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Abstract

Bacterial cellulose (BC) was investigated as a novel material for preparing activated carbons. BC
was dried by heating and it was carbonized with a chemical activation process using phosphoric acid
(H,PO,) as an activating agent at different temperatures (400, 500 and 600 °C). The properties of the
activated carbons were characterized such as chemical property, structure, pore size, thermal property by
Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), N, -physisorption (BET),
scanning electron microscopy (SEM) , thermal gravimetric (TGA). The obtained BC activated carbons at
carbonization temperature of 500 °C (BC-AC500) showed maximum BET surface area (1,734 mz/g) with
mesoporous structure (2.33 nm) and large pore volume (1.01 cmS/g). The adsorption capacity was evaluated
by using as adsorbent for the adsorption of methylene blue (MB). The equilibrium adsorption data were
analyzed by the Langmuir, Freundlich, and Redlich-Peterson isotherm models. The results showed that the
Redlich-Peterson model was found to be most fitted to the equilibrium data with correlation coefficient (Rz)
value of 1.000. The maximum adsorption capacity (q,) was 505.8 mg/g. The experimental results indicated
that the BC activated carbon has the potential to be used as an effective adsorbent. Besides, BC and BC
activated carbon has been further developed as catalyst supports. A novel catalyst of AlI/BC was developed
by soaking purified BC hydrogel in aluminum nitrate aqueous solution, dehydration and calcination. The
Al/BC catalyst has many promising properties as catalyst in ethanol dehydration, such as good metal
dispersion, high chemical and thermal stabilities. The high yield of diethyl ether at ~ 42 % can be produced
from ethanol at 200 °C with the selectivity of almost 100% by using Al/BC as catalyst in ethanol
dehydration. In addition, BC activated carbon is continuously developed and applied as acid catalyst in the

ethanol dehydration reaction at the temperature from 200-400 °C.



msﬁ’nﬁm (Table of Contents)

naanssuilszmer
Acknowledgement
UNANYD
Abstract
19 ﬂ’nuuf%m (Table of Contents)
A131YA1309 (List of Tables)
a19 ﬁﬂgmw (List of Illustration)
1. Introduction
1.1 Motivation
1.2 Specific objectives of the study
1.3 Theory and literature review
2.Materials and Methods
2.1 Materials
2.2 Methods
3. Results and discussions
3.1 Characterizations
3.2 Development of novel catalyst of A/BC
3.3 Adsorption study
4. Conclusion
References
5. Output of the research

MANUIN(Appendix) 1
NANUIN(Appendix) 2
MANUIN(Appendix) 3

N v A v 9 v v v
1szImindvetazame WIBNHUIBNIUTING

11
11
11
13
13
17
18
20
21
24

25

36

37

67



@131/9yM1519 (List of Tables)

Table 1 Porous properties of activated carbons derived from BC (BC-AC)
at various carbonization temperatures and the comparison to those of
activated carbons derived from other biomaterials.

Table 2 Catalytic activity of AI/BC catalyst as compared to other catalysts

Table 3 The maximum adsorption capacity for MB removal by BC-ACs as compared

to those by ACs derived from other cellulosic materials.

15

17

18



13UYNN (List of Ilustration)

Figure 1. SEM images of BC activated carbons treated by H,PO,.

Figure 2. SEM images of BC activated carbons treated by KOH.

Figure 3. The XRD patterns of activated carbons derived from BC (BC-AC).

Figure 4. The FT-IR patterns of activated carbon derived from bacterial cellulose
at various carbonization temperatures.

Figure 5. SEM micrographs of activated carbon derived from bacterial cellulose at
various carbonization temperatures.

