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ABSTRACT: Removal of organic dyes from water by monolithic
adsorbents is considered as an efficient and no-secondary pollution
method. Herein, for the first time cordierite honeycomb ceramics I

£ 3

(COR) treated with oxalic acid (CORA) were synthesized. This — = - .

CORA exhibits outstanding removal efficiency toward the azo —— | acid modification AP 3? ;:;.
neutral red dyes (NR) from water. After optimizing the reaction -{/n/“: jo =
conditions, the highest adsorption capacity of 7.35 mg-g™" and a oxalic acid solution ’,I: ;}";ﬁ;”’
removal rate of 98.89% could be achieved within 300 min.

Furthermore, investigation of the adsorption kinetics indicated this > Adsorption Mz @
adsorption process could be described as a pseudo-second-order D P Al @
kinetic model with k, and g, of 0.0114 g'mg™"min™" and 6.94 mg- ﬁ o @

g_l, respectively. According to the fitting calculation, the NR solution si @

adsorption isotherm could also be described as the Freundlich
isotherm model. The removal efficiency could be maintained above 50% after 4 cycles, negating the need for toxic organic solvent
extraction, offering a method for bringing the technology one step closer to industrial application and giving CORA promising

potential in practical water treatment.

1. INTRODUCTION

A significant amount of waste is produced as a result of the
population’s rapid growth, human society’s rapid development,
and extensive agricultural practice.’” Human life and health are
in danger due to water pollution.””* Since dyes are used in the
printing and dyeing industries to color products, these
industries have become the focus of wastewater treatment.””’
The dark organic dye wastewater pollutants will reduce
sunlight’s ability to pass through water and impact aquatic
plants.*” Additionally, toxic substances are highly concentrated
and difficult to degrade,'’ and dyes may be mutagenic and
carcinogenic to aquatic organisms, which could seriously harm
human health'"'* and cause serious environmental pollution."

Wastewater discharged during cationic dye manufacturing
and dyeing can cause allergic dermatitis, neurological diseases,
rashes, cancer, and mutations."* The positively charged
cationic dye molecule is soluble in water and creates colored
cations in the solution. Wastewater from printing and dyeing
processes frequently contains the cationic dye neutral red
(NR). After entering the water, NR’s high color development
and low light transmittance seriously impede the body of
water’s ability to purify itself and result in extremely serious
water pollution.”> Consequently, it is crucial to effectively
remove NR dyes from wastewater.

Different techniques have been used so far to treat
wastewater.'®'” Membrane filtration,"® adsorption,lg’20 precip-
itation,”' coagulation,22 microbial degradation,23 and photo-
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catalytic and electrocatalytic degradation”**’ are examples of

traditional technologies. These techniques have some benefits,
but they also have some drawbacks. For instance, membrane
filtration offers low energy consumption, simple process
control, and advanced wastewater treatment for printing and
dyeing. But, it has significant fouling and incomplete
degradation by biological and photodegradation methods.”**”
The most competitive technology among them is adsorption
technology. It can accomplish both the recycling of organic
dyes and the purification of wastewater. Additionally, low costs,
straightforward operations, no toxic materials, and high process
efficiency also meet the requirements of green chemistry.”® To
clean up wastewater, some common adsorbents have been
used, including various activated carbon adsorbents made of
carbon and metal and non-metal oxide adsorbents.””*° The
adsorption process still has some issues, even though these
materials can effectively adsorb dyes in the solution.”** For
instance, most adsorbents have low stability and adsorption
capacity, and pH has a significant impact on adsorption.*
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Figure 1. SEM photographs of the samples: (a) COR, (b) CORA, and (c) CORA-NR. EDX spectroscopy of COR (d), CORA (e), and CORA-NR

(9.

Additionally, these adsorbents are challenging to recover and
are not conducive to reuse or recycle. The monolithic
adsorbent has proven to be a practical and affordable way to
remove a variety of pollutants in some research.”* " For
instance, porous ceramic membranes (PCMs), which are
monolithic catalysts, have many applications in mass and heat
transfer, and PCMs offered more active sites for the reactant
gases during the catalytic reaction process than the powder
catalysts did.”® In one study, the monolithic catalysts of
diatomite-modified wood ceramics have been widely used for
the adsorption of pollutants due to their large specific surface
area, strong adsorption capacity, and lower cost.””

