosity analyzer under the condition of a degassing
temperature of 353 K (ASAP2020, USA). The surface morphology
was identified by field emission scanning electron microscopy (SEM,
ZEISS EVO 60, Germany). And the samples surface functional
groups were performed by a Fourier transform infrared spectrom-
eter (FTIR, Nicolet 6700, USA) with the wavenumber range of
4,000-400 cm ™. The structure of samples was obtained from an X-

ray diffractometer (XRD, D8 Avance, Bruker, Germany) by using
Cu K,, radiation. The scanning range was recorded from 5° to 70°
at 3°/min. The point of zero charge (pH,,) of OA and SOA was
determined by the pH drift method [28]. A 0.01 mol L™ NaCl
(50 mL) was added into each flask and was adjusted to a pH range
2.0-12.0 using 0.1 mol L™ HCI or NaOH. Then, 0.1 g OA or SOA
was put in every flask, the flasks were shaken for 48 h at 25 °C. Lastly,
the final pH (pH,) of the samples was determined. The pH,,. was
defined as the point where the curve is determined by pH,=pH;.
4. Batch Adsorption Experiments

The adsorption studies were carried out with OA and SOA by
batch experiments. The adsorption performance of MB was deter-
mined in terms of removal percentage and uptake. A set of batch
experiments were investigated from some necessary variables, which
included contact time, initial concentration, adsorbent dose, ionic
strength and the solution pH. 0.02 g adsorbent and 25 mL MB solu-
tion were put in a 50 mL conical flask. The pH of the solutions
was kept natural. These flasks were shaken in a shaker at 165 rpm for
the required time at 25 °C. The detailed process was conducted by
varying the adsorbent dose (0.4-1.2g L"), initial MB concentra-
tion (25-250mg L"), contact time (0-4h), ionic strength (0.4-
40mol L"), and the solution pH (2.0-12.0). Ten milliliters of the
solution was filtered to determine the final MB concentration. All
the experiments were determined in triplicates by using a UV-vis
spectrophotometer at A=662 nm (V550, Jasco Co., Tokyo, Japan)
and finally taking the average of three operations. The adsorption
capacity at equilibrium (q,, mg g"') and the removal percentage (R%)
were calculated as follows:

_(Ci_ce) * V
qe_ W (1)
R%= €-C) % 100 ()

where C; (mg L") and C, (mg L™") are the initial and equilibrium
concentration, respectively, V (L) is the MB volume, and W (g) is
the adsorbent dose.
5. Adsorption Kinetics

The pseudo-first-order and pseudo-second-order model were
fitted to the kinetics data at different time intervals (0-4 h). These
equations follow [29]:

Pseudo-first-order model:
l - ﬁ + l (3)
q 9t q.
Pseudo-second-order model:
4@ kyq, 9
where q, and q, (mg g™') are the MB uptake at the equilibrium and
t time (min), respectively, k, (min™') and k, (g mg™' min™") are the
pseudo-first-order and pseudo-second-order kinetics rate constants,
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respectively.
6. Adsorption Isotherms

The experimental equilibrium data was fitted to the Langmuir
and Freundlich models at a MB concentration range of 25-600 mg
L. These formulas are as follows [30]:

Langmuir: ¢=—¢ 1 1 )
angmuir: — = — +——

g 9de 9 KLqm

Ry = — ©)
L7 1+K, G,

Freundlich: lnqezilnCﬁanF )

where q,, (mg g ') and q, (mg g ") are the maximum and equilib-
rium adsorption capacity, respectively. And C; (mg L™') and C,
(mg L™) are the initial and equilibrium concentration, respectively.
K, (L mg ') is Langmuir constant which is related to the adsorp-
tion energy. R, is the dimensionless separation factor. K;: (L mg ™)
and n are the Freundlich constants which are on behalf of adsorp-
tion capacity and strength.
7. Error Analysis

To confirm the validity of isotherm and kinetics models, an error
analysis (residual sum of squares) was also conducted; expression
of the same is given Eq. (8) [31,32]:

RSS= ;(qe, i, cale ™ Qe, i, meus)2 (8)

8. Adsorption Thermodynamics
To study the effect of the temperature on the adsorption process

N
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Fig. 1. SEM image (a) OA (b) SOA (c) OA-MB (d) SOA-MB.
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and the change of energy, thermodynamic parameters were deter-
mined at different temperatures from 295K to 304 K. Gibbs free
energy (AG’), enthalpy (AH’) and entropy (AS’) are determined by
the following formulas [33]:

AG’=-RTInK, )
AS’ AH’
InK,;= X~ RT (10)

where K, is the adsorption distribution coefficient, T (K) is the exper-
imental temperature and R (8.314] mol ' K') is the gas constant.

K, at different temperatures is measured by the intercept of line
In (q./C,) versus g,
9. Desorption Experiments

To evaluate the desorption ability of OA and SOA, adsorbents
were accurately weighed with a mass of 1 g of 5 copies to perform
MB adsorption. After adsorption saturation, the obtained OA and
SOA were washed with distilled water repeatedly and dried for fur-
ther use. And then the MB loaded adsorbents were put in closed
glass containers with 100 mL distilled water for each as regenerat-
ing solution. After that, all the glass containers were placed in the
ultrasonic generator with immersed water and performed under
2 h ultrasonic oscillation [34]. The collected adsorbents were with
distilled water and dried to carry out for the next adsorption-
desorption cydles for four times. Finally, the MB removal percent-
age was used to evaluate the desorption ability of OA and SOA.
10. Statistical Analysis

All samples were run in triplicate and the results were averaged.
Regression models were performed using SPSS 19.0. The results
were presented in a graph using Origin 2017.

o
50.0um
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RESULTS AND DISCUSSION Table 2. Pore characteristics of the materials
Indicates OA SOA
1. Characterization of the Materials
. - BET surf: 1.05 1.70 g
The SEM images of OA and SOA at 1,000x magnification are L suriace :frea 10 579 mzjg
shown in Fig. 1. Both OA and SOA were observed to have numer- Tan;glmulr Sul ace atea 0 603 0 606 m . /g
ous holes and folds. Pore characteristics of native materials are pre- otal pore vo ume ) : g
sented in Table 2. The BET surface area (1.70 m’/g), Langmuir surface Average pore diameter 12.93 13.14 nm
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Fig. 2. FTIR spectrums of samples. (a) OA before and after MB adsorption; (b) SOA before and after MB adsorption.
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Fig. 3. The XRD patterns of samples. (a) A comparison among two native materials; (b) A comparison between OA and OA-MB; (c) A com-
parison between SOA and SOA-MB.
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area (2.79 m?/ g), total pore volume (0.006 cm’/ g) and average pore 2
diameter (13.14nm) of SOA were all higher than that of OA,

which implies that SOA has more space and surface for adsorp- Lr ——O0A
tion. Collected FTIR spectra for native and MB-loaded materials —e—SOA
are shown in Fig. 2. These peaks represent specific functional groups, =
and the change in wavenumber of peaks indicates participation of o
corresponding functional groups in the reaction [35]. Comparing w T
the spectral lines of OA and OA-MB (Fig. 2(a)), the peak wave- EQ
numbers at 3,430.75 cm™, 1,654.72 cm™, 1,26247 cm™ and 1,053.92 2r
cm™ have changed obviously, which indicates that O-H, C=0, and
C-O-C participated in the adsorption. Among them, O-H and C- =r
O-C are characteristic functional groups of cellulose. Comparing

the spectral lines of SOA and SOA-MB (Fig. 2(b)), only the wave- B 4 P 3 10 19
number of C-O-C (1,055.44 cm™") changed obviously. This indi- pH
cates that after loading SDS, cellulose was still involved in adsorption,

while other functions were not active. Comparing the O-H and C- Fig. 4. The pH,,, of OA and SOA.
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Fig. 5. Influencing factors of adsorption efficiency.
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O-C characteristic peaks of OA and SOA, the change of wave num-
ber can be found, which indicates that SDS was mainly loaded on
cellulose.