Figure 6. Thermal gravimetric of BC-ACs at various carbonization temperatures;

Figure 7. Summarization of the procedure for the Al/BC preparation

Figure 8. Removal of MB at difference initial MB concentration

13
14

16

16

17

19



1. Introduction
1.1 Motivation

Activated carbon [1] is a form of carbon with high porosity, high surface area with physical and
chemical stability, high adsorptive activity and high mechanical strength. Therefore, it is widely used in
various applications in the industries such as an adsorbent in pressure swing adsorption [2], catalyst or
catalyst support in chemical reactions [3], the removal of heavy metals from wastewaters [4], and gas
separation process [5].

Activated carbon is usually derived from coal, wood or petroleum residues [6]. Biomass materials are
considered as alternative raw materials which are inexpensive and renewable, such as hazelnut shell [7],
coconut shell [8] and many agricultural wastes. Bacterial cellulose (BC) [9] is a cellulosic biomaterial
with the formula (C;H,,0,), which is produced by bacteria, Acetobacter xylinum. BC has the unique
properties including its high tensile strength, high water absorption capacity, high crystallinity and a
nano-fiber network. Because of these characteristics, this research has been focusing on activated
carbon derived from BC and the characteristics of BC activated carbon were studied.

BC was dried by heating and it was carbonized with a chemical activation process using phosphoric
acid (H,PO,) as an activating agent at different temperatures (400, 500 and 600 °C). The properties of
the activated carbons were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), N, -physisorption, Fourier transform infrared spectroscopy (FT-IR) and thermal gravimetric
(TGA). Absorption capacity of BC activated carbon was investigated by using as adsorbent for the
adsorption of methylene blue (MB). Novel catalysts using BC and activated carbon derived from BC
were developed and characterized by using chemical activation (H,PO, as activated agent) at different
activation temperatures such as 400, 500 and 600°C. The physical properties of samples were examined
by means of XRD, SEM, N, -physisorption, FTIR and TGA. In addition, BC activated carbons were
used as catalyst support for acid catalysts in ethanol dehydration reaction at various temperatures in

range 200 —400°C.

1.2 Specific objectives of the study
1.2.1 To develop and characterize activated carbons derived from BC
1.2.2 To evaluate absorption capacity of activated carbons derived from BC
1.2.3 To examine the catalytic activities of solid acid catalyst activity in the ethanol dehydration

reaction such as selectivity and conversion.



1.3 Theory and literature review

Activated carbon preparation: There are two methods for activated carbon preparation; chemical and

physical activation [1, 10-12]. Each of methods is responsible in different characteristics and structure of

activated carbon.

- Physical activation: The process is divided into 2 steps. BC will be carbonized first at temperature
range of 400-800°C to obtain charcoal and reduce volatile substance. Secondly, charcoal will be
followed by activation step by oxygen or stream at temperature range 600-900°C.

- Chemical activation: BC is impregnated with an activating agent and then carbonized under an
absence of atmosphere at lower temperature range of 450-600°C. The activating agent is typically
acid or basis solution such as ZnCl,, H;PO,, NaOH and KOH. The activating agent can partially
dissolve the cellulosic components of the sample. This activation needs lower carbonization
temperature, obtains higher yield, higher surface area, and better developed porosities compared to the

physical activation.

1.3.1  BC activated carbon by impregnation with H PO, solution
Our preliminary works had studied on BC activated carbon using H;PO, and KOH solution as
activating agents and then carbonized at different temperature. It was shown that activated carbons
obtained by acid activation had mesoporous structure with higher surface area (1,000 -2,500 mz/g),
whereas those from basic activation had more variance and larger porous structure with much less

surface area (400-600 mz/g).

100 nm

Figure 1. SEM images of BC activated carbons treated by H,PO,.



