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1 Introduction

Preparation of a highly functionalized activated
carbon from waste third-monomer pressure filter
liquid for removal of methylene blue in aqueous
solution

Dingdan Tian, Yongjun Liu* and Bing Sun®

Third monomer dimethyl isophthalate-5-sodium sulfonate (SIPM) is an additive widely used to modify
polyester chips. During the manufacture of SIPM, large amounts of waste third-monomer pressure filter
liquid are produced. As the liquid contains lots of toxic organics and highly concentrated NaySOy, it will
cause serious environmental pollution if discharged directly. In this study, highly functionalized activated
carbon (AC) was prepared by directly carbonizing the dried waste liquid under ambient pressure.
Structural and adsorption properties of the prepared AC were analyzed and evaluated by X-ray
diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared (FT-IR) spectroscopy,
X-ray photoelectron spectroscopy (XPS), N, adsorption—desorption analysis and methylene blue (MB) as
the adsorbate, respectively. Results showed that the adsorption capacity of the prepared AC to MB
reached the highest when carbonization was conducted at 400 °C. XRD analysis showed that the AC has
a disordered graphite-like crystal structure. FT-IR and XPS analyses showed that there were plenty of
carboxyl and sulfonic functional groups in the AC. The adsorption follows the pseudo-second-order
kinetic model and the isotherm process is consistent with the Langmuir model. The adsorption capacity
increased with increasing solution pH and dropped when the solution pH exceeded 12. Increasing
solution temperature favors the adsorption, where the maximum value can reach as high as 2816.4 mg
g~ at 45 °C, more than double the values reported to date. The adsorption of MB on the AC is mainly
controlled by the electrostatic interaction between MB and the anionic form of carboxyl and sulfonic
groups.

extraction bears the advantages of high efficiency and low
equipment investment, but suffers secondary pollution and

5-Sodium sulfodimethyl isophthalate (SIPM), commonly known
as the third monomer, is a benzene derivative. SIPM plays an
important role in improving the dyeing properties of polyester
products. During the production of SIPM, a large amount of
waste pressure filter liquid is generated, which contains a large
amount of sodium sulfate, sodium isophthalate-5-sulfonic acid
(5-SSIPA), sodium monomethyl isophthalate-5-sulfonic acid
(SSPM), and other unknown organics. If discharged directly
without treatment, it will cause serious pollution to water
bodies.”

At present, some enterprises just dilute the waste liquid
before carrying on the biological treatment.®* However, diluting
does not decompose the pollutant but increases volume of the
waste liquid. Yang et al.* attempted to recover 5-SSIPA from the

waste liquid by liquid-liquid extraction. Liquid-liquid
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difficulty to meet the discharge standard. Macroporous resin®
was also employed to recover the valuable products from this
kind of liquid. As all the above processes suffer the process
complexity or high costs, it is imperative to find efficient process
to treat such waste.®

Recently, interest in preparing low cost adsorbents from
various waste materials has grown enormously.” Marrakchi
et al® prepared mesoporous-activated carbon from chitosan
flakes via single-step sodium hydroxide activation for the
adsorption of methylene blue (MB), with a maximum adsorp-
tion capacity 143.53 mg g~ ' at 50 °C. Sukhbaatar et al.® reported
a metal-free high-adsorption-capacity adsorbent derived from
spent coffee grounds for the removal of MB from aqueous
solution and an adsorption capacity of 499.9 mg ¢~ * for MB was
achieved. Khanday et al' investigated efficient antibiotic
cephalexin removal by activated carbon (AC) derived from
a single-step pyrolysis of phosphoric acid-activated chitin and
a monolayer capacity of 245.19 mg g " at 50 °C was obtained.
Mohamed et al™ got a low cost carbonaceous hydrochar
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adsorbent from cellulose and lignin derived from rice straw,
where monolayer adsorption capacity of 100 mg g~ * towards MB
dye was reached. Other promising adsorbents with exceptional
adsorption properties are being increasingly reported.*

Considering the organic matter in the waste third-monomer
pressure filter liquid is rich in sulfonic acid and carboxyl
groups, in the present study, carbonization was applied to
prepare functionalized AC using this kind of liquid without the
introduction of extra groups.” In addition, absorption proper-
ties of the prepared AC on cationic dye MB were evaluated.
Adsorption kinetics, isotherms, and thermodynamics of the
adsorption were performed. The maximum adsorption capacity
of the prepared AC on MB is 2816.4 mg g '. This study is of
great significance for recycling highly concentrated organic
waste liquid, saving resources and reducing environmental
load.