The XRD patterns of OA and SOA are shown in Fig. 3. The spec-
trum corresponds to the characteristic XRD pattern of cellulose
[36,37], which indicates the intensive diffraction peaks at 26 values
of about 22°. It should be pointed out that no new peak appeared,
from which can be inferred the adsorbents still held the original
structure though after SDS treatment. The peaks of SOA and
SOA-MB almost coincide, which indicates that the cellulose con-
tent of SOA was more stable.

The point of zero charge (pH,,.), where net charge of adsorbent
surface is zero, is closely related to the electrostatic forces of adsor-
bent and adsorbate. Thus, when the solution of pH<pH,,, the
adsorbent surface is positively charged, while the adsorbent has nega-
tively charged surface at pH>pH,,... According to Fig. 4, the pH,,,.
of OA and SOA were 5.5 and 5.7, respectively.

2. Factors Affecting Adsorption
2-1. Effect of Contact Time

The influence of contact time is illustrated in Fig. 5(a), which
determines the reaction efficiency directly. It was observed that the
adsorption process was divided into two steps. In the first 30 min,
the removal percentage of OA and SOA rose rapidly to 83.62%
and 91.70%, respectively. At the next step, the growing tendency
went slowly until achieving the maximal removal percentage with
the time range of 30-240 min. These results were because of the
available adsorption sites initially; after that, the removal percent-
age increased slowly with the saturation of the active sites during
the adsorption [38]. To reach the equilibrium state thoroughly, 2 h
was selected as the optimum for the adsorption of MB on OA and
SOA. At all-time points, the R value of SOA was always higher
than that of OA.

2-2. Effect of pH

The effect of pH on the adsorption of MB was studied because
pH is one of the most important factors during adsorption [39].
Results are shown in Fig. 5(b). The R values of OA and SOA were
similar with the initial pH of solution. Except for pH 2, the R value
of SOA is higher than that of OA. The removal percentage in-
creased with the increasing of pH value until at pH 6.0. Then, the
trends decreased slowly until a plateau at higher pH (8.0<pH<
12.0). This was primarily due to the excess H' ions at lower pH
had a competition with cationic MB molecules via electrostatic
repulsion. However, at higher pH, OA and SOA with negative
charges were in favor of MB adsorption through electrostatic
attraction; consequently, the removal percentage increased. This
inference can also be proved by the point of zero charge (pH,,).
As shown in Fig. 4, the pH,,. of OA and SOA was 5.5 and 5.7,

respectively. When pH>pH,,, OA and SOA charged negatively and
facilitated the MB adsorption, whereas the condition was opposite
in the case of pH<pH,,,.
2-3. Effect of Initial MB Concentration

As presented in Fig. 5(c), the removal percentage decreased from
85.91% to 66.03% for OA and 92.92% to 80.07% for SOA, at the
initial concentration range between 25mg L™ and 250 mg L.
This fact was attributed to the limited available adsorption sites at
a fixed adsorbent dose. Though at higher concentration, the adsorp-
tion sites went saturated, which restricted the adsorption process
[40].
2-4. Effect of Adsorbent Dose

The effects of OA and SOA dose on the removal of MB are repre-
sented in Fig. 5(d) and (e). The adsorption capacity of SOA was
stronger than that of OA for all doses. The MB removal percent-
age increased and adsorption uptake decreased with the increas-
ing of biosorbent dose. The removal percentage of OA and SOA
increased from 79.91% to 88.10% and 87.03% to 95.87%, respec-
tively, with a range of 04-1.2g L' of the biosorbent dose. This is
due to more available adsorption sites at higher amount of the bio-
sorbent. At the same time, the q values decreased from 49.91 mg
g ' to1842mgg” for OA and 5440mg g~ t0 2001 mg g for SOA.
This can be ascribed to the unsaturation of adsorbent sites during
the adsorption [41]. Nevertheless, in the light of the huge yield of
okara annually, 0.8 g L' of adsorbent dose was the optimal choice.
2-5. Effect of Tonic Strength