1.3.2

1.3.3

1 WUm
Figure 2. SEM images of BC activated carbons treated by KOH. H

Ethanol dehydration

Ethanol dehydration reaction [10, 12] is a removal of water from alcohol to produce ethylene and
acetaldehyde as the main products followed byproduct including di-ethyl ether. This reaction is an
endothermic reaction which requires acid catalyst such as phosphoric acid and sulfuric acid and
requires a lower temperature than hydrocarbon cracking, leading to an energy cost reduction that is
more environmental friendly. Recently, different catalysts such as zeolite, alumina and silica—
alumina have been investigated as solid catalyst for this process. The reaction temperature is 180-

500°C in gas phase. The chemical reactions are illustrated as below

C,HOH ---->C,H,+H,0 +44.9 KJ/mol
C,HOH ---->CH,CHO +H, +52.3 kJ/mol
2C,H,OH ---->C,H,OC,H,+ H,0 -25.1 KJ/mol
Adsorption study

Adsorption technology [13] is a technique for removing micro pollutants from aqueous solutions
such as organic and inorganic micro pollutants or colored and colorless organic pollutants.
Adsorption process is considered as an important application for separation and purification in
industrial processes using suitable adsorbents. The quality of adsorption depends on characteristics
of the adsorbent including polarity, pore size and spacing. Adsorption experiments were conducted
in liquid phase and the maximum adsorption capacity was determined. Experimental data were modeled
using the Langmuir, Freundlich and Redlich-Peterson adsorption models to investigate the
equilibrium isotherms, adsorption capacity and ability of the adsorbent to remove pollutants in

aqueous solution.
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2. Materials and Methods

2.1 Materials

Bacterial cellulose (BC) used in this project was supplied from the Institute of Research and

Development of Food Product, Kasetsart University, Bangkok, Thailand. BC was synthesized by A.

xylinum AGR 60. All the chemicals used in this project including sodium hydroxide (NaOH), potassium

hydroxide (KOH), phosphoric acid (H,PO,), hydrochloric acid (HCI) and methylene blue (MB) were

purchased from Sigma-Aldrich.

2.2 Methods

2.2.1

2.2.2

2.2.3

Bacterial cellulose preparation
BC hydrogel was treated with 1% w/v NaOH for 24 hours to remove bacterial cells, and then was

rinsed with deionized (DI) water until pH was 7.0 and dried at 110°C for 24 hours.

Activated carbon preparation

BC was first activated via 85% H,PO, with the ratio of 1:1 w/w and dried at 110°C for 24 hours.
Then, it was carbonized in the furnace at the temperature of 400-600°C for 1 hour. The activated
carbon (AC) was washed in stirred 1 molar HCI solution at 70°C for 4 hours and then washed with

DI water until the pH of 7 was reached. Then, the AC was dried at 110°C for 24 hours.

Characterization

The morphology of the BC-AC was detected by scanning electron microscope (SEM). SEM model
was JEOL mode JSM-5900LV from the Scientific and Technological Research Equipment Center,
Chulalongkorn University (STREC). The pore diameter, pore volume, and surface area were
determined via N, adsorption at liquid nitrogen temperature of -196°C using a Micromeritics ASAP
2020 analyzer. The pore distribution, pore volume, and BET surface area were determined via the
Brunauer-Emmett-Teller (BET) methods. Thermal gravimetric analysis (TGA) was performed at
room temperature to 1000°C at the heating rate of 10°C per minute in N,. The TGA’s model was the
SDT analyzer Model Q600 from TA instrument, USA. The functional groups of BC-ACs were

detected via FT-IR analysis (Nicolet 6700 FTIR spectrometer).

11



2.24

2.2.5

2.2.6

Adsorption study

Methylene blue (MB) solution of 40 mL was prepared at concentration of 600 mg/L in 100 mL
Erlenmeyer flasks. Then, 0.02 g of different BC-AC was added into methylene blue solution in
each flask and incubated in an orbital shaker at 30°C, 125 rpm for 6 hours. The samples were
analyzed for MB concentration by UV-visible spectrophotometer (UV-2450; Shimadzu, Kyto,
Japan) at the wavelength of 664 nm. The samples were collected to analyze at 5, 10, 20, 30, 40, 50,

60, 90, 120, 180, 240, 300, and 360 minutes.

