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Preparation and Characterization of Cellulose-based
Activated Carbon by Cesium Chloride Chemical Method

Conglin Zhang, Haichao Li,* and Bingxuan Du

Carbon adsorbent material with a specific surface area as high as 436
m?/g was prepared by chemical activation method using cellulose as raw
material and cesium chloride as activator, and its structure was
characterized. Its adsorption performance on methylene blue solution was
investigated, and the adsorption thermodynamics of crystalline violet dye
at different temperatures was studied. The results showed that the surface
of the prepared activated carbon material was smooth with abundant
pores. The methylene blue adsorption value was as high as 176 mg/g, and
it could adsorb methylene blue solution quickly and efficiently. It had good
adsorption effect on crystal violet solution, the saturated adsorption
amount reaches 281 mg/g at 40 °C, and the removal reached 92%, which
indicated a self-heating adsorption reaction. Thus, CsClI could be used as
an activator of wood raw material for the preparation of activated carbon
samples.
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INTRODUCTION

Lignocellulose is the most abundant natural raw material, with annual production
exceeding 180 billion tons (Deng et al. 2023). Cellulose makes up 30 to 50 percent of it. It
is an inexpensive, biodegradable, and renewable polymer that is fibrous and tough and
insoluble in water. Vitamins and cellulose products are environmentally benign and can be
returned to the carbon cycle through natural decomposition. Although cellulose has many
applications and uses, one current use for large quantities of cellulose is as an adsorbent in
various forms, such as raw cellulose, modified cellulose, or to prepare activated carbon
(Zhang et al. 2022). The relatively low adsorption capacity of raw and modified cellulose
and the widespread use of activated carbon have prompted researchers to explore the
possibility of preparing activated carbon from sources such as cellulose and cellulosic
materials.

Typical yields of carbon from lignocellulosic materials are 20 to 30 wt% during the
carbonization step, and after the activation step, total yields are about 10 wt% (Li et al.
2020). The pore structure of the carbon is insufficient after the carbonization step, so an
activation step is required. During the activation process, the spaces between the aromatic
lamellae are filled with a variety of carbonaceous compounds and unorganized carbon that
may have filled the interstices during the carbonization process. The carbonized material
is converted into a form containing a large number of randomly distributed pores of various
shapes and sizes, resulting in a product with an extended and very high surface area. The
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carbonized material is further treated using chemical or physical activation to increase
surface area and porosity (Bai et al. 2017; Fujishige et al. 2017).

Dassanayake et al. (2016) obtained activated carbon with a specific surface area of
750 m?/g by carbonization and CO2 activation of cellulose, having a total pore volume of
0.43 cm®/g and a volume of micropores (pore width < 2 nm) of 0.27 cm®/g, and adsorbing
CO2upto 3.7 mmol/g and 5.8 mmol/g at 0 °C and 1 atm. Tuomikoski et al. (2019) activated
lignocellulose at 800 °C using steam as a physical activator to obtain activated carbon with
a specific surface area of 1080 m?/g and a pore volume between 0.02 to 0.80 cm®/g. The
cellulose-based activated carbon obtained by Liu et al. (2021) had a high specific surface
area of 477.14 m?/g and a high oxygen content of 11.9%. It was applied to CE for a
printable mesoscopic PSC (p-MPSC) of a hole-free conductor, which promotes the
wettability and contact between CE and chalcogenide.

Cesium chloride is a precious salt lake resource. In this study, cesium chloride was
used as an activator to activate cellulose by chemical activation method. The activation
effect of cesium chloride on cellulose was explored, and microporous carbon adsorbent
materials were prepared and their adsorption capacity for dyes was investigated.

EXPERIMENTAL

Materials

Cellulose (250 um, (CsH100s)n) and CsCl (AR, 99.9%) were purchased from
Aladdin. The reagents were used directly without secondary treatment, and the
experimental water was deionized water.