The effect of NaCl on the adsorption of MB onto OA and SOA
was investigated (Fig. 5(f)). The removal percentage of OA and
SOA decreased from 85.90% to 4.12% and 94.11% to 3.04%,
respectively, at lower NaCl additions (0-0.8 mol L™"). This can be
ascribed to the competitive adsorption between the excess salt ions
and cationic MB molecules, which inhibited the adsorption pro-
cess [42]. Then, the removal percentage increased slightly when
NaCl additions increased. Since at higher NaCl addition (0.8-4.0
mol L"), the concentration of salt ions in the solution increased,
the number of anions and cations in the solution increased corre-
spondingly, which made the double layer structure formed by
electrostatic action extruded, thus increasing the contact probabil-
ity of dye molecules with the surface of adsorbents. At the same
time, the increase of salt ion concentration was helpful to the for-
mation of dye dimer, which was beneficial to the adsorption of
dye [43]. NaCl inhibited SOA adsorption more strongly than OA,
which may be related to the high Na salt content of SOA itself.
3. Adsorption Kinetics

Kinetics study is applied to describe the adsorption rate and mech-
anism, which is extremely necessary in real work [44]. The experi-
mental data was investigated to match with the pseudo-first-order

Table 3. Kinetics parameters of pseudo-first-order and pseudo-second-order models on OA and SOA at 22°C

Pseudo-first-order model

Pseudo-second-order model

Samples k Calculated ) k, Calculated 2 Experim(j?t
o o RSS 2 o R RSS q (mgg)
(min") q.(mgg) (gmg min) q.(mgg)
OA 0.0222 2.07 0.9997 3.62x107° 0.0340 26.80 1.0000 1.13x10°° 26.71
SOA 0.0344 4.02 0.9969 1.21x107" 0.0214 29.76 0.9999 2.69x107° 29.60

Korean J. Chem. Eng.(Vol. 39, No. 1)
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Fig. 6. Pseudo-second-order kinetic model of MB onto OA and SOA
(C=25mg L™, adsorbent dose=0.8 g L', pH 5.6 and 25°C).

and pseudo-second-order kinetics models. The detailed parame-
ters calculated by kinetics equations are in Table 3. The R” of pseudo-
second-order (1.0000 for OA and 0.9999 for SOA) was higher
than pseudo-first-order (0.9997 for OA and 0.9969 for SOA) both
OA and SOA; in the meantime, the calculated q, was highly near
to the experiment q,. And RSS also confirmed the feasibility of the
pseudo-second-order model. Taking account of these two factors,
the adsorption of MB onto OA and SOA followed the pseudo-sec-
ond-order model accurately. The well-fitted pseudo-second-order
models of OA and SOA are demonstrated in Fig. 6. The fact indi-
cates that the rate of the adsorption process is mainly controlled by
chemisorption [45].
4. Adsorption Isotherms

Adsorption isotherms are essential to describing the interaction
of adsorbent-adsorbate [46]. Langmuir isotherm model assumes
the adsorption is monolayer and the adsorbent surface is homoge-
neous [47]. The Freundlich isotherm model is used to perform

350

—o—O0A
—e—SOA

q, (mg/g)

0 . 1 . I . 1 A I . 1
0 100 200 300 400 500

C, (mglL)

Fig. 7. Adsorption isotherms of MB on OA and SOA (C;=25-600
mg L™, adsorbent dose=0.8 g L™, shaking time 24 h, pH 5.6
and 25 °C).

multilayer adsorption onto the heterogeneous adsorbent surface
[48].

