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Abstract: Using distillers grains (DG) as raw material after pre-treatment with sodium hydroxide
(NaOH) and modified with cationic etherification agent 3-chloro-2-hydroxypropyltrimethylammonium
chloride (CHPTAC), cationic quaternary ammonium distillers grains adsorption material (CDG) was
successfully prepared. The optimal adsorption conditions were an adsorption temperature of 25 °C,
adsorption time of 180 min, amount of adsorbent at 8.5 g/L, initial dye concentration of 100 mg/L,
and pH of dye solution 7.0. The structure of CDG was characterized by FTIR, EDS, SEM, BET,
ultraviolet spectrum analysis, and analysis of the zeta potential, while the adsorption mechanism was
studied by adsorption kinetics, isotherms, and thermodynamics. The results showed that CHPTAC
modified the distillers grains successfully and induced the formation of CDG with a large number of
pore structures and good adsorption effect. The highest adsorption yield was above 98%, while after
eight rounds of adsorption—desorption experiments, the adsorption rate was 81.80%. The adsorption
mechanism showed that the adsorption process of acid yellow 11 (AY11) by CDG conforms to the
pseudo-second-order kinetic model, mainly with chemical and physical adsorption such as pore
adsorption and electrostatic adsorption. Thermodynamics conforms to the Freundlich isothermal
model, and the adsorption process is a spontaneous, endothermic and entropy-increasing process.

Keywords: distillers grains; acid dyes; adsorption mechanism; solid waste recycling utilization

1. Introduction

At present, the excessive use of dyes and large amounts of emissions are not only
causing water pollution but also could threaten human health, therefore the subject has
attracted increased attention from scholars. Data show that more than 700,000 tons of
organic dyes are produced every year [1], of which about 35,000 to 70,000 tons of organic
dyes are released in wastewater without any treatment [2]. Azo dyes are the most important
class of synthetic dyes and pigments, accounting for 60-80% of all organic colorants. They
are widely used on substrates such as textile fibers, leather, plastics, paper, hair, mineral oil,
wax, food, and cosmetics [3-6]. When wastewater with the azo dye enters a body of water,
it could hinder the penetration of light and seriously affect aquatic organisms [7]. At the
same time, dyes can contaminate groundwater and eventually enter into the human body,
causing health problems, as most azo dyes are toxic and/or carcinogenic [8]. Therefore,
looking for a cost-efficient method for azo dye wastewater treatment has become a demand
of today’s society and industry.
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In the dye industry, several wastewater treatment methods have been applied in order
to remove azo dyes, based on electrochemical treatment [9], flocculation [10], chemical
oxidation [11], liquid-liquid extraction [12], biological oxidation [13], ion exchange [14],
photocatalytic degradation [15], precipitation [16], adsorption [17] and membrane sep-
aration [18]. The adsorption method [19] is widely used to remove organic dyes from
wastewater due to its fast decolorization and simple operation. In addition, more and more
materials are used as adsorbents, such as silica-based materials [20], metal oxides [21], acti-
vated carbon [22], zeolite [23], alumina [24], silica [25], biomaterials [26], and polymers [27].
However, the adsorbents mentioned above still have the disadvantages of poor selectivity,
inconvenient separation, difficult recovery, and high cost. Therefore, searching for new
adsorbents with high adsorption capacity, high stability, low cost, and recyclability has
become a current hotspot of investigations.

Acid yellow 11 (AY11) is an azo dye in acid dyes [28-30], yellow powder, and its
structural formula is shown in Figure 1. Its molecular structure contains an azo group
(-N=N-), being easily soluble in water as an anionic dye. The AY11 dye contamination
of wastewaters has the characteristics of high chroma, high chemical stability, and high
resistance toward biodegradation, being harmful to the environment and human health.

N—/—

N SO;Na
\ /
H;C N
Figure 1. Structural formula of AY11.

Cellulose is one of the most widespread biological macromolecules in nature [31].
Therefore, it can be considered as an inexpensive, biodegradable, and renewable biopoly-
mer, which has received extensive attention due to its unique physical and chemical
properties [32]. Despite various advantages, natural cellulose itself does not have a high
adsorption capacity if it is directly used as an adsorbent without modification. In these
cases, the adsorption capacity may be low and the selectivity is poor [33]. Therefore, in
order to improve its adsorption capacity, many investigations have concentrated on the
modification of cellulose through esterification, etherification, or graft copolymerization in
order to improve the adsorption capacity and the renewable ability of cellulose.

Distillers grains (DG) are the main by-product in the production process of liquor,
which contains cellulose as its main component [34]. At present, DG are mainly used
directly as feed in livestock farming, but the rate of usage is low, resulting in a large amount
of DG accumulation. At the same time, fresh DG have high water content, are perishable
and deteriorate, and long-term accumulation will cause not only a severe waste of resources
but also environmental pollution. The use of waste distillers grains to prepare adsorbent
materials could not only solve the problem of resource optimization and utilization of DG,
but also could use waste distillers grains as raw materials for adsorbents.

Quaternary ammonium salt is a relatively common cationic compound that can in-
teract with negatively charged substances on the surface. At present, trimethylamine [35],
3-chloro-2-hydroxypropyl trimethylammonium chloride [36], and tetraacetylethylenedi-
amines [37] were used to prepare quaternized cationized cellulose, used as an adsorbent to
treat anionic dye wastewater [38].