Phosphoric acid catalyst preparation
The phosphoric acid was loaded into BC-ACs. Then, the loaded BC-ACs were dried in oven at
110°C for 20 hours before cooling down. After that, the BC-ACs were washed in deionized water

until the pH of 7 was reached. Lastly, the obtained catalysts were dehydrated at 110°C for 24 hours.
Catalytic activity examination

The catalytic activities of prepared BC-AC catalysts were examined via ethanol dehydration

reaction at 200-400°C with a temperature increment of 50°C.

12



3. Results and discussions

3.1 Characterization

3.1.1 X-Ray Diffraction (XRD): The bulk crystal structure of BC-ACs was identified by using XRD
technique (Figure 3); XRD patterns of activated carbon by various carbonization temperatures were
investigated. According to XRD result, activated carbons derived from BC have only a diffraction peak

around 20 = 22.50, which can be describe as amorphous carbon composted of aromatic carbon sheets [14].

Figure 3. The XRD patterns of activated carbons derived from BC (BC-AC).

3.1.2 Chemical structure: The determination of functional group or chemical bonds existing in BC
activated carbons (BC-AC) at various carbonization temperatures were measured in wave numbers by FT-
IR spectra technique as shown in Figure 4. The broad band located around 3200-3700 cm ' is attributed to
the O-H stretching vibration of the hydroxyl group. It was formed from the adsorption of water vapor in
surrounding and moisture residue during carbonization process. The band at 1600 and 1230 em’ are
denoted as C=0 and C-O stretching vibration of carbonyl groups, respectively due to the oxidative
decomposition of organic species [15]. According to previous researchs [16-18], the broad bands are quite
similar to activated carbons from difference biomass - based, which indicates the presence of the same

functional groups. Other bands in the range of 1000-1200 cm ' are the characteristic of phosphorous and

13



phosphor carbonaceous compounds from phosphoric acid activation. The band at 1100 em’ may be ascribed
to the stretching vibration of hydrogen bonded P=0O groups from phosphates or polyphosphates to O-C
stretching vibrations in P-O-C (aromatic) linkage and to P=OOH [19]. The band that appears at 1000 cm-1
ascribe to ionized linkage P—O— in acid phosphate esters and symmetrical vibration in a P-O-P chain [20].

The bands at 885 and 830 are assigned to C-H stretching of aromatic compounds [21].

B ; BC-AC600 E T
I R ’ AR

§ § BC-AC500

- BC-AC400

% Transmittance

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumbers (cm™)

Figure 4 The FT-IR patterns of activated carbon derived from bacterial cellulose at various carbonization

temperatures.

3.1.3 Porous structure: the structure of porosity; pore volume, pore size and specific surface area of

activated carbon derived by BC (AC-BC) at various activation temperatures and drying method were
determined by Nitrogen physisorption technique and compared to those of activated carbons derived from

other biomaterials as shown in Table 1.

14



Table 1 Porous properties of activated carbons derived from BC (BC-AC) at various carbonization

temperatures and the comparison to those of activated carbons derived from other biomaterials.