The q, at various MB concentration (25-600 mg L") is shown
in Fig. 7. It can be observed that the adsorption capacity of OA
and SOA increased until at an equilibrium state with increasing
concentration. The results above were fitted with Langmuir and Fre-
undlich models and the detailed parameters are revealed in Table
4. 1t is clear that the Langmuir model matches better than Freun-
dlich model with higher correlation coefficient (R®). The fitted Lang-
muir models of OA and SOA are demonstrated in Fig. 8(a) and
(b). The g, of OA and SOA were 238.10mg g ' and 334.83mg g,
respectively, close to the equilibrium adsorption capacity. RSS also
confirmed the feasibility of the Langmuir model. Therefore, the
adsorption of MB onto OA and SOA is monolayer. And the R;
values were all between 0 and 1, which indicates OA and SOA are
in favor of the MB adsorption. It is also evident that the values of

Table 4. Isotherm parameters of Langmuir and Freundlich models on OA and SOA at 22°C

Langmuir model

Freundlich model

Samples K K.
i I L R, R RSS o n R RSS
(mgg™) (Lmg™) (Lmg™)
OA 238.10 0.05 0.03-0.44 0.9877 426.65 24.85 240 0.8232 14,046.81
SOA 334.83 0.03 0.59-0.97 0.9962 392.09 21.06 1.88 0.9433 19,563.31
Table 5. Thermodynamic parameters for adsorption of MB on OA and SOA
Samples T (K) K, AH° (J mol ™) AS° (Jmol ™) AG® (J mol ™)
295 2.9664 -2,667
OA 301 2.4469 —26,457 79 -2,239
304 2.1428 -1,926
295 2.8115 —2,535
SOA 301 2.5173 —26,298 —81 —2,297
304 2.1175 —-1,896
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Fig. 8. Linear Langmuir plots of MB adsorption on OA (a) and SOA
(b).

n are favorable for adsorption with the range of 1<n<10.
5. Adsorption Thermodynamics

Table 5 lists the detailed thermodynamic parameters of OA and
SOA at various temperatures. The AG’ values of OA were —2,667
J mol !, =2,239] mol " and —1,926 ] mol ™, respectively, while of
SOA were —2,535] mol ', —2,297] mol ™" and —1,896 ] mol”’, respec-
tively. The negative AG’ reveals the spontaneity and feasibility of
adsorption. The AG’ decreased with increasing temperature, which
suggests the exothermal nature. Similar evidence was confirmed
by the negative AH’ (—26,457 ] mol ™" for OA and —26,298 ] mol '
for SOA). Lastly, the values of AS’ were 79 ] mol ' for OA and —81
J mol ™ for SOA, respectively.
6. Desorption and Reuse of Adsorbents

The desorption and reusability of adsorbents are used to deter-
mine the adsorption capacity in practical application [49]. As dis-
played in Fig. 9, after 2h ultrasonic oscillation, the removal per-
centages decreased from 85.91% to 72.91% for OA and 94.11% to
73.61% for SOA, respectively. After three adsorption-desorption
cycles, the removal percentages of OA and SOA were eventually
64.05% and 68.79%, respectively. It is due to the damage of adsor-

100
T OA
7 M SOA
= el
[ —

=
< 50
2

25

0 S
1 2 3 4 5

Cycles

Fig. 9. Effect of pH on the adsorption of MB on OA and SOA (C=
25mg L, adsorbent dose=0.8g L', shaking time 2h and
25°C).

bents structure under ultrasonic oscillation, which leads to the decline
of removal percentage directly. Nevertheless, after several cycles,
OA and SOA still performed a showed better adsorption behav-
ior. Consequently, OA and SOA exhibit a prominent application
in real wastewater treatment.

In summary, SDS modification can increase the pore size and
specific surface area of OA. SDS may be loaded on cellulose mainly
by interaction with corresponding functional groups. In the pro-
cess of adsorption, the initial structure of the two materials is basi-
cally maintained, the functional groups involved in the chemical
reaction are less, MB is captured (or up taken) mainly by electro-
static adsorption. The modified material is more stable and not
easy to lose cellulose, which is helpful to reduce the secondary pol-
lution caused by dissolved organic matter. Under a variety of envi-
ronmental conditions, SOA shows better adsorption performance
than raw materials. But due to the influence of loading salt, the
adsorption performance of the modified material is not as good as
that of the raw material in high salt solution. The results of this
study mean that SDS may be more effective on the modification
of agricultural wastes, which can be used as a reference for other
materials. Moreover, the effect of salt is a problem that needs to be
paid attention to.