Preparation of Activated Carbons

Cellulose powder and CsCl were mixed in a crucible in the ratio of 5:1 and
impregnated with 20 mL of deionized water. The purpose is for CsCl to be uniformly
dispersed in the cellulose powder to give full play to the activation effect. The crucible was
placed in an oven at 70 °C until completely dried. After drying, the crucible was taken out,
and the crucible was put into a muffle furnace. The temperature was increased to 700 °C
at a rate of 10 °C/min, and the product was obtained by holding the activation at 700 °C
for 2 h. The product was washed repeatedly with deionized water until the pH value of the
filtrate was close to neutral. Then the activated samples were filtered, dried, ground in the
mortar and pestle and weighed to obtain the activated carbon. The cellulose-based activated
carbon made at 700 °C is abbreviated as AC700.

Characterization Methods

Methylene blue adsorption was determined with reference to GB/T12496.10-2015
test method for wood-based activated carbon. The specimen was mixed with a certain
amount (in milliliters) of methylene blue solution and filtered. The absorbance of the
filtrate was measured spectrophotometrically. The concentration was lower than that of the
standard solution at the specified concentration, and the number of milliliters of methylene
blue required is the methylene blue adsorption value of the activated carbon specimen (Jia
etal. 2017).

N2 adsorption and desorption were carried out at 77k by a surface area and pore
structure instrument (miniX, McMurray Tic Ltd.). (Weng et al. 2023)
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A field emission scanning electron microscope (FESEM) model SU8010 from
Hitachi, Japan was used to observe the microstructural features of activated carbon. An
appropriate amount of activated carbon was taken and adhered to a specimen sheet of
double-sided adhesive, and then sprayed with gold in a vacuum coater with an intensifying
voltage of 20 kV, an acquisition of 100 s, and a scanning spacing of 15 mm (Nasrullah et
al. 2017).

XRD testing was performed using Rigaku smartlab (Japan). The diffraction angle
range 260=10 to 80° and the diffraction rate 4 °/min. The final diffraction spectrum obtained
was used to characterize the activated carbon and to determine its microcrystalline structure
(Nilmoung et al. 2020). XPS detection using Thermo Scientific Escalab 250Xi+, USA. X-
ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific ESCALab
250Xi+ using 150W monochromated Al Ka (1,486.6 eV) radiation. A 500 pm X-ray spot
was used for XPS analysis. The base pressure in the analysis chamber was about
3x10 °mbar. Typically, the hydrocarbon Cls line at 284.8 eV from adventitious carbon is
used for energy referencing (Zhang et al. 2020).

FTIR detection was performed using a Thermo Fisher NICOLET ISS. Infrared
spectra were obtained by scanning in the wavelength range of 4000 to 400 cm™, and the
functional groups of the activated carbon materials were analyzed by infrared spectroscopy
(Nasrullah et al. 2017)

A Thermo Fisher DxR was used for roman assay. The graphitization degree of
activated carbon was analyzed at an excitation wavelength of 532 nm. Raman analysis is
an effective method to analyze the microstructure of charcoal materials, and its results are
complementary to those of XRD (Jiang et al. 2022).

All test methods were carried out three times for each condition.

Thermodynamics

Three 0.1 g/L activated carbon samples were weighed and placed in 250 mL conical
flasks, and the adsorption temperatures were set at 20, 30, or 40 °C. The adsorption was
carried out by shaking under a water-bath shaker with a rotational speed of 180 r/min for
20 min, and 100 mg/L crystal violet solution was added dropwise. Samples were
centrifuged, and the adsorption and removal rates were calculated by taking an appropriate
amount of the supernatant and measuring its absorbance.