SBET Vt DP

Material Activating agent ) 3 Reference
(m’g)  (em¥z)  (nm)
BC-AC400 H;PO, 1,540 0.87 2.25 This work
BC-AC500 H;PO, 1,734 1.01 233
BC-AC600 H;PO, 1,702 1.01 2.37
Cotton stalk H;PO, 1,720 0.89 - 22
Coconut shell CO, 1,700 1.14 2.70 23
Hazelnut bagasse KOH 1,642 0.96 - 24
Bamboo KOH 1,533 0.50 - 25
Deoiled rice bran residues ZnCl, 1,385 0.68 1.98 26
Deoiled rice bran residues H;PO, 1,187 0.61 2.22 26
Mangosteen K,CO;, 1,123 0.56 1.98 27
Almond treepruning Steam 1,080 0.95 - 28
Durian shell H;PO, 1,024 0.35 2.50 29
Rice husk ZnCl, 927 0.56 0.80 30
Bagasse ZnCl, 923 0.53 0.80 30
Coir pith ZnCl, 910 0.36 1.60 31
Apricot stone ZnCl, 814 0.43 34.7 32
Olivestone Steam 813 0.55 - 28
Wood apple outer shell ZnCl, 794 0.47 - 33
Walnutshell Steam 792 0.52 - 28
Pistachio-nut shell CO, 778 0.47 - 34
Hazelnut shell ZnCl, 647 0.35 34.0 32
Cocoa podhusk K2CO; 615 0.31 2.0 35
Almond shell Steam 601 0.37 - 28
Sugarcane bagasse Steam 320 0.17 2.10 36
Peanut hull Steam 253 0.22 - 37
Palm kernel shell KOH 217 0.12 - 38
Acacia mangim wood KOH 5.25 0.015 11.79 39

Where: Sggr = BET surface area; Vi, = Total pore volume; D, = Average pore diameter
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3.1.4. Surface morphology: the surface morphologies of BC-ACs were observed by SEM as shown in
Figure 5. In the comparison to surface morphology of BC, the surface morphology of all BC-ACs after
carbonization by H,PO, activation was rougher, consisting of irregular small pores because of the

evaporation of H,PO, and other volatiles during the carbonization.

X 100,000 5.0kV 100 nm X 100,000 5.0kV 100 nm X 100,000 5.0kV 100 nm

Figure 5. SEM micrographs of activated carbon derived from bacterial cellulose at various carbonization

temperatures; BC-AC400 (a), BC-AC500 (b), and BC-AC600 (c).

3.1.5. Thermal stability: the mass loss during thermal gravimetric analysis of BC-AC at various
carbonization temperatures is shown in Figure 6. The trends of TGA patterns of all BC-ACs are similar. The
initial small mass loss at temperature around room temperature to 100°C could be attributed to moisture
elimination. At 100 to 500°C, only small amount of carbon decomposition (less than 5 % of initial weight
for BC-AC400 and BC-AC500; less than 2% of initial weight for BC-AC600) was detected, indicating that

BC-ACs had high stability in the temperature range between 0 to 500°C.

100
80 |
60
5
-
= BC-AC400 (—)
C\Q 40 -
BC-AC500 ()
BC-AC600 (- -)
20
0 . . . . . . .
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 6.Thermal gravimetric of BC-ACs at various carbonization temperatures;
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3.2 Development of novel catalyst of AUBC (318az@gaiiuninlunmanuin 1)

A novel catalyst of AI/BC was successfully developed by soaking purified bacterial cellulose (BC)
hydrogel in aluminum nitrate aqueous solution, dehydration and calcination. Summarization of the
procedure for the Al/BC preparation is shown in Figure 7. The Al/BC catalysts reveal interior meso—macro
porous structures with average pore diameters in the range of 17-34 nm. The Al/BC catalyst has many
promising properties, such as good metal dispersion, high chemical and thermal stabilities. The high yield of
diethyl ether at ~ 42 % can be produced from ethanol at 200 °C with the selectivity of almost 100% by using
Al/BC as catalyst in ethanol dehydration. The comparison of catalytic activity of Al/BC with others in

ethanol dehydration is shown in Table 2.

Figure 7. Summarization of the procedure for the Al/BC preparation [14.].