7. Cost Analysis

In recent years, due to the high cost of activated carbon used as
an adsorbent, more and more agricultural wastes have been explored
and applied as biosorbent in the field of adsorbing dye wastewater
to develop the resource utilization of agricultural wastes. Among
them, treatment of rice husks with sodium carbonate to adsorb
malachite green [50], adsorption with peanut husks to remove
hazardous dyes from water [51], and removal of bright green dyes
from water using modified bamboo have fully realized the reuse
value of agricultural wastes [52].

The soybean residue used in this study is the remaining waste
during the production of soy products. Due to their huge produc-
tion, about 20 million tons per year [16], leading to the disposal of
soybean residue waste which becomes a significant environmental

Korean J. Chem. Eng.(Vol. 39, No. 1)
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Table 6. The adsorption capacity of other adsorbents for MB

Adsorbents Maximum adsorption capacity (mg g ) Ref.
Sepiolite 57.38 [53]
Pyrolysed sewage sludge 92.60 [54]
NaOH modified rubber tire 163.12 [55]
Coffee waste 180.70 [56]
Rice straw based carbons 200.00 [57]
Activated furniture (850 °C) 200.00 [58]
OA 238.10 This study
SOA 334.83 This study

problem. Compared with the similarly previous studies (as shown in
Table 6), OA and SOA exhibit a higher adsorption capacity than
other materials, which indicates that the adsorbent materials and
modification methods selected in this study have a good prospect.
Meanwhile, the soybean residue also contains a large amount of
nutrients, the direct discarding of which will cause a serious waste
of resources [17]. So it is very necessary to use the soybean resi-
dues to remove dye wastewater, which can not only replace acti-
vated carbon to complete the dye wastewater adsorption work to
reduce economic cost, but also alleviate the environmental prob-
lems of agricultural wastes, and have great economic and resource
benefits.
8. Adsorption Mechanism

The adsorption of MB on adsorbents may include several steps,
such as film diffusion, intraparticle diffusion and adsorption on the
surface. However, the pseudo-first-order and pseudo-second-order
models cannot describe the diffusion mechanism. Therefore, intra-
particle and external diffusion models were determined for the
adsorption mechanism. These equations are expressed as follows
[59]:
Intraparticle diffusion model:

1/2

q.=kt "+C (11)

35

y = 0.1988x + 26.828 - géA
2 [

30l R*=0.7694
W
® - - = ]

25 | =

y = 0.1205x + 25.013
- R®=0.8386
B
E
o 15 |-
10 -
5L

0 1 1 1 1 1 1  §

0 2 4 6 8 10 12 14 16
l'z(min”)

Fig. 10. Intraparticle diffusion model for adsorption of MB on OA
and SOA (C;=25mg L', adsorbent dose=0.8g L', pH 5.6
and 25 °C).

January, 2022

External diffusion model:
q;
In| 1- ==kt 12
n( q) w 42

where k;; (mg g min ") and kg (t") are the intraparticle and
external diffusion rate constants, respectively, and C (mg g ") is a
constant which is in relation with boundary layer thickness.

The linear fitting images of intraparticle and external diffusion
on OA and SOA are in Fig. 10 and Fig. 11. The specifically calcu-
lated parameters are reported in Table 7. The R? of intraparticle
diffusion model was lower than that of external diffusion model,
and the lines did not go through the origin. These facts explain that
intraparticle diffusion is not the only rate-limiting procedure. And
then, the lines of external diffusion did not pass through the ori-
gin likewise. It shows the adsorption process of OA and SOA is
primarily commanded by external diffusion [60].