Compared to conventional pellets or powder catalysts,
which have the drawbacks of a low recycling rate and difficult
recovery in an aqueous solution, cordierite honeycomb
ceramics (COR), which have a high specific surface area,*
high permeability, high adsorption capacity, relatively high
mechanical strength,“’42 inherent high porosity,43 and low
cost, were chosen as adsorbents.**** In this paper, oxalic acid
was used to simply modify cordierite honeycomb ceramics
(CORA), and the effectiveness of NR dyes in solution
adsorption was assessed. In the study of pollutant removal
from NR-contaminated wastewater, the materials’ rate of
utilization was not only improved, but the results were also
satisfactory.

2. MATERIALS AND METHODS

2.1. Materials. All of the agents are readily available on the
market, and no additional purifications were done before
reactions. Cordierite honeycomb ceramics (16 mm X 120
mm) were purchased from New Material Co., Ltd., Pingxiang
City, Jiangxi Province. Oxalic acid (H,C,0,) was purchased
from Tianjin Chemical Reagent Factory. Neutral red
(CysH7N,Cl) was purchased from Tianjin Ruijinte Chemical
Co., Ltd. Sodium hydroxide (NaOH) and hydrochloric acid
(HC1) were purchased from Tianjin Komio Chemical Reagent
Co., Ltd. Ethanol(C,H;OH) was purchased from Tianjin
Fengchuan Chemical Reagent Technology Co., Ltd. Analytical-
grade pure chemicals and reagents were used in this
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experiment without the use of any additional purification
techniques.

2.2, Preparation of CORA. Commercially available
honeycomb cordierite was used to make the cuts with D X
L = 16 mm X 10 mm. After being exposed to an oxalic acid
solution for 2 h at 358 K, the material was washed with
distilled water until the washing solution was neutral, dried for
2 h at 353 K, and then calcined for 4 h at 773 K to remove the
attached oxalic acid.

2.3. Characterization. Fourier transform infrared (FTIR,
Nicolet iS50, USA) was used to analyze the functional groups
on the surface of the adsorbents. An X-ray diffractometer
(XRD, X’Pert PRO, Holland) was used to determine the
crystal structure of CORA. Brunauer—Emmett—Teller (BET,
ASAP2420-4MP, USA) surface area analysis was used to
evaluated the CORA specific surface area and pore structure.
X-ray photoelectron spectroscopy (XPS, ESCALAB 250X,
England) was used to examine the chemical compositions and
element states of CORA before and after NR adsorption.
Zetasizer Nano (Zeta, ZS90) was used to determine the charge
state on the surface. Scanning electron microscopy (SEM,
SU8020) images and energy-dispersive X-ray (EDX) spectros-
copy of CORA were used to compare before and after
adsorbing NR dye.

2.4. Adsorption Experiments. The adsorption experi-
ments of CORA were carried out by the batch method.
Influencing factor experiments, such as oxalic acid concen-
tration (0—40%), solution pH (3—7), NaCl concentration (0—
100 mmol-L™"), adsorbent dosage (10—30 mg-mL™"), initial
dye concentration range (20—100 mg-L™'), contact time
interval, and temperature (298—318 K) on adsorption of the
dye were studied. The absorbance of NR was measured using
an ultraviolet spectrophotometer (Shanghai Yidian Co., UV-
LS) according to the absorbance at 530 nm. The standard
curve of NR concentration absorption was drawn by measuring
the absorbance. To evaluate the adsorption kinetics at a
specific time interval, at time ¢, the adsorption capacity of the
NR dye (g, (mg-g™")) and the percentage of the NR removal
rate are expressed by the following equations
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Figure 2. (a) FTIR spectra, (b) XRD patterns, (c) N, adsorption—desorption isotherms, (d) survey XPS spectra, (e) high-resolution N 1s XPS
spectra of CORA before and after adsorption of NR, and (f) pore size distribution curves of COR, CORA, and CORA-NR.
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where C, is the initial NR concentration (mg-L™"), C, is the
NR concentration at any time t or equilibrium (mgL™"), R
(%) is the removal rate of the dye, V is the NR solution volume
(L), and m is the mass of CORA (g).

