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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 cm3/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. A novel catalyst of
Al/BC was developed by soaking purified BC hydrogel in aluminum nitrate aqueous solution, dehydration
and calcination. The high yield of diethyl ether at ~ 42 % can be produced from ethanol at 200 °C with the
selectivity of almost 100% by using AI/BC as catalyst in ethanol dehydration. On the other hand, BC
activated carbon, BC-AC500 is modified with various loading of H,PO, and applied as acid catalyst in the
ethanol dehydration reaction at the temperature from 200-400 °C. An increase in the H3PO4 loading from
5% to 40% increased the number of weak acid sites on the catalyst surface, which consequently enhanced
ethanol conversion. At a reaction temperature of 400 °C, the modified BC-AC500 with 30-40% H,PO,
loading (P/BC-AC) gave ethanol conversion at 100%, with ethylene selectivity of 100%, whereas high
selectivity for DEE at 66%-68%, at ethanol conversion of 49%-51% was obtained at 200 °C. Stability tests
with a time-on-stream of 12 h, at reaction temperatures of 200 and 400 °C showed that the P/BC-AC
catalyst had high thermal stability and stable catalytic activity. Therefore, P/BC-AC was found to be very
effective as an inexpensive and environmentally friendly catalyst for ethylene production from ethanol

dehydration.
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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.
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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]
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3.4 BC activated carbon as acid catalyst in the ethanol dehydration reaction (3 waz@ﬂmﬁmﬁﬂu
NANUIN 4 LAY 6)

Activated carbon derived from BC (BC-AC) with a highly uniform mesoporous structure was successfully
prepared by one-step H,PO, activation at a carbonization temperature of 500 °C. The BC-AC500 was
modified with various loadings of H,PO,, namely P/BC-AC500 and was used as an inexpensive and
environmentally friendly catalyst for ethanol dehydration. The results show that the P/BC-AC500 catalysts
had larger numbers of weak acid sites than of moderate to strong acid sites, and the amount of weak acid
sites increased with increasing H,PO, loading from 5% to 40%. The modified P/BC-AC catalyst was an
efficient catalyst for the dehydration of ethanol to ethylene and DEE. The ethanol conversion of 98-100%
and ethylene selectivity of 93-100% were obtained by using 30P/BC-AC500 and 40P/BC-AC500 catalysts
at reaction temperature of 300-400°C, whereas the ethanol conversion at 42-50% with the selectivity of DEE
at 65.7-68.4% was obtained at reaction temperature of 200°C. Under the stability test for 12 h, 30P/BC-
ACS500 was shown to act as an effective catalyst with high thermal stability to achieve complete conversion
of ethanol with 100% ethylene yield at 400°C. Activated carbon developed from BC was found considerably
more effective than those of commercial activated carbons. Unique physicochemical properties of highly
pure nanocellulose fiber network structure with high surface area and uniform pore distribution are

considered to be beneficial for BC to be used as a source of effective activated carbon catalysts.

Ethanol dehydration

P/BC-AC500 Mesoporous structure

Figure 9 High surface area mesoporous activated carbon of P/BC-AC500 and its application in

ethanol dehydration
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Table 2 Surface elemental composition of catalysts obtained from EDX.

% weight % Atom
Catalysts

C P 0 C p 0
BC-AC400 76.4 19.4 43 82.5 1.8 15.7
BC-AC500 80.0 10.0 10.0 87.5 43 8.2
BC-AC600 739 11.2 14.9 82.6 49 12.5
SP/BC-AC500 70.5 15.5 14.0 81.0 7.0 12.0
10P/BC-AC500 61.8 17.6 20.6 73.5 8.1 18.4
20P/BC-AC500 51.5 233 25.2 64.8 11.4 238
30P/BC-AC500 44.9 249 30.2 58.2 12.5 293
40P/BC-AC500  40.7 375 21.8 56.8 20.3 229

Table 3 Acidity of catalysts

Acid site (umol NH3/g catalyst)*

Catalysts

Weak Moderate to strong Total
BC-AC400 162.9 109.4 2723
BC-AC500 206.0 75.5 281.5
BC-AC600 200.0 73.6 273.6
SP/BC-ACS500 2154 08.9 311.4
10P/BC-ACS500 239.1 114.1 3532
20P/BC-AC500 434.6 146.4 581.0
30P/BC-ACS500 1140.6 294.3 1434.8
40P/BC-AC500 1249.0 649.7 1898.7

*Quantities of acid site of catalysts were determined using NH3;-TPD with Fityk program

calculation.
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Table 4 Yield of ethylene, diethyl ether (DEE), and acetaldehyde (MeCHO) from ethanol dehydration at 200, 300, and 400°C

Catalysts 200°C 300°C 400°C
Ethylene  DEE MeCHO Ethylene  DEE MeCHO  Ethylene  DEE MeCHO