2 Materials and methods
2.1 Materials

The waste liquid produced in the production process of SIPM
was obtained from an enterprise in Shandong Province, China.
Its composition is: water (46.9%), organic matter (39.1%) and
Na,SO0, (4.0%).

Hydrochloric acid (HCI) and sodium hydroxide (NaOH) were
purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd and
Tianjin Kemeiou Chemical Reagent Co., Ltd, respectively. MB
was provided by Sinopharm Chemical Reagent Co., Ltd.

2.2 Preparation of AC

100 mL of the waste liquid was put into an oven dryer at 105 °C
to dry to constant weight (about 53.0 g). 5.0 g of the dried
sample was calcined in a Muffle furnace for 2 h at certain
temperature in the range 200-800 °C. It should be noted that
the carbonization should be conducted in a well-ventilated
laboratory, because a large amount of gases would be liber-
ated during carbonization. When the temperature of muffle
furnace dropped to room temperature, it was taken out and
ground to powder.

After weighing, the powdered sample was washed with
deionized water until the electrical conductivity of the washing
solution remained unchanged.

2.3 Adsorption experiment

The adsorption performance under different pH values (2-14)
was explored. MB solution (500.0 mg L™, 60 mL) was poured
into a 150 mL conical flask, and sodium hydroxide (1.0 mol L")
and hydrochloric acid (1.0 mol L) solutions were applied to
regulate the pH of the solution to the expected value. AC (15 mg)
were added to the solution under shaking (150 rpm, 25 °C). The
adsorption kinetics of MB (500.0 mg L™ ') was examined at pH =
12.0 and temperature 25 °C. Adsorption isotherm of MB (pH =
12.0) was studied under different adsorption temperatures (25-
45 °C), where the initial concentration of MB was in the range
400-800 mg L~'. All adsorption experiments were repeated
twice.
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The equilibrium adsorption capacity (Q. (mg g~ ') of MB is
defined by eqn (1):

(Co—C)V
m

Qc = (1)

where V is the volume of MB solution (L); C, and C,. are the
initial and the equilibrium concentration of MB (mg L™"); and
m is the mass of AC (g).

Pseudo-first-order kinetic model and pseudo-second-order
kinetic model™ are used to describe the adsorption process as
eqn (2) and (3), respectively:

In(Q. — Q) =In Qe — kit (2)

r 1 t 3
0 ko' e ©)
where Q, is adsorption amount of AC (mg g~ ') at time ¢ (min); ky:
is adsorption rate constant of the pseudo-first-order kinetic
model (min"); and k,: is adsorption rate constant of the
pseudo-second-order kinetic model (g (mg™" min™")).
Langmuir model® and Freundlich model*® are employed as
the isothermal processes as eqn (4) and (5):

[ "
Qe Qm kL Qm
1
In Q. =In K¢ +-1In C, (5)
n

where, Q,: the maximum adsorption capacity of the AC (mg
g™ "); n: the Freundlich constant; K, and Kg: the constant cor-
responding to the energy of sorption (L mg™ ') and adsorption
performance (mg g~ (L mg™*)""), respectively.

To further explore the thermodynamic changes in the
adsorption process, three parameters were calculated: Gibbs
free energy AG (k] mol™"), entropy AS (J (mol™' K™ ")), and
enthalpy AH (k] mol'). The calculation formulas are as
follows:'”*®

AG = AH — TAS (6)
CAe
K. = 7
o 7)
-AH AS
e (8)

where, T: the adsorption temperature (K); Cse and Ce: equilib-
rium concentrations of MB in AC and AC in solution (mg L™");
R: the universal gas constant (8.314 ] mol " K™ 7).

2.4 Characterization of AC

Scanning electron microscope (SEM) was applied to analyze the
surface topography. X-ray diffraction (XRD) patterns of the
prepared AC were examined by a Rigaku D/Max-Ultima+
diffractometer equipped with Ko radiation of Cu (A = 0.15418
nm). Fourier transform infrared spectrometry (FT-IR) was
applied to analyze the functional group. The change of binding
energy was measured by X-ray photoelectron spectroscopy
(XPS). N, adsorption-desorption isotherm was measured at 77

© 2023 The Author(s). Published by the Royal Society of Chemistry
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K on a Micromeritics ASAP 2460 adsorption analyzer. UV-Vis
spectrophotometry was used to determine the concentration
of MB (wavelength: 664 nm, detection limit: 0.01 mg L™ ").