2.5. Desorption and Regeneration Experiments. The
recyclability of CORA was evaluated after treating the used
adsorbent with deionized water. To desorb NR-loaded CORA,
different desorbing solutions were used (¢ 300 min,
adsorbent dose = 15 mgmL™", Cy = 20 mg-L™!, T = 298 K,
pH = 7). After desorption, the used CORA was reused to
adsorb NR, and the adsorption conditions were the same as
those for the first adsorption process. The desorption efficiency
(D) and regeneration efficiency (1) were calculated using the
following equations

p =" x 100

me (3)
n= ﬂ X 100

q, (4)

where D is the adsorption efficiency of CORA (%), m is the
mass of NR (g), which was desorbed from the adsorbent, and
m, is the remaining NR mass on CORA before desorption (g).
1 is the regeneration efficiency of CORA (%), and g, and g, are
the adsorption quantity of the regenerative CORA for recycle
times and the primitive CORA in the same experimental
conditions, respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of Materials. The prepared CORA
was characterized by FTIR spectroscopy, XRD, N, adsorp-
tion—desorption experiment, XPS, SEM, and EDX spectros-

copy.
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3.1.1. SEM and EDX Analysis. The morphological character-
ization of COR, CORA, and CORA-NR was observed by SEM,
Figure 1. The elemental compositions and contents of COR,
CORA, and CORA-NR were qualitatively and quantitatively
analyzed by EDX spectroscopy. The morphology of CORA
had no obvious difference from CORA-NR. It was clearly
observed that the surface of CORA has many pits because acid
corrosion dissolves magnesium ijons and aluminum ions,
resulting in micropores and mesopores and making the surface
more rough. This structure is more conducive to the
adsorption of NR. EDX spectroscopy on the variation of the
Mg and Al contents in COR and CORA prove this in Figure
1d and le, respectively. As shown in Figure le and 1f, the
elements Mg, Al Si, N, and O are detected. The N element
increased after the adsorption, which meant CORA had
adsorbed NR successfully; the same XPS test results can also
prove this.

3.1.2. FTIR Analysis. FTIR spectroscopy is a vital tool to
characterize both the covalent and the noncovalent functional
groups of a substance. The FTIR spectra of COR, CORA, and
CORA following adsorption of NR (CORA-NR) are shown in
Figure 2a. The absorption peak near 1180 cm™" was the Si—O
absorption peak of COR, and the peak at around 1085 cm™
was the SiO, tetrahedral antisymmetric stretching vibration
absorption peak. The Si—OH end group’s symmetric
stretching vibration absorption peak was at 960 cm™}, the
SiO, tetrahedron’s symmetric stretching vibration absorption
peak was at 767 cm ™', and the bending vibration peaks of Si—
O-Si and Si—O—H in CORA were at 905 and 676 cm™,
respectively.** Compared with COR, CORA showed a peak at
around 1085 cm™'; this may be due to the removal of AI** and
Mg** from the cordierite structure by oxalic acid treatment,
destroying the silicate structure of cordierite.”” The following
BET and XPS test results also confirm these results.

3.1.3. XRD Analysis. The XRD patterns of COR, CORA,
and CORA-NR are displayed in Figure 2b. Compared with
COR, the characteristic peaks of CORA were slightly weaker
after acid treatment. It can be seen that the XRD patterns of
COR, CORA, and CORA-NR are essentially unchanged, and
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Table 1. Comparison of the Main Elemental Contents before and after Oxalic Acid Modification
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Figure 3. (a) The adsorption capacity and removal rate of COR. (b) The adsorption capacity and removal rate of CORA. Adsorption conditions:
Co = 20 mg/L; amount of CORA = 15 mg/mL; T = 298 K; ¢t = 300 min; pH = 7.
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Figure 4. Removal rate (a) and adsorption capacity (b) of NR by COR modified with different concentrations of oxalic acid. (c) Effect of pH on
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the intensity and position of the diffraction peaks were
essentially the same. This showed that the main crystallite
structure was stable even after oxalic acid modification.

3.1.4. BET Analysis. To evaluate the porosity of the obtained
adsorbent, the N, adsorption and desorption isotherms of
COR, CORA, and CORA-NR adsorbents were obtained and
are displayed in Figure 2c, and the pore size distributions are
presented in Figure 2f. As shown in Figure 2c, CORA showed
a type I isotherm that was specific to microporous materials.