Therefore, in this study, the cationic etherification agent 3-chloro-2-hydroxypropyltrimethyl-
ammonium chloride (CHPTAC) was used to modify the alkalized distillers grains to obtain a
cationic distillers grain adsorbent (CDG). The applied etherification process could introduce
a quaternary ammonium cationic group (-N(CH3)3) on the long cellulose chain, which
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strengthens the electrostatic interaction between the anionic group in CDG (-SO3 ™) and the
AY11 molecule. At the same time, the introduction of new groups may expand the molecular
structure and increase its contact site and area with the AY11 molecule, thereby improving
the adsorption rate of CDG to AY11 component of the wastewater. This study could also
provide a theoretical basis for the recycling of biological waste and the application of waste
DG as an adsorbent in the removal of azo dye wastewater, realizing the environmental
protection concept of “treatment of waste by waste”.

2. Materials and Methods
2.1. Materials and Chemicals

In the present investigation, the used DG were obtained from a winery in Xi’an,
Shaanxi (China). Chemical reagents included analytically pure sodium hydroxide (NaOH),
hydrochloric acid (HCl), 3-chloro-2-hydroxypropyl trimethylammonium chloride (CHP-
TAC), acid yellow 11 (AY11) and absolute ethanol (CH3CH2OH). The water used was
distilled water.

2.2. Pre-treatment of DG and Preparation of CDG

To begin, 15 g of 120 mesh of DG powder was introduced into a 250 mL three-necked
flask with 200 mL, 10% NaOH solution. In the next step, the reaction mixture was placed
on a water bath at 30 °C, 110 RPM for 180 min. When the reaction was completed, the
as-obtained mixture was filtered with distilled water and 95% ethanol solution, washed
until reaching neutrality, and dried completely in an oven at 60 °C to obtain the alkalized
DG. Then, the alkalized DG were introduced in a 250 mL three-necked flask, adding 200 mL
of NaOH solution with a mass fraction of 20%, and reacting at 30 °C, 110 RPM on a water
bath for 120 min, and CTA was added to continue the reaction. After the reaction was
completed, it was filtered and washed with 95% ethanol and distilled water again, until
reaching the neutral pH, and dried in an oven at 60 °C to obtain CDG. The schematic
diagram of the reactions [29] are shown in Figure 2.
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Figure 2. Schematic diagram of CDG synthesis (* the terminal group).

2.3. Characterization of CDG

The Vector-22 Fourier Transform Infrared Spectrometer (FTIR) (Vector-22, Bruker,
Karlsruhe, Germany) was used to analyze the functional groups of CDG. The scanning
range was set 4000500 cm ™!, and the number of scans was 32. The energy dispersive
spectrometer (EDS) (EDAX Octane Prime, EDAX, Mahwah, NJ, USA) was used to analyze
the type and content of the component elements in the material micro area. The surface
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morphology of CDG was observed by FEI Q45 scanning electron microscope (SEM) (FEI-
Q45, FEI, Hillsboro, OR, USA).

The Brunauer-Emmett-Teller (BET) (ASAP2460, Mike Corporation, Norcross, GA,
USA) was used to study the surface area and the porosity of DG and CDG; this analysis
was carried out by N2 adsorption—desorption isotherm and the surface area was calculated
by BET plot. UV-2006A ultraviolet-visible spectrophotometer (UV-2006A, Brucher, German)
measured the absorbance of the solution after adsorption; the surface charge of CDG was
analyzed using a zeta potentiometer (zeta potential) (JS94HM, ZKT, Shanghai, China). The
conditions of the zeta potential determined CDG were concentration 40 % w/v, temperature
25 °C, the average size of the dispersed particles was 80-160 pum, the sample surfaces were
probed with either aqueous 1 mM KCl solution, 0.05 M KOH solution to raise the pH, or
0.05 M HCl to decrease the pH to 4. The zeta potential was determined by the Helmholtz—-
Smoluchowski Equation (1) [39]:

_dl n L
dpP §r§0 A
where d| is the differential streaming current, dP is the differential pressure drop, 7 is the

solution viscosity, ¢ is the solution relative permittivity, ¢o is the vacuum permittivity, L is
the length of the streaming channel, A and is the cross-section of the streaming channel.

¢ M

2.4. Batch Adsorption Experiment

The adsorption performance of CDG toward AY11 dye was investigated by the addi-
tion of 0.13 g of CDG to 20 mL of AY11 dye solution, containing 200 mg of coloring agent
per 1000 mL aqueous solution, and by changing the adsorption temperature (2545 °C),
adsorption time (40-290 min), the amount of adsorbent (1.5-10.5 g /L), the initial concen-
tration of AY11 (50-400 mg/L), and the pH of adsorption (1.0-9.0, adjusted by adding 1 M
NaOH or 1 M HCI). The adsorbent was dispersed entirely into the solution at a constant
temperature and with a specific adsorption time, the condition was showed as Table 1.
After the adsorption process, the CDG was centrifuged and separated from the supernatant,
and distilled water was used as a control. The absorbance was measured at 417 nm with an
ultraviolet spectrophotometer, and the residual concentration/absorption rate of the dye
was calculated using the following equations:

Co—C,) xV
o= =GV @
- Cogocf x 100% ©)

where Cy and C, were the initial concentration of AY11 and the concentration after the
adsorption process (mg/L), V was the initial volume of the dye (mL), m was the amount of
adsorbent (g), 4. was the adsorption capacity (mg/g), and # was the efficiency of removal.

Table 1. The effect of factors on the adsorption effect of AY11 on CDG.