Thermodynamic parameters play an important role in the adsorption process. They
can predict the spontaneity of adsorption. The thermodynamic parameters of adsorption of
adsorbent on the adsorbent surface were determined based on the experimental data at 20
°C (293.15K), 30 °C (303.15 K), and 40 °C (313.15 K), and the Gibbs equation and Van't
Hoff equation were used to calculate the Gibbs' free energy (AG?), enthalpy (AH®) and
entropy (AS?), which are shown below. The equations are shown below,

and = — F + F (1)
Kd == Z_: (2)
AGC = —RTInK, (€))

where R is the gas constant (8.314 J » mol! « K'!), T'is the adsorption temperature (K), K,
is the partition coefficient, g, is the amount adsorbed at equilibrium (mg * g!), and c, is
the concentration of adsorbate at equilibrium (mg * L).
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RESULTS AND DISCUSSION

The samples from the five experiments were mixed into a single sample for
characterization and experimental analysis.

Characterization of Activated Carbon

Specific surface area is an important parameter of activated carbon with pore size
structure and an important factor affecting the adsorption performance of adsorbent. The
adsorption and desorption curves and pore size distribution of activated carbon are shown

in Fig. 1, and the specific surface area parameters at activation temperature are shown in
Table 1.

Table 1. Characterization Results of Produced Activated Carbon Sample

Yield Specific Pore Average Adsorption capacity of
Sample (%) Surface Area Volume Pore Size methylene blue
° (m?/g) (cm®(g) (nm) (mg/g)
Cellulose |7 4, 436 0.22 1.99 176
carbon

As shown in Table 1, the activated carbon sample activated at 700 °C had a specific
surface area of 436 m?/g, a pore volume of 0.22 cm?/g, and an average pore size of 1.99
nm, which showed that the activation of cellulose by CsCl at 700 °C yielded activated
carbon materials with higher specific surface area and small pore sizes, most of which were
microporous. According to the new IUPAC specification-2015 (Lee et al. 2016), the
adsorption-desorption isotherm was of type I(b), as can be seen in Fig. 1(a)(b), and the
adsorption isotherm had a larger slope in the low relative pressure region.
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Fig. 1. (a) N2 adsorption-desorption isotherms at 77 K, (b) Pore size distribution of activated carbon

The N2 adsorption tends to equilibrate gradually with the increase of the relative
pressure, which is mainly attributable to a strong interaction between the adsorbent and the
adsorbate. The hysteresis loop almost coincided with the adsorption isotherm with a
saturated adsorption platform, and the reaction pore size distribution was more uniform,
indicating that the activated carbon was either a microporous material or a mesoporous
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material close to microporous. The pore size distribution of the activated carbon material
can be seen from Fig. 1(b), and the vast majority of the pore sizes were distributed at the
0.87 nm and 1.24 nm position, which shows that the activated carbon material had an
extremely fine pore size and was a microporous material.

The surface morphology of the activated carbon was observed using a scanning
electron microscope, and the results are shown in Fig. 2. The surface of the activated carbon
was smooth and can be seen to have many fine pores. With the increase of temperature, the
cellulose underwent carbonization and activation, forming pores of various shapes and
sizes. This indicates that CsCI can enter the cellulose interior well during the activation
process and leave the structure with developed voids. The activated carbon material has an
adsorption ability and can adsorb dyes such as methylene blue.

_—y

Fig. 2. SEM images of AC700 at 200 nm (a,b), 500nm (c) and 2 um (d)

Figure 3 shows the Raman and XRD spectra of cellulose activated carbon,
respectively. As shown in Fig. 3(a), the two distinct broad peaks at 1350 cm™ and 1580
cm! are labeled as D and G bands, respectively. The D-band indicates defects, disorder
and amorphous structure similar to graphite, and the G-band corresponds to the lattice
vibrations of its graphitic character. In general, the graphitization of carbon increases
gradually with increasing heat treatment temperature (Agarwal 2019). The /p:/G ratio of
AC700 was 0.8491, indicating that the cellulosic activated carbon had a high degree of
graphitization (Queiroz et al. 2021). The broad diffraction peaks of cellulose-based
activated carbon at 26 = 26° and 44° point to the (002) and (100) facets of graphene,
respectively, with the (002) facet corresponding to standard graphite. The (100)
corresponds to graphite layer diffraction (Wang et al. 2017), and the peaks at the (002)
facet indicate that the cellulose-based activated carbon material had a high degree of
graphitization. The (100) facet indicates the amorphous structure of the cellulose-based
activated carbon material, which is in agreement with the XRD results.
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Fig. 3. (a) Raman spectrum of AC700, (b)XRD patterns of AC700