11460

CORA had obvious microporous (<1.8 nm) and mesoporous
(3.0—4.0 nm) structures, making its total pore volume (0.028
cm®g™") and specific surface area (80 m?>g™') higher than
those of COR (0.010 cm*g™!, 0.94 m*g™"). The BET test
showed that oxalic acid modification produced micropores and
mesopores and increased the specific surface area because the
treatment of cordierite with oxalic acid is a chemical corrosion
process. Micropores can be produced by directly removing
metal ions from the surface of cordierite, but to produce

https://doi.org/10.1021/acsomega.3c00305
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mesopores, some structural rearrangement seems necessary.
This process may involve the destruction of the cordierite
silicate structure under harsh oxalic acid treatment conditions.
The XPS data also confirm that more than 80% of the Mg>*
and AI** are removed from the cordierite lattice.

3.1.5. XPS Analysis. In determining the ratio of each
oxidation state of metals in the materials, XPS was extremely
useful. The XPS results in Figure 2d indicated the presence of
Mg, O, Al, and N elements in CORA and CORA-NR.
Meanwhile, compared the XPS results of elements in Figure
2e, the N element appeared after the adsorption, which meant
CORA had adsorbed NR successfully. Compared to the main
element contents between COR and CORA (Table 1), as
shown in the FTIR results, BET results, and the related
literature,” it can be concluded that AI** and Mg** were
removed from the cordierite structure by oxalic acid treatment.
The silicate structure of the active solid was destroyed,
resulting in the formation of a highly specific surface area of the
active solid, which subsequently facilitates the adsorption of
NR.

3.2. Adsorption Study. The various adsorption capacities
of NR dye are depicted in Figure 3. Furthermore, under the
conditions of an NR concentration of 20 mgL7™', a
temperature of 298 K, a pH of 7, and an adsorbent
concentration of 15 mgmL™" for 300 min, the adsorption
capacity of COR was 1.34 mg-g”' and the removal rate was
only 22.31%. Under the same conditions, the adsorption of NR
dye on CORA was obviously enhanced. The adsorption
capacity increased by 75.85% to 5.54 mg-g™', and the removal
rate was 98.89%, which was 76.58% higher than that of COR.

3.2.1. Effect of Oxalic Acid Concentration on Adsorption.
Figure 4a and 4b shows that compared to COR, the adsorption
capacity and removal rate of NR by COR modified with
various concentrations of oxalic acid were higher. From the
previous analysis of the specific surface area and pore volume,
oxalic acid modification may affect the pore structure and
specific surface area of CORA, which in turn affect the
adsorption performance of CORA. As can be seen from Figure
4a and 4b, the effect of 10% oxalic acid modification was the
least satisfactory. Internal micropores and mesopores also
experience more corrosion of COR as oxalic acid concen-
trations rise.””*”*® However, the adsorption capacity and
efficiency of CORA modified with 40% oxalic acid are lower
than those of CORA modified with 20% and 30% oxalic acid.
There are not many differences between COR modified by
20% and 30% oxalic acid in terms of adsorption effectiveness
and capacity. Thus, 20% oxalic acid modification can
essentially remove surface impurities, has the most suitable
microporous and mesoporous structure, and will not result in a
significant amount of raw material waste. In conclusion, a
concentration of 20% oxalic acid modification is ideal.

3.2.2. Effect of pH on Adsorption. As is widely known, the
system’s pH level was a crucial factor in the adsorption process.
The initial pH level will have an impact on the surface charge
of CORA and the degree of protonation of NR. It can affect
the morphology of NR in the aqueous phase and the surface
charge of the adsorbent. Because the solubility of NR decreases
in alkaline conditions, the pH range was between 3 and 7.
Figure 4d displays the adsorption outcomes at various solution
pH levels. The diagram makes it clear that as the pH value
rises, the negative charge on the surface of CORA increases,
making it easier to adsorb positively charged NR. As a result,
the adsorption rate of CORA on NR rises and reaches

saturation at pH = 7, indicating that pH = 7 was the most
adsorption-friendly value. Since the pH of the untreated NR
solution was around 7, there was no need to adjust it.