The Effect of

The Effect of Mass

The Effect of Initial

Temperature The Effect of Time of CDG Concentration of AY11 The Effect of pH
temperature/°C 25, 30, 35, 40, 45 25 25 25 25
. . 30, 60, 90, 120, 180,
time/min 180 240, 300 180 180 180
1.5,2.5,3.5,45,5.5,
the mass of CDG/ g/L 6.5 6.5 65,7.5,85,95,10.5 6.5 6.5
the initial concentration 50, 100, 150, 200, 250, 300,
of AY11/mg/L 200 200 200 350, 400 200
pH 7 7 7 7 1,2,3,4,5,6,7,8,9
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2.5. Regeneration Performance

The CDG after adsorption was soaked in 0.1 mol/L NaOH solution and shaken at
180 RPM for 10 min. Afterward, it was washed five times with deionized water and dried
in a vacuum oven at 60 °C to obtain the regenerated CDG. In the last step, adsorption
experiments were conducted to analyze the ability of the regenerated CDG to adsorb
AY11. In order to investigate the reusability of CDG, the adsorption-desorption cycle was
repeated eight times.

2.6. Adsorption Mechanism
2.6.1. Adsorption Kinetic Model

The kinetic model in the adsorption process mainly investigates the change in the ad-
sorption amount with time and obtains the relationship between the adsorption amount and
time, using a kinetic model to fit [40]. Pseudo-first-order kinetic models and pseudo-second-
order kinetic models are commonly used as solid-liquid adsorption kinetic models [41].

Pseudo-first-order kinetics [42] were first used to study the variation of the adsorption
amount with the adsorption time, using the following Equation (4):

gt = qe(1 —e~h) 4)

The pseudo-second-order kinetic model was used to describe the adsorption capacity
of the adsorbent [43], using the following Equation (5):
k2b]62t
= — 5
at 1+ kgt ®)

where g, and g; were the adsorption capacities at adsorption equilibrium (mg/g); k; was the
pseudo-first-order adsorption rate constant (min~!), and k, was the pseudo-second-order
adsorption rate constant, (g/mg-min~').

2.6.2. Adsorption Isotherm Model

The adsorption isotherm model was used to describe the relationship between the
adsorption amount and the equilibrium concentration of the solution when the adsorption
reached the equilibrium at a specific temperature, from which the interaction mechanism
between the adsorbent and the adsorbate can be inferred, and it could also be used to select
the optimal adsorption agent [44].

The adsorption isotherm represents the distribution of adsorbed molecules between
the liquid and solid phase when the adsorption reaches its equilibrium [45]. The establish-
ment of a more suitable balance curve could optimize the adsorption system [45].

The Langmuir adsorption isotherm model assumes that molecular adsorption is a
process of monomolecular surface adsorption; the surface of the adsorbent is uniform
and has some of the same adsorption sites. When the kinetics reach equilibrium, no
further adsorption occurs and the adsorbed particles are completely independent from
other adsorption particles, as there is no interaction between them [46,47], as described by
Equation (6):

_abCe
~ 144G,

where C, (mg/L) was the concentration of the equilibrium, g, (mg/g) was the equilibrium
adsorption capacity at this concentration.

The Freundlich adsorption isotherm is an empirical equation which could be used
to predict whether or not the adsorbent surface is uniform; if it is not, the adsorption
amount increases with the increase in solution concentration, and there is an interaction
force between the adsorbed molecules [48,49], as described in Equation (7):

e (6)

g = KpCor )
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where C, (mg/L) is the equilibrium concentration, and g, (mg/g) is the equilibrium ad-
sorption capacity at the concentration. Kr (L/mg) is the Freundlich adsorption constant
related to the adsorption capacity, which characterizes the strength of the interaction be-
tween the adsorbent and the dye (the higher the Kr means higher adsorption capacity of
the adsorbent). 1/7 is the non-uniformity factor of the Freundlich model and represents
the adsorption strength. When 0 <1/n < 1, it indicates that the adsorption process was
favorable and easy to proceed; if 1/n = 1, the adsorption reaction was linear and there was
no interaction between the adsorbates; when 1/n > 1, adsorption, the process is negative,
and the adsorption reaction is more difficult.

2.6.3. Adsorption Thermodynamic Model

The adsorption thermodynamic model investigates the effect of the temperature of the
solution, which is adsorbed at different solution concentrations. The related thermodynamic
parameters [50] (AGy, ASy, AHy) are described in Equations (8) and (9):

AGy = —RTInK 8)
_ASy  AH
InK=—2"~%7 ©)
k=1 (10)
C.

where T is the temperature (K); R is gas constant, and K is the adsorption equilibrium
constant, C, (mg/L) is the concentrations of adsorption equilibrium, and g, (mg/g) is the
adsorption capacity of adsorption equilibrium.

3. Results and Discussion
3.1. FTIR Analysis of DG and CDG

The FTIR spectra of DG and CDG are shown in Figure 3. It can be seen that the spectra
of CDG and DG are basically similar; the small differences are as follows:

For CDG, the peaks appearing at 3550 cm ! and 3650 cm~! could be attributed to the
O-H stretching vibration of the hydroxyl group [51], as the hydrogen bond was destroyed
during the modification process, the internal structure of the DG was opened, and the
hydroxyl groups in the DG were exposed.

The absorption peak at 1060 cm ! was enhanced due to the change in absorption peak
of the C-O-C bond on the molecular chain of the quaternized product [52].