3 Results and discussion

3.1 Effect of carbonization temperature on the yield and
adsorption performance of AC

The effect of carbonization temperature on the yield of AC is
shown in Fig. 1(a). It can be noted from Fig. 1 that when the
carbonization temperature is lower than 400 °C, no AC is
formed. The yield of AC increased with increasing carboniza-
tion temperature in the range 400-550 °C and decreased when
the carbonization temperature is in the range 550-650 °C.
When the carbonization temperature exceeded 650 °C, no AC
was obtained, indicating the formed AC decomposed at high
temperature.

In order to optimize the carbonization temperature,
adsorption capacities of the AC on MB obtained at different
carbonization temperatures were given in Fig. 1(b). Fig. 1(b)
shows that the adsorption capacity of the prepared AC
decreased with the increasing carbonization temperature. The
adsorption capacity decreased from a maximum of 1244.8 mg

Yield of AC (%)

200 300 400 500 600 700 800

Carbonization temperature (°C)

View Article Online
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g ' to 136.7 mg g ' when the carbonization temperature
increased from 400 °C to 650 °C. Such phenomenon can be
explained that carboxyl group will be lost at high carbonization
temperature. Such a carbonization temperature dependence is
very beneficial in industrial applications, because energy cost
would be greatly reduced in producing the AC at lower
carbonization temperature. Therefore, AC prepared at calcining
temperature of 400 °C (AC-400) was used for the following study.

3.2 Characterizations of AC-400

SEM images of AC-400 are presented in Fig. 2. It can be shown
in Fig. 2 that the AC-400 has a rough, puffy surface and pore
structure with different pore sizes, this is because gaseous
products were generated during the preparation of AC-400.

Fig. 3(a) shows the XRD patterns of the prepared AC-400. As
shown in Fig. 3, AC-400 has a strong diffraction peak at 20 =
22°, corresponding to the (002) crystal plane of graphite. The
weak diffraction peak at 26 = 43° corresponds to the (100)
crystal plane of graphite.”*" This indicates that AC-400 has
a disordered graphite-like crystal structure.'®**

FT-IR spectra of AC-400 are presented in Fig. 3(b). The strong
and broad band centered at 3440 cm ' corresponds to the

1500

1000

Q. (mg/g)

0 1 1 1
400 500 600

Carbonization temperature ( °C )

Fig. 1 Effect of carbonization temperature on (a) yield and (b) adsorption capacity of AC.
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Fig. 2 SEM images of AC-400 ((a) magnification = 1.00 kX; (b) magnification = 5.00 kX).
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Fig. 3 XRD pattern (a) and FT-IR spectra (b) of AC-400.

stretching vibration of O-H of carboxylic group.”” The peaks at
1710, 1610 cm ™" could be assigned to C=0 stretch of carboxylic
acid group.? The absorption peak at 1200 cm ™" is attributed to
the stretch of C-O group.** The band at 1040 cm ™' is C-H

deformation vibration.* The peak appeared at around 630 cm ™
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could be assigned to the S-O stretching vibration.”* The pres-
ence of both C-O and C=O0 indicate that there is carboxylic acid
functional groups (-COOH) in AC-400, which may adsorb
cationic dyes in the solution.”® The evident vibration peaks of
S-O proved that AC-400 contain sulfonic group (-SO;H).
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Fig. 4 Wide scan XPS spectra (a) and Cls and O1s high resolution XPS spectra (b) of AC-400.
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Wide scan and C1s and O1s high resolution XPS spectra of
AC-400 are shown in Fig. 4(a) and (b), respectively. Fig. 4(a)
shows that AC-400 is mainly composed of carbon and oxygen as
well as a small amount of sulfur and sodium. These are the
main components from the organic matter existing in the waste
dried third-monomer press filtration liquid. C1s band of AC-400
can be deconvoluted into three peaks with binding energies of
286.7,285.4 and 284.7 eV, indicating the existence of C=0, C-O
and C-C,”* respectively. O1s band of AC-400 can also be
deconvoluted into three peaks: O-H (536.4 eV), O=C (533.7 €V)
and O-C (531.8 eV).* In summary, the surface of AC-400
contains a certain amount of oxygen-containing functional
groups such as C-O, C=0 and O-H, which is consistent with
those of the FT-IR analysis.