The AC700 FTIR plot is shown in Fig. 4(a). AC700 contains C-O, C=C, and O-H.
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Fig. 4. (a) FTIR of AC700, XPS wide scan spectra (b) of AC700, C1s spectra (c), Ols spectra (d)
of AC700
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Previous studies have found that oxygen-containing functional groups affect the
chemisorption capacity of activated carbon (Dittmann et al. 2022). As can be seen from
Fig. 4(b)(c), subpeak fitting to Cls resulted in three peaks at 284.8, 286.7, and 289.1 eV,
which correspond to C=C, C-0O, and C=0 bonds, respectively (Burg et al. 2002). The Ols
partial peak fit has two peaks at 532.1 and 534.2 eV, corresponding to C=0O and C-O,
respectively (Quan et al. 2021), which support each other with the FTIR data.

Adsorption thermodynamics

The adsorption and removal rates of AC700 on crystalline violet solution are shown
in Fig. 5. The adsorption of AC700 on the crystal violet solution was 239 mg/g at 20 °C,
and the removal rate was 84%. At 30 °C, the adsorption amount was 261mg/g, and the
removal rate was 88%. When the temperature was increased to 40 °C, the adsorption
amount reached 28 1mg/g, and the removal rate was 92%. With the increase of temperature,
the adsorption amount of AC700 on the crystalline violet solution was elevated with better
removal effect.
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Fig. 5. Effect of adsorption temperature on adsorption properties of AC700

Calculated according to thermodynamic equations (1)(2)(3), the results of the
thermodynamic study of adsorption of crystalline violet by AC700 are shown in Table 2
and, the van't Hoff relationship for adsorption of crystalline violet by AC700 is shown in
Fig. 6.

Table 2. Thermodynamic Parameters Values for the Adsorption of Crystal Violet
onto AC700

Temperature Thermodynamics

(°C) InK, AG® (KJI-molt) | AHO(KI-molY) | AS®(J-molt-K-Y)
20 2.704 -7.402

30 3.080 -8.249 17.428 84.700

40 3.559 -9.129

All the values of AG® were negative, indicating that the transfer of crystalline violet
from solute to AC700 is a spontaneous process (Gupta and Singh 2018). In addition, AH®=
17.428 KJ-mol™!, which is positive, indicates that the adsorption process is essentially a

Zhang et al. (2024). “Activated carbon from cellulose,” BioResources 19(1), 1295-1304. 1301



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

heat-absorbing process and that higher temperatures are favorable for the adsorption
process, following the physisorption mechanism. In addition, AS®=84.700 J-mol!-K!,
which is positive, indicating that the degree of freedom gradually increases during the
adsorption process.
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Fig. 6. Van't Hoff diagram of Adsorption of Crystal violet by AC700

CONCLUSIONS

1. Cellulose powder was activated by CsCl at 700 °C. The experimental results showed
that CsCl had a beneficial activation effect on cellulose.

2. The activated carbon samples prepared at 700 °C reached a specific surface area of 436
m?/g, a pore volume of 0.22 cm?/g, an average pore size of 1.99 nm, and adsorbed 176
mg/g of methylene blue solution.

3. AC700 has a good adsorption effect on the crystal violet solution, the saturated
adsorption amount reached 281 mg/g at 40 °C, and the removal rate reached 92%,
which is a spontaneous heat absorption reaction.

4. It was demonstrated that CsCl can be used as an activator for the activation of wood
raw materials for the preparation of activated carbon samples.
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