Transmittance/%

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm'1

Figure 3. FTIR spectra of (a) DG and (b) CDG.
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The characteristic absorption peak of C-N at 1380 cm~! for CDG indicates that the
C-N functional group was successfully introduced into the DG, while the absorption peak
of CDG at 1620 cm~! was also significantly enhanced, which could be attributed to the
presence of -CH3 in the quaternary ammonium salt, which undergoes bending oscillation.
The absorption peak at 1730 cm~! disappeared, which could have been caused by the
bending vibration of the alcoholic hydroxyl group. These results indicate that the CHPTAC
successfully modified the DG, and CDG was successfully obtained.

3.2. EDS Structure Characterization of DG and CDG

The EDS images of DG and CDG can be observed in Figure 4. We can see that the
mass percentage of C element in the CDG increased by 15.15%, O element increased by
19.05%, and N element increased by 3.47%. The main reason is that DG is mainly composed
of C, H, and O elements, and -N(CH3)3 group is introduced when CTA modifies DG,
and NaOH participates in the ring-opening reaction as a catalyst during the modification
process. This result shows that CTA modified DG successfully, and further corroborates
the characterization results of FTIR.

@ (b)

Element wt/% at/%

@ Element wt/%  at/% 2 C 56.23  62.86

Ei =

5 C 41.08  56.08 5 o 40.29 3381

Q

= o 21244 2177 = N 347 333

0 1 2 0 1 2
Energy/keV Energy/keV

Figure 4. EDS spectra of (a) DG and (b) CDG.

3.3. SEM Analysis of DG and CDG

The SEM images of DG and CDG can be observed in Figure 5. It can be seen that
the surface of DG is smooth and has a dense structure of lignocellulose fibers; however,
many pore structures appeared on the surface of CDG. This could be attributed to the
fact that the cell wall in CDG was modified by alkali treatment and became loose and
swollen, increasing the porosity. After modification, the ability of mass transfer of CDG was
improved, and more adsorption and binding sites were exposed on the surface, which could
be beneficial to the entry of AY11 dye molecules, improving in this way the adsorption
performance of CDG.

Figure 5. SEM micrographs of (a) DG and (b) CDG.
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3.4. The BET Analysis of CDG

Figure 6 shows the N2 adsorption—-desorption curves of DG and CDG (a) and the
pore size distribution (b). The N2 adsorption-desorption curves of DG and CDG are both
typical Type IV [53]. As can be seen from Figure 6a, when P/PO0 is less than or equal
at 0.4, the adsorption and desorption curves of DG overlap, indicating the presence of
microporous and monolayer adsorption. When P/P0 is greater than 0.4, the adsorption of
CDG to N2 increases rapidly, indicating that the pores in the adsorbent are slit pores [54].
As can be seen from Figure 6b, the pore size distribution of DG is 5-100 nm, while the CDG
distribution is 1040 nm. After modification, the specific surface area and pore volume
of DG become larger, which is consistent with the results in Table 2. The specific surface
area of CDG is 3.51 m?/g. Compared with DG, the specific surface area is increased by
242%, indicating that the increase in the specific surface area of CDG is beneficial to the
adsorption of dyes.

8
(@) L b
7+ —=—DG adsorption 0.025 ®
@6 [ —o—DG desorption —=-DG
"’E ——CDG adsorption _ 0.020 - ——CDG
% 5| ——CDG desorption 2
2 5 o015
54 3
2z £
=
<3t < 0.010
z >
Sl @
= =
g £ 0.005
o1r
o 0.000
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100
Relative Pressure(p/p() Pore Width(nm)

Figure 6. N2 adsorption—desorption curves of DG and CDG (a) and pore size distribution (b).

Table 2. Specific surface area parameters of DG and CDG.

Sample BET Surface Area (m?/g)  Pore Volume (cm3/g)  Average Pore Size (nm)
DG 1.09 63 x107° 29.42
CDG 3.51 119 x 1074 20.93

3.5. Zeta Potential Analysis of DG and CDG

Figure 7 shows the difference in zeta potential between DG and CDG at different
pH values. It can be observed that in the same pH range, the Zeta potential of the CDG
was increased. This is because the DG fiber before modification had a large amount of
electronegative -OH. The CDG fiber modified by the CTA introduced a large number of
positively charged -N(CH3); groups, which consumed part of -OH on the DG fiber and
reduced the total amount of -OH, resulting in electrical transformation, making the Zeta
potential of CDG positive [55]. AY11 is an anionic dye with good affinity for cationic
substances under the action of electrostatic adsorption. Therefore, CDG could adsorb AY11
by electrostatic force.
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Zeta Potential/mv

Figure 7. Zeta potential analysis of (a) DG and (b) CDG.

3.6. Adsorption of AY11 on CDG

AY11 was used for adsorption tests at 30 °C. CDG adsorbed 100 mg/L of AY11 solution
in 120 min, and the UV-Vis light scanned the solution before and after the adsorption
process. The results and the UV-Vis spectrum analysis are shown in Figure 8.

< 06

.2
200 300 400 500 600 700 800
‘Wavelength/nm

Figure 8. Comparison and UV analysis spectrum of L AY11 solution before and after adsorption by
CDG: (a) 100 mg/L AY11 solution, pH = 5.96; (b) 100 mg/L AY11 solution after CDG adsorption,
pH = 6.64; (c) UV-Vis spectrum of 100 mg/L AY11 solution; (d) UV-Vis spectrum of 100 mg/L AY11
solution after CDG adsorption.