3.2.3. Effect of NaCl Concentration on Adsorption. The
wastewater containing dye had a higher salt concentration, and
the NaCl effect was of some importance in dye adsorption
onto adsorbents. The effect of NaCl concentration on NR
adsorption by CORA is shown in Figure 4e. It is seen that the
increase in the NaCl concentration resulted in a decrease in the
NR adsorption quantity, which could be attributed to a
competitive effect between NR ions and sodium ions from the
salt for the sites available for the adsorption process.”’ In
addition, even at 100 mmol-L™" NaCl, about 292 times the dye
concentration, there was only a little decrease in the adsorption
capacity. As a result, the high concentration of NaCl did not
affect the selectivity of CORA adsorbent.

In summary, as the pH value rises, the negative charge on
the surface of CORA increases, making it easier to adsorb
positively charged NR, and the increase in the NaCl
concentration resulted in a decrease in the NR adsorption
quantity, which could be attributed to a competitive effect
between NR ions and sodium ions from the salt for the sites
available for the adsorption process. These results about the
effect of pH and NaCl concentration imply that the main
mechanism between CORA and NR was electrostatic
attraction.

3.2.4. Effect of Dye Concentrations on Adsorption
Isotherms. Adsorption isotherms were used to measure the
relationship between adsorbents and adsorbates. Langmuir,
Temkin, and Freundlich’s models were used for the fitting
analysis of experimental data.

The Langmuir isotherm model was typically used when the
guest was evenly distributed over the adsorbents in monolayer

SO 3o
coverage,” which is expressed as

1+ KC, (s)

where g, is the maximum adsorption capacity (mg-g™'), q,, is
the equilibrium adsorption capacity of NR on CORA (mg:-
g™'), Ky is a constant associated with the affinity of the binding
sites and energy of adsorption (L-mg™'), and C, is the
equilibrium concentration of NR in the suspension (mg-L™").

The Freundlich isotherm model’’ predicted nonuniform
adsorption on heterogeneous adsorbents and was expressed as
the following equation

/n
q, = K:C, )

where K; is the Freundlich isotherm constant and 1/n is a

constant that relates to the adsorption intensity and capacity.

The magnitude of the component #n indicated favorability.
The Temkin isotherm model is expressed as the equation

q, = A + BnC, (7)

where A and B are the Temkin isotherm constants.
According to the data calculated from the nonlinear fitting
(Table 2 and Figure 5a) and the calculated coefficients (R*),
the Freundlich isothermal model could be considered the most
suitable model to describe this adsorption behavior with a
reliable correlation coefficient compared with that of the
Langmuir model and the Temkin model. The parameters K
(<1) and n (<1) indicate a homogeneous, monolayer, and
favorable adsorption process. The range of n values from 1 to
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Table 2. Adsorption Isotherm Parameters Calculated in
Different Isothermal Models

Langmuir
Qe (mg'g™") K, (L'mg™) R
44.3790 0.07774 0.9697
Freundlich
1/n Ky (mg'™"L'™g™) R?
0.6099 4.3740 0.9840
Temkin
A B R
3.4543 7.4407 0.9485

10 indicates advantageous adsorption. Table 2 displays the
values of the Freundlich constants and the R* correlation
coefficient. The value of 1/n was calculated to be between 0.1
and 1, indicating that the process of CORA adsorbing NR is
more likely to occur and that CORA has some prospects for
practical application.

3.2.5. Adsorption Kinetic Study. Adsorption kinetics
research is desirable because it reveals details about the
process’ mechanism, which are crucial for raising the process’
effectiveness. The experimental data were subjected to the
application of several kinetic models, including pseudo-first-
order, pseudo-second-order, and Elovich models. The effects
of contact time and initial NR concentration on the adsorption
of NR by CORA are shown in Figure 3. The amount of NR
adsorbed onto CORA increased as time passed. Most of the
NR molecules’ adsorption took place in the initial 30 min of
the experiment, and the adsorption rate was fast. The rate of
adsorption slows over time. The pseudo-first-order kinetic

model, pseudo-second-order model, and Elovich model are
described with the following equations

Kt

Iog(qe - flt) - IOg qe - 2.303 (8)

f_ 1t

6 Kg )
1 1

q, = Eln(aﬂ) + Elnt (10)

where g, (mg-g™") is the equilibrium adsorption capacity, g,
(mg-g™") is the adsorption capacity measured at a contact time
of t, K; (L'min™') and K, (gmg ':min™') are the rate
constants from the pseudo-first-order and pseudo-second-
order kinetic models, respectively, @ (mg-g~'‘min™") is the
initial adsorption rate constant, and the parameter  (gmg™")
is the amount of surface covering and chemisorption activation
energy.