Fig. 5 shows the adsorption-desorption isotherm of nitrogen
gas onto the AC-400 at —196 °C. It can be inferred from Fig. 5
that the surface area of AC-400 is very small (2.25 m® g~ '), which
is contradictory to its excellent adsorption performance.
Possible reasons may be due to its high density of the acidic
functional groups, which provides good access by MB in solu-
tion to these functional groups, giving rise to its high adsorp-
tion performance.**

3.3 Adsorption performance of AC-400

Dependence of adsorption capacity of AC-400 on the solution
pH is shown in Fig. 6. It can be observed from Fig. 6 that
adsorption capacity of AC-400 increases with increasing solu-
tion pH in the range of pH 2-12 and decreases when the pH
exceeds 12. The adsorption capacity of AC-400 increased from
1028.7 to 1581.9 mg g~ " when the solution pH increased from 2
to 12. However, the adsorption capacity decreased from
1581.9 mgg ' to 657.9 mg g ' when pH increased from 12 to 14.
Such phenomena can be explained by the fact that AC-400 has
numerous -SO;H and -COOH groups on its surface. When the
solution pH is low, only -SO;H is in the anionic form, which will
attract the cationic dye MB by static electrical forces. With the
increase of pH, more and more -COOH was dissociated into
COO™ and more MB will be adsorbed onto the AC-400 surface

Quantity adsorbed (cm?®/g STP)

0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P°)

Fig. 5 N, adsorption—desorption isotherm of AC-400 at —196 °C.
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Fig. 6 Effect of initial solution pH on the absorption capacity of AC-
400.

and the adsorption capacity of the AC-400 increased. At high
pH, there will be a large number of sodium ions in the solution,
which will compete with the cationic dye MB for AC-400,
resulting in a decrease in adsorption capacity. As a result, AC-
400 has the highest adsorption capacity at pH 12.

The adsorption amount of AC-400 to MB with adsorption
time was shown in Fig. 7(a). It can be found from Fig. 7(a) that
the adsorption amount increased rapidly in the first 20 min and
then increased slowly between 20 and 40 min and increased
little when he adsorption time was more than 40 min. There-
fore, 40 min can be enough for getting adsorption equilibrium.

Two kinetic models, pseudo-first-order and pseudo-second-
order, were used to describe the present adsorption processes.
Kinetic parameters and correlation coefficients are listed in
Table 1.

Table 1 demonstrated that the correlation coefficient of the
pseudo-second-order kinetic model is higher (0.99) that of the
pseudo-first-order kinetic model. Therefore, the adsorption
process of AC-400 on MB is more consistent with the pseudo-
second-order kinetics. In addition, the equilibrium adsorption
capacity calculated by the pseudo-second-order kinetic model is
1510.4 mg g ', which is very close to that observed in the
experimental results. Therefore, this model was consistent with
the adsorption process of MB for AC, indicating that a chemical
bond was formed between MB and AC-400.>>%

Fig. 8(a) showed the effects of initial MB concentration and
adsorption temperature on the adsorption capacity of AC-400. It
can be observed that Fig. 8(a) the adsorption capacity increases
with both increase of the initial MB concentration and the
adsorption temperature. When the initial MB concentration
increased from 400 to 800 mg L, the adsorption capacity of
AC-400 increased from 1375.8 to 2418.5 mg g~ ' (45 °C). High
initial MB concentration increases the effective contact area
with the AC-400 and provides necessary driving force to over-
come the resistance to the mass transfer of MB on interface
which increases the adsorption capacity.” When the adsorption
temperature increased from 25 °C to 45 °C, the adsorption

RSC Adv, 2023, 13, 19403-19411 | 19407
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Fig. 7 Effect of adsorption time on adsorption capacity of AC-400 (a); and pseudo-second-order kinetic fitting (b).

Table 1 Adsorption kinetic parameters of MB over AC-400 capacity of AC-400 to MB increased from 2179.3 to 2418.5 mg
g~ ', This may be that the high solution temperature favors the
dissociation of -COOH group, where more anionic species were
k (g (mg ' min™)) Q. (mgg™) R formed, resulting the higher adsorption capacity.**

Fig. 8(b) and (c) showed the fittings of Langmuir and

Pseudo-first-order model Pseudo-second-order model

ky (min™") Q.(mgg') R*
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Fig. 8 Effect of initial MB concentration and adsorption temperature on adsorption capacity (a), Langmuir adsorption isotherm model fitting (b),
Freundlich adsorption isotherm model fitting (c) and van't Hoff diagram (d) of AC-400.
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Table 2 Langmuir and Freundlich constants for the removal of MB over the prepared AC-400

Langmuir adsorption isotherm

Freundlich adsorption isotherm

Temperature

(°C) Qm (mgg™) Ky (Lmg ™) R? n Ke(Lg™) R*
25 2513.2 0.03 0.99 3.70 543.4 0.97
35 2775.6 0.04 0.99 3.24 515.2 0.97
45 2816.4 0.05 0.98 3.36 585.4 0.95
Table 3 Comparison of adsorption capacity of various adsorbents for MB

Adsorbents T (°C) Gmax (Mg g™ Reference
AC-400 45 2816.4 This study
AC-400 25 2513.2 This study
Honeycomb-like cork activated carbon 50 1284.0 36

Fox nutshell activated carbon 30 968.7 37

Rice husk activated carbon 25 476.2 38

Sludge and coconut shell activated carbon 20 602.8 39

Parameters calculated from the linear forms of the two
isotherms are summarized in Table 2.