From Figure 8a,b, it can be found that the solution after adsorption is almost colorless,
and the adsorption rate of the dye was 98.76%; as the UV-Vis before adsorption and
after adsorption was measured and the absorption peak of the AY11 solution at 417 nm
disappeared after adsorption. This result indicates that the AY11 dye in the solution was
almost entirely adsorbed, causing the characteristic absorption peak at 417 nm to disappear.

3.7. The Effect of Adsorption Conditions on Adsorption Performance
3.7.1. Adsorption Temperature

When the adsorption temperature was set at 25-45 °C, the adsorption time was
180 min, the mass of CDG was 6.5 g/L, the initial concentration of AY11 was 200 mg/L, and
the pH of the solution was 7. The effect of the temperature on the adsorption performance
of AY11 could be observed in Figure 9.
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Figure 9. Effect of adsorption temperature on CDG adsorption performance (a) adsorption capacity
(b) adsorption removal rate.

It can be seen from Figure 9 that with the increase in temperature, the adsorption
removal rate and adsorption amount of AY11 on CDG increased, which proves that the
adsorption process could be endothermic, and the increase in temperature is conducive to
the adsorption process. However, as the temperature rises, the adsorption removal rate
and adsorption amount of AY11 changes only moderately. Therefore, when using CDG to
remove the dye from wastewater, the change in temperature of the wastewater will not
have a significant effect on the removal rate. According to the actual sewage treatment
applications, 25 °C was selected as the optimal adsorption temperature.

3.7.2. Adsorption Time

The effect of adsorption time on the adsorption performance of AY11 (adsorption
temperature was set to 25 °C, the mass of CDG was 6.5 g/L, the initial concentration of
AY11 was 200 mg/L, and the pH value of the was 7) are shown in Figure 10.

148+ —ar (a) 4 ] 96
—_—— ]
el ®) / .
o {04
E 144f s
4 5}
£ 142} g
] - 192 =
) 2
= 140t J1o1 &
] 5]
g 13.8} 190 3
»n
= 4
< 13.6+ ®
188
134 L

0 50 100 150 200 250 300
Adsorption time/min

Figure 10. Effect of adsorption time on CDG adsorption AY11 (a) adsorption amount (b) adsorption

removal rate.

It can be seen that the removal rate increases rapidly in the initial stage. With the
increase in adsorption time, the adsorption of AY11 gradually reached saturation. This is
because, at the beginning of adsorption, a large number of free active sites on the surface of
the adsorbent are available, but as the adsorption process progresses, the adsorption sites
are gradually occupied, and the adsorption rate decreases [56]. On the other hand, as the
adsorption time increases, AY11 needs to overcome a higher mass transfer resistance to
enter into the interior of the CDG, which leads to a slower absorption rate in the later period.
When the amount of adsorbed AY11 and the amount of desorption from the surface of CDG
reach a dynamic balance, the adsorption time used in the state is called the equilibrium
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time [52]. Equilibrium time is often used to evaluate the affinity of the adsorbent toward
the adsorbate.

It can be seen that the adsorption removal rate of AY11 by CDG increased with
time, and the adsorption equilibrium was reached at 180 min when the removal rate was
94.44%. According to these results, 180 min was selected as the best adsorption time for
further investigations.

3.7.3. Mass of CDG

During the investigations of the mass of CDG (in the range of 1.5 g/L-10.5 g/L), the
adsorption temperature was set to 25 °C, the adsorption time was 180 min, the initial
concentration of AY11 was 200 mg/L, and the pH of the solution was 7. The effect of the
mass of CDG on the adsorption performance of AY11 can be observed in Figure 11.

24 —ae (a) n
. -100
nl—— 0 ></‘""_‘_‘ *
T:m o
> ool " 180
g \ S
> 2
b= 18 . 160 £
S 161 5
2 4 {0 £
2 <
s 12 <
< 420
< 10} .
8 1 1 1 1 1 0
0 2 4 6 8 10

Adsorbent dosage/g-L'1

Figure 11. Effect of the mass of CDG on the adsorption of AY11 (a) adsorption amount and
(b) adsorption rate.

It can be seen from Figure 11 that with the increase in the mass of CDG, the adsorption
rate of AY11 gradually increases. When the mass of CDG was 8.5 g/L, the adsorption
reached equilibrium, while the adsorption amount first increased, and then gradually
decreased. This could be attributed to the amount of added CDG, where the number of
adsorption sites provided to AY11 increases, thereby increasing the adsorption/removal
rate of AY11. At the same time, as the amount of added CDG increases, the CDG sheet
agglomeration effect increases, the number of active adsorption sites decreases, and the
amount of AY11 adsorbed per unit mass of CDG decreases, resulting in a decrease in
total adsorption [57]. When the dosage was 8.5 g/L, the adsorption removal rate of AY11
reached 96.66%, but increasing the dosage to 10.5 g/L and the removal rate of AY11 did not
change significantly. Therefore, the optimal amount of adsorbent for CDG to adsorb AY11
was found to be at 8.5 g/L.

3.7.4. Initial Concentration of AY11

The effect of the initial concentration of AY11 was investigated in the range of
50—400 mg/L, when the adsorption temperature was set to 25 °C, the adsorption time
was 180 min, and the pH of the solution was 7 (Figure 12).