Table 2 Catalytic activity of Al/BC catalyst as compared to other catalysts [14]

17



3.3 Adsorption study (31wazBeaiudnlunarLIn 2 nas 3)

BC-AC600 and BC-AC500 had very high adsorption capacity with the maximum MB absorption of
507.5 and 504.4 mg/g, respectively, whereas BC-AC400 had relatively less adsorption capacity of 393.0
mg/g. The increasing of the surface area could encourage improved adsorption capacity due to more
interaction between active sites of adsorbents and molecules of MB [40]. Considering the removal of MB,
the percent removal of MB increased with the increase of the contact time, until the equilibrium was
reached (Figure 8). The removal of MB of all BC-ACs at 100% could be achieved if the initial MB
concentration was not greater than 100 mg/L. This is because the ratio of active site and MB molecule at
low concentration is high, therefore all MB molecules could be adsorbed on active sites of the adsorbents
[41]. BC-AC400, BC-AC500 and BC-AC600 showed the MB removal at 88.4, 99.8, and 99.8%,
respectively, when the initial MB concentration was 200 mg/L. The removal of MB relatively decreased
with the increase of the initial MB concentration from 200 to 600 mg/L. The results indicated that BC-ACs
are effective absorbents for the removal of MB from the solution, especially for the solutions with MB

concentration < 200 mg/L.

Table 3 The maximum adsorption capacity for MB removal by BC-ACs as compared to those by ACs

derived from other cellulosic materials.

Adsorbent q,, (mg/g) Reference
BC-AC400 393.0 This work
BC-AC500 505.8 This work
BC-AC600 507.5 This work
Coconut husk-based AC 434.8 [42]
Peach stones-based AC 412.0 [43]
Date stone-based AC 398.2 [44]
Oil palm shell-based AC 303.0 [45]
Coconut shell-based AC 277.9 [46]
Oil palm fiber-based AC 277.8 [46]
Ground shell-based AC 164.9 [47]
Bamboo dust-based AC 143.2 [47]
Activated sewage char 120.0 [48]
Rice husk-based AC 60.1 [49]

18
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4. Conclusion

The production of high surface area activated carbon from biomass has attracted attentions due to
its wide range of applications. In this research, bacterial cellulose (BC) is used as carbon source for
activated carbon preparation due to its highly nanoporous structure and eco-friendliness. BC was carbonized
with a chemical activation process using phosphoric acid (H,PO,) as an activating agent at different
temperatures (400, 500 and 600 °C). The carbonization temperature significantly affected the porous
structure of BC-AC. The carbonization temperature at 500°C exhibits the highest surface area of 1,734.2
mz/g with the total pore volume of 1.011 cms/g. BC-ACs had mesoporous structure with the average pore
diameter of 2.2-2.4 nm. BC-ACs had high stability in the temperature between 100 to 500°C.

By using BC-AC500 or BC-AC600 for MB removal, the equilibrium could be reached within 10
min for the system with low MB concentration (50-100 mg/L) and 240 min with high MB concentration
(200-600 mg/L). The removal of MB from the solution with the initial MB concentration not greater than
200 mg/L was almost 100%. From the experimental study, the maximum MB adsorption capacity of BC-
AC400, BC-AC500, and BC-AC600 were 393.0, 505.8, and 507.5 mg/g, respectively, which were very
close to the values of maximum adsorption capacity (q, ) estimated from Langmuir model. The Redlich-
Peterson was shown to be the best-fitting model with R’ value of 1.000 for all BC-ACs. BC-AC was found
very effective for using as an adsorbent to remove MB from water.

Besides, BC and BC activated carbon has been further developed as catalyst supports. A novel
catalyst of AI/BC was developed by soaking purified BC hydrogel in aluminum nitrate aqueous solution,
dehydration and calcination. The AI/BC catalyst has many promising properties as catalyst in ethanol
dehydration, such as good metal dispersion, high chemical and thermal stabilities. The high yield of diethyl
ether at ~ 42 % can be produced from ethanol at 200 °C with the selectivity of almost 100% by using Al/BC
as catalyst in ethanol dehydration.

In the future, we plan to continue developing BC-AC catalysts for the ethanol dehydration reaction.
Modification of the porous structure for improved mass transfer rate and enhanced product selectivity will
be carried out. Experimental studies will be performed in order to develop a simple and effective method for

producing effective solid catalysts from BC-AC as an alternative eco-friendly catalyst.
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