It can be observed from Table 2 that the adsorption was in
better agreement with the Langmuir adsorption isotherm than
Freundlich one according to the value of R*, suggesting that the
adsorption of MB belongs to single layer adsorption type.** In
addition, the Langmuir fitting results showed that the
maximum adsorption capacity of AC-400 can reach 2816.4 mg

Table 4 Thermodynamic parameters of AC-400 for MB adsorption

Adsorption temperature AS AH
(K) AG (KJmol™) (mol K" (KJmol™)
298 —70.35 1.55 392.02
308 —85.86
318 —101.38
14 —— Before adsor]?tion a
— After adsorption

200 300 400 500 600 700 800

Wavelength ( nm )

g ! at 45 °C, which is much higher than those prepared from
other raw materials (Table 3).

van't Hoff plot for the adsorption process of AC-400 is shown
in Fig. 8(d) and the thermodynamic parameters calculated are
summarized in Table 4. Negative values of AG showed that the
adsorption is a spontaneous process. AG values decreased with
increasing solution temperature, indicating that high temper-
ature is favorable for the adsorption. Positive AH values
confirmed the MB adsorption on AC-400 is endothermic. The
positive value of AS suggested an increased randomness at
solid/solution interface during the adsorption. In summary, the
adsorption of MB by AC-400 is a spontaneous and endothermic
process.

3.4 Adsorption mechanism of AC-400 for MB

In order to better understand the adsorption process, UV-Vis
spectra of MB solution (C,, 800 mg L") and FTIR spectra of

Before adsorption
— After adsorption

Transmittance (%)

3440

0 1 1 1 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 9 UV-Vis spectra of MB solution (a) and FTIR spectra of AC-400 (b) before and after adsorption.
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Fig. 10 Proposed schematic structure of AC-400 and its adsorption
mechanism for MB.

AC-400 before and after adsorption were performed and pre-
sented in Fig. 9.

Fig. 9(a) showed that the absorbance of MB solution was
greatly reduced after the adsorption. Fig. 9(b) showed that new
peaks at 2890 cm ™', 1490 cm ' and 1330 cm ™" etc. appeared,
compared with those of AC-400, indicating MB was successfully
adsorbed on AC-400.* In addition, broad peaks at 3440 cm ™"
and 1710 cm™ ' weakened greatly after adsorption, demon-
strating that the -COOH group in AC-400 has been transformed
to the carboxylate form (-COO™). Based on the above experi-
mental results, the structure of AC-400 and its adsorption
mechanism for MB were proposed in Fig. 10.

It can be observed from Fig. 10 that at low pH only -SO;H
dissociated to -SO; ", which can attract the cationic dye MB by
electrostatic forces. With the increase of pH, more and more -
COOH were dissociated to -COO™, and as a result, the adsorp-
tion capacity of AC-400 increased with increasing pH. Boehm
titration has shown that the total amount of acidic functional
groups in AC-400 is 7.63 mmol g ', which means that its
adsorption capacity can reach 2441.6 mg L™ (7.63 mmol g~ ' x
320 mg mmol " (molecular weight of MB) just by electrostatic
interaction). However, Table 1 shows that maximum adsorption
capacity of AC-400 is 2816 mg g~ ', which means that the other
adsorption mechanism exists, although minor.

4 Conclusions

In this study, a high adsorption capacity AC was prepared by
direct carbonization of the waste dried third-monomer press
filtration liquid. The optimum carbonization temperature is
400 °C. The prepared AC at this carbonization temperature
shows a porous structure and rich in carboxyl and sulfonic
functional groups with disordered graphite-like crystal struc-
ture. The adsorption of AC for MB reaches equilibrium at
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40 min and performs best at pH 12. The adsorption capacity
increased with initial MB concentration and adsorption
temperature. The adsorption is endothermic and spontaneous,
conforms to the pseudo-second-order kinetics and Langmuir
isotherm model. Strong static electric action between ionized
carboxyl and sulfonic functional groups and cationic MB leads
to its maximum adsorption capacity for MB reaching as high as
2816.4 mg g~ ', much higher than those reported to date. The
present investigation opens a new way to treat the waste liquid.
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