At298 K, 303 K, and 308 K, the effect of the initial concentration of AY11 on (Figure 13a)
adsorption amount and (Figure 13b) adsorption removal rate is shown in Figure 14. As
the concentration of the AY11 solution increased, the adsorption amount increased first
and then tended to be stable, while the adsorption removal rate increased first and then
decreased. As the initial concentration of AY11 increased, the mass transfer power between
the adsorbent and the adsorbate increased, and the adsorption rate increased as more
AY11 molecules occupied the adsorption sites on the surface of CDG. When the amount of
adsorbent is fixed, the number of active adsorption sites is also fixed. With the increase
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in the initial concentration of the AY11 solution, the adsorption sites gradually reach a
saturation level, and the adsorption removal rate gradually decreases.
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Figure 12. Effect of initial concentration of AY11 on CDG adsorption performance (a) adsorption
amount (b) adsorption removal rate.
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Figure 13. Effect of initial concentration of AY11 on (a) adsorption amount and (b) adsorption
removal rate.
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Figure 14. Adsorption isotherms of AY11 onto CDG.

As can be seen from Figure 12, with the increase in the initial concentration of AY11, the
adsorption amount of CDG gradually increases, but the adsorption removal rate of AY11
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gradually decreases. This could be attributed to the fact that when the initial concentration
of AY11 is high, the concentration gradient (AC = Cy — C,) increases [58], promoting
the diffusion of AY11 to the surface and inside of CDG. This increases the probability of
AY11 to bind to an adsorption site of CDG, leading to increasing adsorption capacity and
resulting in limited adsorption sites in CDG. When the adsorption reaches its saturation,
the excess AY11 restricts the spontaneous progress of the adsorption process [59], resulting
in a decrease in adsorption removal rate.

Therefore, when the concentration range of AY11 is 50-100 mg/L, the treatment
efficiency is the highest with the best applicability.

3.7.5. The Effect of pH

In order to verify the effect of pH toward the removal rate of AY11, the pH of the
solution was varied between 1.0-9.0, with an adsorption temperature set to 25 °C, an
adsorption time set to 180 min, and an initial concentration of AY11 being 200 mg/L.
The effect of pH of AY11 solution on the adsorption performance of AY11 are shown in
Figure 15.
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Figure 15. Effect of pH on CDG adsorption performance (a) adsorption capacity and (b) removal rate.

As can be seen from Figure 15, when the pH of the AY11 solution is between 4.0
and 7.0, the adsorption removal rate of AY11 is basically above 95%, indicating that the
adsorbent has a wide applicability range for the pH of the dye wastewater. When the
initial pH of the solution decreased from 4.0 to 3.0, or increased from 7.0 to 9.0, the removal
rate and adsorption amount both decreased rapidly. This is because under strong acid
conditions, the higher the H+ concentration, the higher the corresponding concentration
of Cl-, and a large amount of Cl— adheres to the surface of CDG to make it negatively
charged, increasing the electrostatic repulsion between the adsorbent and the anionic dye
AY11 [60], which prevents AY11 from being adsorbed. Similarly, at higher pH, due to the
existence of OH- and the anionic dye, AY11 form a competitive relationship (the presence
of OH- and anionic dye AY11 competing for the adsorption sites on CDG) [61], resulting in
a rapid reduction in AY11. Therefore, considering the actual pH of the real wastewaters,
the optimal initial pH for CDG adsorption of AY11 under these experimental conditions
was set to 7.

3.8. Regeneration Performance

In the applicability of wastewater treatment, the low-cost, excellent adsorption effi-
ciency, and renewable adsorbent materials could have significant advantages. Therefore,
conducting regeneration experiments is of great significance. Treatment with NaOH solu-
tion could reduce the electrostatic interaction between CDG and the anionic dye and could
desorb the dye.
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The adsorption—desorption cycle of CDG with AY11 was repeated eight times (Figure 16).
The adsorption and removal rate of AY11 dye decreased with the increase in cycle time.
However, after the 8th adsorption—desorption experiment, the adsorption and removal
rate of AY11 by the regenerated CDG still reached 81.80% of the initial results. This shows
that CDG has a good regeneration ability, which has excellent application prospects in the
treatment of actual dye wastewater.
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Figure 16. Regeneration performance of CDG.

3.9. Investigations of the Adsorption Mechanisms

The adsorption behavior is usually described by the adsorption model, which has
important guiding significance for exploring the interaction mechanisms between the
adsorbate and the adsorbent. According to the different ways and forces of interactions
between the adsorbent and the adsorbate, the process could be roughly divided into two
categories, namely physical adsorption [62] and chemical adsorption [63]. Physical adsorp-
tion mainly refers to the van der Waals forces between the adsorbent and the adsorbate,
while chemical adsorption mainly plays a role in the chemical bonding force between the
adsorbent and the adsorbate. The kinetic model and thermodynamic adsorption model are
used to nonlinearly fit the experimental data and analyze the fitting parameters to explore
the adsorption mechanism [64].

3.9.1. Adsorption Kinetics

In order to determine the optimal adsorption time, adsorption experiments were
carried out at 298, 303 and 308 K, at 10, 30, 60, 90, 120, 180, 240 and 300 min, respectively.
The concentration of CDG and AY11 was 8.5 g/L and 100 mg/L, the pH of the AY11
solution was 6.0. The relationship between time and adsorption performance during the
adsorption of AY11 on the CDG substrate is shown in Figure 17.