According to Figure Sb—d and Table 3, the pseudo-second-
order equation could best predict the dynamic adsorption of
NR on CORA. The equilibrium adsorption capacity obtained
from the pseudo-second-order model was closer to the
experimental value than the equilibrium adsorption capacity
obtained from the pseudo-first-order model. As a result, the
pseudo-second-order models were used in the study to explain
the NR adsorption behaviors. According to the results, NR was
mainly absorbed on the surface of CORA, and the
chemisorption transversion played a dominant role in the
process. The electrostatic interaction and ion exchange
reaction are the main driving forces for the adsorption process.

(a (b)
321 —Freundll.ch . 675
Langmuir
Temkin
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Figure S. Adsorption data of NR on CORA: (a) nonlinear fitting of Langmuir, Temkin, and Freundlich isotherms models, (b) linear fitting of the
Elovich kinetic model, (c) linear fitting of the pseudo-second-order kinetic model, and (d) linear fitting of the pseudo-first-order kinetic model.
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Table 3. Kinetic Study of NR Adsorption on CORA at 298—318 K

pseudo-first-order kinetic model pseudo-second-order kinetic model Elovich
T (K) K; (min™") . (mg-g™) R? K, (gmg "'min™") 9. (mg-g™) R? a (mg-g™" min™") B (gmg™) R?
298 0.0169 6.71 0.9538 0.0063 6.76 0.9909 0.831 0.822 0.9890
303 0.0147 5.40 0.9793 0.0071 6.91 0.9927 1.130 0.849 0.9786
308 0.0210 6.16 0.9058 0.0115 6.43 0.9973 6.595 1.232 0.9844
313 0.0158 4.52 0.9750 0.0112 7.20 0.9977 5.525 1.046 0.9743
318 0.0136 4.07 0.9695 0.0114 6.94 0.9972 5.576 1.099 0.9861

“Adsorption conditions: Cy = 20 mg/L; amount of CORA = 15 mg/mL; ¢ = 300 min; pH = 7.
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Figure 6. (a) Linear plot of In K vs 1/T for the adsorption of NR by CORA. (b) The zeta potential of CORA. (c) The elution efficiency by
different solutions. (d) The regeneration rate of four cycles using different solutions. Adsorption conditions: Cy = 20 mg/L; amount of CORA = 15

mg/mL; T = 298 K; t = 300 min; pH = 7.

3.2.6. Thermodynamic Parameters. Thermodynamic stud-
ies could well describe the adsorption of NR on CORA.
Thermodynamic parameters like the Gibbs free energy (AG),
standard enthalpy change (AH), and standard entropy change
(AS) were obtained by also looking into the thermodynamics
of adsorption. Using the Van't Hoff equation, the parameters
could be determined

an — _A—H + E
RT R (11)
AG = -RT InK (12)

where K is the calculated adsorption equilibrium constant from
q./c. and AH and AS are obtained from the straight line plots
of In K against 1/T (Figure 6a).”” Table 4 displays the
computed parameters.

The reaction rate was physically measured by the activation
energy (E,), whose value could be used to determine the
nature of the adsorption process. The Arrhenius formula was
used to get the activation energy of the adsorption process, and
the resulting linear equation was

E
InK,=InK, — —2
PR TR0 T oy (13)

11463

Table 4. Thermodynamic Parameters of CORA in the
Adsorption of NR

T(K) AG (& mol™) AH (K mol™) AS (J mol™) R*
298 —-3.813 27.38 104.5760 0.9937
303 —4222
308 —4.881
313 —5.637
318 —5.864

where E, (kJ-mol™") is the apparent activation energy of the
adsorption reaction, K, (g'mg_l-min_l) is the temperature-
independent factor, R (8.314 J mol™ K™') is the gas constant,
and T (K) is the adsorption absolute temperature. Plotting In
K, against 1/T resulted in a straight line with a slope of —E,/R.