At the same time, from the results of the SEM diagram, the sur-
face of the two adsorbents does not show obvious micropore struc-
ture, but the adsorption sites are provided by more folds. Next, by
observing the comparison of the FTIR diagram of the adsorption
of MB by OA and SOA, it was found that the adsorbents contained
a large number of oxygen-containing functional groups, all of which
were negatively charged. The adsorption effect was achieved by com-

y =-0.0226x - 2.1956
R*=0.9399

In(1-q/q)

y =-0.021x
B R=09693

Time (min)

Fig. 11. External diffusion model for adsorption of MB on OA and
SOA (C=25mg L™, adsorbent dose=0.8¢g L', pH 5.6 and
25°C).
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Table 7. Parameters of the intraparticle and external diffusion models for MB adsorption on OA and SOA at 22°C

Intraparticle diffusion model External diffusion model
Samples 1 1/2 1 2 1 2
k; (mgg min ) C(mgg) R kg (min™) R
OA 0.1205 25.013 0.8386 0.0210 0.9693
SOA 0.1988 26.828 0.7694 0.0226 0.9399

Sorbent Phase

OH

Hg;
0
=
N
A
]
------- \._--,\‘!" .\‘.'."\.\',.\.\-/'—.\'5-"’.\',
. . 'uquid Phase

Fig. 12. The mechanism of MB adsorption on OA and SOA.

l Electrostatic
Hs §| interaction

“SCH,3

bining the cationic chromogenic group N* in MB with electrostatic
attraction. Before and after adsorption, the main functional groups
were hydroxyl group (O-H) and carbonyl group (C=0). In the study;
after being modified by SDS, the surface of SOA carried more anion
groups, which further enhanced the electrostatic attraction between
adsorbents and adsorbents, so that the adsorption effect was en-
hanced and the effect of modification was obtained. At the same
time, according to the influence of pH value of solution on the
experimental results, it can be predicted that the change of pH value
of solution has a very significant effect on the adsorption effect. It
is shown from the side that electrostatic action is the important
role of adsorbents OA and SOA on adsorption of adsorbents; the
detailed adsorption mechanism diagram is shown in Fig. 12. Zhu
et al. used citric acid modified soybean straw to adsorb copper ions
in water solution [61]. Through citric acid modification, the sur-
face carried more -COOH groups, and when the solution pH was
higher than 3.0, this group appeared in the form of COO- in the
solution, which enhanced the electrostatic interaction with copper
ions. Therefore, the electrostatic attraction and hydrogen bond be-
tween the adsorbent and MB molecules were the main forces in
the adsorption process. Yao et al. used tea waste-nano Fe;O, com-
posite adsorbent to adsorb MB in water solution [62]. According
to the kinetics and the results of FTIR and XPS analysis, it was found
that there was strong electrostatic interaction between the func-
tional groups (O-H) and (C-N) and MB molecules on the surface
of the complex adsorbents.

CONCLUSIONS

Considering that the optimal dose of adsorbents was 0.8g L™

and the equilibrium time was 2 h, the removal percentage decreased
with increasing initial MB concentration, while the adsorption pro-
cess was favored in alkaline conditions. Meanwhile, in the presence
of salt, the removal percentage decreased sharply, but rose slightly
at higher salt addition. The Langmuir isotherm fitted well with the
equilibrium data, which indicated monolayer adsorption, and the
calculated maximum adsorption capacity was 238.10mg g for
OA and 334.83mg g for SOA, respectively. The kinetics data was
the most suitable for the pseudo-second-order model, which signi-
fied the rate-limiting step was mainly commanded by chemisorp-
tion. Additionally, the fitting results of intraparticle and external
diffusion models implied the leading role of external diffusion during
the adsorption. Thermodynamic parameters (AH,, AG, and AS,
revealed the exothermal, spontaneous and feasible adsorption reac-
tion. As expected, SDS enhanced the ability of MB adsorption by
OA and made the material more stable. The SOA would be an
effective, low-cost and environmentally friendly agricultural waste
biosorbent for the removal of MB in wastewater.
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