As can be observed, in different adsorption periods, the adsorption amount and
adsorption removal rate of AY11 by CDG increased with the increase in adsorption time,
and the adsorption amount slowly increased and tended to balance when the adsorption
time > 240 min The adsorption capacity was 38.19 mg/g~!, and the maximum adsorption
removal rate was 96.51%. In the initial stage, the concentration gradient of AY11 and the
surface of CDG is significant, and there are many adsorption sites on the surface of CDG,
and the adsorbate molecules could easily bind with the adsorbent. With the increase in
adsorption time, AY11 needs to overcome the mass transfer resistance to enter into the
interior of CDG, which reduces the removal rate. With the increase in adsorption time, the
adsorption of AY11 gradually reaches its saturation.
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Figure 17. Effect of adsorption time on adsorption amount (a) and adsorption removal rate (b).

The adsorption isotherm reflects the distribution of the solid-phase and liquid-phase
when the solute molecules adsorbed at a certain temperature when reaching equilibrium
on the two phases interface. The adsorption isotherm of CDG for AY11 at different tem-
peratures is shown in Figure 14. The figure shows that when the initial concentration of
AY11 increases within a certain range, the equilibrium concentration of AY11 molecules in
CDG and solution shows an increasing trend after attaining the adsorption equilibrium.
When the amount of Ay11 molecules in the solid phase CDG reaches a certain value, the
adsorbate was no longer distributed into the adsorbent, but distributed into the liquid
phase, indicating that the adsorbent reached adsorption saturation. The distribution of
adsorbate into the adsorbent increases while elevating the temperature, and the equilibrium
adsorption of Ayll by CDG increased continuously because the diffusion rate of AY11
molecules into the CDG increased continuously with the increase in temperature, indicating
that the adsorption of AY11 was an endothermic process.

It can be seen from Figure 18 that the adsorption of AY11 dye onto CDG conforms
to the quasi-first-order kinetic model, and from Table 3, the correlation coefficient of the
quasi-first-order kinetic model, namely R? > 0.99, and the adsorption rate constant k; with
temperature can be observed, which shows that there is a chemical bond between the
adsorbent and the adsorbate [65].
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Figure 18. Cont.
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Figure 18. (a) Quasi-first-order nonlinear and (b) quasi-second-order nonlinear dynamics model.

Table 3. Dynamic characteristic parameters of pseudo-first-order and pseudo-second-order models

at different temperatures.

First-Order Kinetic Model

Second-Order Kinetic Model

T/K qe,exp/(mg/g) . .
“ep kymin=1 g, c.i/(mglg) R? ka/lg-(mg-min)~1] g, cur/(mg/g) R?
298 K 1133 0.146 11.34 0.997 0.029 11.67 0.892
303K 11.56 0.121 11.25 0.998 0.021 11.68 0.881
308K 11.59 0.109 11.29 0.995 0.018 11.78 0.873

3.9.2. Adsorption Isotherm

Based on the fitting curve and regression parameters of the Langmuir equation and the
linear Freundlich diffusion model (Figure 19a,b and Table 4), the regression coefficient (R?)
of the nonlinear Langmuir and Freundlich equation was higher than 0.93 at the temperature
range from 298 K to 308 K. Compared to the Freundlich adsorption equation, Langmuir
R? was always above 0.97, indicating that the adsorption equilibria relationship between
CDG and AY11 molecules can be more accurately described by the Langmuir equation.
The Langmuir adsorption model assumed that the molecular adsorption was a monolayer
surface adsorption, and the adsorption surface was uniform, containing a few identical
sites. The adsorbed particles were completely independent without interaction.
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Figure 19. (a) Langmuir and (b) Freundlich adsorption isotherm models.

Table 4. Adsorption isotherm model parameters of Langmuir and Freundlich model at

different temperatures.

Langmuir Equation Freundlich Equation
T gml/(mg/g)  Kp/(mL/g) R? Kr/(mg/g) 1/n R?
298 32.84 0.0116 0.9805 0.6081 0.76 0.9637
303 27.15 0.0186 0.9853 0.9562 0.67 0.9618
308 24.30 0.0307 0.9758 1.5932 0.57 0.9309

3.9.3. Adsorption Thermodynamics

It can be observed from Figure 20 and Table 5 that AGy < 0, and the value is between
—20 kJ/mol and 0, which indicates that the adsorption behavior of CDG on AY11 is spon-
taneous and is physical adsorption [66]. The change in the standard entropy (ASy < 0),
indicated that the degree of order at the solid-liquid interface increases during the adsorp-
tion process. The values of AHy > 0 indicate that the adsorption process is endothermic,
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and increasing the temperature is conducive to the adsorption behavior. This can also be
verified from the adsorption data of CDG on AY11 at different temperatures (Figure 9).
Therefore, it can be concluded that the process of CDG adsorption of AY11 has not only
chemical adsorption but also physical adsorption.
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Figure 20. Thermodynamic model of CDG adsorption on AY11 at different initial concentrations
of AY11.

Table 5. Thermodynamic parameters at different initial concentrations of AY11.

AGy/(kJ-mol—1)

Co/(mg/L) AHp/(k]-mol—1)  ASy/(J-mol-K)

298 K 303 K 308 K
100 0.46 —15.50 —5.08 —5.06 —5.04
200 0.23 -16.21 -5.15 -5.14 -5.12
300 0.15 —16.41 —-5.23 —-5.22 —-5.21

3.9.4. Adsorption Model

Dye adsorption and removal are usually characterized as four consecutive steps [67,68]:
(1) dye molecules from an aqueous solution are close to the outer surface of the adsorbent;
(2) mass transfer across the boundary layer (membrane diffusion); (3) dye molecules diffu-
sion within the particles in the pores of the adsorbent (pore diffusion); and (4) adsorption
of dye molecules on the surface of the adsorbent through molecular interaction (reaction).