The positive AH value indicates that the adsorption of NR
on CORA is an endothermic process. Meanwhile, the negative
AG value indicates that adsorption occurred spontaneously at
various temperatures, and adsorption was more likely to occur
at higher temperatures as the adsorption capacity increased
with temperature and the AG value decreased. The increment
of AG (absolute value) at the increased temperature suggested
that elevating the operation temperature could enhance the
adsorption of NR onto activated CORA. Therefore, using
activated CORA as an adsorbent for removing NR in water is
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applicable. The value of E, < 40 kJ-mol™" is the result of the
physical adsorption process. The energy of activation was
calculated to be 23.79 kJ-mol™' from the Arrhenius equation,
confirming the occurrence of physical activity in the adsorption
process.

3.2.7. Regeneration and Reuse. To verify the stability and
reusability of CORA, the desorption and regeneration
performance of different solvents on CORA were tested, and
the reagents with better desorption and regeneration perform-
ance were used for further multiple recycling studies. H,O, 0.1
mol-L™! HC], 0.1 mol-L™! NaOH, and acidic ethanol were
selected as the solvents for CORA study on the desorption
regeneration performance. The experimental results are shown
in Figure 6¢ and 6d. The desorption rate was the highest with
an acidic ethanol solution as the desorption agent. First, the
desorption was mainly due to the competitive adsorption
between H' in acidic ethanol and cationic dye—neutral red
molecules. Second, ethanol molecules can provide a certain
polarization force to promote the desorption of dye.

After four cycles of adsorption and desorption experiments,
the desorption rate of acidic ethanol remained above 50%,
indicating that CORA still had high stability. This may be due
to the chemical desorption process not being complete,
resulting in some dye molecules still occupying the adsorption
site of CORA. At the same time, the XRD pattern of CORA
after adsorption did not change significantly, which proved that
the CORA structure was not destroyed and was relatively
stable. CORA was stable during the neutral red recovery
process, and that recovery required neither organic solvents
nor high concentrations of acids or bases. Therefore, this had
great convenience for the practical application of targeted
recovery of cationic dyes from printing and dyeing waste-
water.” ¢

3.2.8. Adsorption Mechanism. The zeta potential of CORA
decreased with increasing pH value, and the negative charge
increased gradually. The results show that the electrostatic
adsorption ability of CORA for cationic dyes gradually
increased, which is consistent with the changing trend of NR
adsorption capacities under different pH conditions. The
isothermal fitting results show that the adsorption process was
a monolayer adsorption process on a heterogeneous surface.
The kinetic and thermodynamic analysis results show that
NR’s chemical adsorption and physical adsorption on CORA
occurred simultaneously. The effects of pH value and
coexisting ions on the adsorption capacity show that ion
exchange was also one of the adsorption mechanisms. It is also
noted that the specific surface area of CORA was larger than
that of COR, which could enhance the contact area between
CORA and NR. In summary, the dye adsorption on CORA
was a complex process, which may include multiple synergistic
contributions, such as physical adsorption, electrostatic
interaction, and ion exchange reaction.

4. CONCLUSION

In this work, based on the idea of green synthesis, CORA was
successfully modified by different concentrations of oxalic acid
for the first time. Then, the prepared CORA was used as an
efficient porous adsorbent to remove organic dye NR from
water. When the concentration of oxalic acid was 20%, CORA
had a high specific surface area and abundant microporous and
mesoporous pore structures. When the pH was equal to 7, the
adsorption capacity was the highest. The addition of NaCl
reduced the adsorption capacity significantly. The kinetic

process study showed that the adsorption of dyes on the
surface of CORA conformed to the pseudo-second-order
kinetic model, indicating that there was a possibility of
chemical adsorption between NR and CORA. The adsorption
isotherm conforms to the Freundlich model. Thermodynamic
analysis showed that the system is a spontaneous, endothermic,
and physical process in nature. Finally, the reusability of
CORA was tested. After four cycles, the maximum desorption
rate of CORA can still be maintained at more than 50%.
Therefore, CORA has ideal removal efficiency and good
reusability, which provides an idea for the rapid separation of
adsorbents from solution. It is a promising monolithic water
treatment adsorbent.
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