Figure 21 presents a schematic representation of the adsorption process of CDG and
AY11, in which the first stage is rapid adsorption; the second stage is slow adsorption
until reaching saturation; and the third stage is adsorption equilibrium. Among them, the
concentration of the dye and the stirring speed may affect the first step, so in the thoroughly
mixed batch adsorption, step 1 is very fast, and is therefore called the rapid adsorption
stage. In most of the cases, steps 2 and 3 could mainly control the adsorption rate, while
external and internal diffusion is usually regarded as an essential step to determine the
adsorption rate.

Figure 22 shows the adsorption mechanism of AY11 dye by CDG. It can be seen that
the dye diffuses into the adsorbent through pores. During the next step, AY11 ionizes out
-503~ in water and electrostatically interacts with the -N + (CH3) 3 group on the surface of
CDG. Therefore, AY11 molecules can reach the surface of CDG and could enter the pores



Sustainability 2022, 14, 2469 19 of 24

of CDG, as an establishment of a stronger chemical bond with AY11 is more conducive
to the adsorption process. This process is mainly affected by the mass transfer resistance
of the CDG surface, which slows down the adsorption process. The second stage, is the
gradual adsorption stage, but this is not the only rate control step, as external mass transfer
or ion exchange may also be involved in the adsorption process [69,70]. With the increase
in time, more and more -SO3~ of AY11 molecules could participate in the competition,
resulting in the reduction of the adsorption sites on the surface of CDG, which slows down
the absorption rate and eventually reaches adsorption equilibrium.
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Figure 21. Schematic representation of the adsorption process of CDG and AY11.

1 1
1 1
1 1
1 |
1 5 |
’ i e e |
modified | < ) o
- o |, N o CHjy
0 1 o . :
HO n 1
HO 1 HO O a i
1 1
1 |
1 1

Pore adsorption

Figure 22. The adsorption mechanism of AY11 on CDG (* the terminal group).

3.10. Comparison of Various Adsorbents

Table 6 shows the comparison of the maximum adsorption capacity of anionic azo
dyes on various adsorbents. It can be seen from Table 6 that the maximum adsorption



Sustainability 2022, 14, 2469

20 of 24

capacity of anionic azo dyes on CDG is 636.94 mg g~!, which is much higher than other
clay and polymer materials under optimal adsorption conditions. Therefore, CDG is a
promising material for treating anionic azo dyes from dye wastewater.

Table 6. Comparison of maximum adsorption capacity of adsorbents.

Adsorbent Dye Optimum {\fisorptlon MG Adsorption qmax Reference
Conditions (mg/g)
. . 3.2 g/L; 120 min;
Fe-coated pumice stone Acid orange 7 pH = 7,24 °C 27.68 [71]
. . 4.0 g/L; 60 min;
Surfactant-coated zeolite Acid orange 7 pH =1;30°C 38.96 [72]
. 1.6 g/L; 100 min;
Acid orange 7 pH = 7;25°C 99
Potash alum doped polyaniline [73]
Metanil 1.6 g/L; 100 min; 142
yellow pH=7;25°C
. . . Metanil 0.4 g/L; 120 min;
Amino functionalized graphenes yellow pH = 7,25 °C 71.62 [74]
. . . Metanil 1.0 g/L; 240 min;
Polyaniline-bentonite composite yellow pH = 7;25°C 444.4 [75]
Polyacrylonitrile/activated carbon . 0.4 g/L; 60 min;
composite Acid yellow 99 pH = 1,50 °C 217.39 [76]
. . . . 0.1 g/L; 240 min;
Magnetic gelatin-biocomposite Direct Yellow 12 pH = 3; 30 °C 476.2 [77]
0.01 g/L; 120 min;
[Cu2-L]@MWCNT Sunset yellow pH = 7,30 °C 26.63 [78]
Cationic distiller’s grains (CDG) Acid yellow 11 8251/}’71221 ?gn; 636.94 This study

4. Conclusions

Using the alkali pre-treatment and CHPTAC etherification modification method, the
waste of distillers grains were successfully transformed into quaternary ammonium cation
distillers grain adsorbent (CDG). FTIR spectrum analysis and EDS elements analysis
showed that CHPTAC successfully modified the DGs. BET analysis of CDG showed
that a large number of pore structures appeared on the surface of CDG, which provided
a large number of adsorption sites for the attachment of Acid yellow 11 (AY11). UV-Vis
spectrometry showed that CDG had an excellent removal rate of AY11. Batch adsorption
experiments showed that the optimal adsorption conditions for CDG to adsorb AY11 dye
in aqueous solution are an adsorption temperature of 25 °C, an adsorption time of 180 min,
amount of adsorbent at 8.5 g/L, initial concentration of AY11 100 mg/L, and the pH of the
AY11 solution has to be set at 7.0. Under optimal conditions, the maximum adsorption re-
moval rate of CDG for AY11 is 98.76%, and after eight adsorption—desorption experiments,
the adsorption removal rate was still higher than 81%. Moreover, it is more likely to be
used in the actual treatment of azo dye wastewater to realize the sustainable environmental
protection concept of energy-saving and emission reduction. Zeta potential, adsorption
kinetics, and adsorption thermodynamics results showed that the adsorption process of
CDG to AY11 was mainly chemical adsorption. To summarise, CDG could be used as a

potential adsorbent for azo dye wastewater treatment.
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