ACC 0.0 0.8 15.3 7.3 0.4 23.0 22.6 0.1 29.0
BC-AC400 0.1 7.0 12.5 17.2 22.6 2.7 57.7 3.7 4.7
BC-AC500 0.0 6.0 17.8 18.9 25.9 33 97.0 0.3 23
BC-AC600 0.0 53 16.4 18.0 26.7 1.0 97.5 0.3 1.74
5P/BC-AC500 0.4 17.0 17.1 30.1 27.8 1.6 97.7 0.5 1.6
10P/BC-AC500 0.7 2279 0.7 39.6 251 1.3 98.0 0.2 1.5
20P/BC-ACS500 1.2 242 1.1 60.3 14.6 1.6 97.8 0.5 1.3
30P/BC-AC500 7.1 345 2.5 90.5 6.8 1.1 100.0 0.0 0.0
40P/BC-AC500 5.4 321 2.6 91.7 5.4 1.2 100.0 0.0 0.0
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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 cm3/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.

A novel catalyst of AI/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.

BC-AC500 were modified by H,PO, loading and characterized. The physical properties of samples
were examined by means of XRD, SEM, N2-physisorption, FTIR and TGA. It was applied as an acid
catalyst in ethanol dehydration reaction at various temperatures in range 200 — 400°C. An increase in the
H3PO4 loading from 5% to 40% increased the number of weak acid sites on the catalyst surface, which
consequently enhanced ethanol conversion. At a reaction temperature of 400 °C, the modified BC-AC500
with 30-40% H3PO4 loading (P/BC-AC) gave ethanol conversion at 100%, with ethylene selectivity of
100%, whereas high selectivity for DEE at 66%-68%, at ethanol conversion of 49%-51% was obtained at

200 °C. Stability tests with a time-on-stream of 12 h, at reaction temperatures of 200 and 400 °C showed
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that the P/BC-AC catalyst had high thermal stability and stable catalytic activity. Therefore, P/BC-AC was
found to be very effective as an inexpensive and environmentally friendly catalyst for ethylene production
from ethanol dehydration. For future work, 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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Bacterial Cellulose Supported Alumina Catalyst for Ethanol Dehydration 2465
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Fig. 1 SEM micrograph of surface morphology of BC and AI/BC catalysts dehydrated by hot air-drying (/eft) and by freeze-drying (right)
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1. Introduction

Because of environmental concems, green chemistry and green catalysts have recently

been attracting considerable interest. Biomass has been, therefore widely studied as a source of
chemicals and catalysts. Bacterial cellulose (BC) produced by the bacterium Acetobacter xyfinum
15 a renewable biomass with outstanding properties. This non-photosynthetic organism can
convert glucose, sugar, glycerol, and other organic substrates to pure nanocellulose [1]. BC has
the same chemical structure as plant cellulose, but has a uniform nanofiber network structure and
excellent properties, such as a high degree of erystallinity, high porosity, high surface area for
adsorption, high water-retention capacity, high tensile strength, low solubility, and resistance to

organic solvents [2—4]. BC is of high punty because its structure does not contain ligni

hemicelluloses, or other complex carbohydmtes. These advantageous properties should enable
BC to function as an excellent matrix material source of activated carbon. However, so far, there

have been only few studies of the production of activated carbon from BC.

Activated carbon is a carbonaceous, porous material, which is prepared by carbonization
and activation of organic substances. It s widely used as an adsorbent in water treatment [ 5], the

chemical and petroleurn industries [6], separation, and purification [7]. Activated carbon can be

usually produced from two different methods, which are chemical activation and physical

activation [8] Chemical activation is a better method than physical activation for activated

carbon preparation from orga substances. Chemical activation requires a lower activation
temperature, and gives products in higher yields and with higher surface arcas [9]. Phosphonc
acid (H;POy) is commonly used for activation. The use of HsPOy, which is non-toxic, gives high

yields of products with high surface arcas, high pore volumes, and good pore diameters [9].

(ERL R . T R A

Because of its advantageous properties such as a mesoporous structure, high surface area, and
high chemical stability, activated carbon provides inexpensive catalyst supports or catalysts.
Carbon materials can be used as catalysts for acid/base reactions because of the presence
of acidic andfor basic surface oxygen groups [10]. Porous carbonssupported catalysts are
effective and have minimal impact on the environment. Activated carbon has been used as a
catalyst or catalyst support in the catalytic dehydration of ethanol for the production of ethylene
as the main product and diethyl ether (DEE) as a by=product. Ethylene is preferentially formed at
high reaction temperatures, whereas DEE is the mam product at lower maction temperatures
[11]. Ethylene is an important raw material m the manufacture of polymers such as polyethylene,
polyethylene terephthalate, and polyvinyl chloride [11, 12]. DEE is commonly used as a solvent
for waxes, fats, oils, alkaloids, and gums [14]. It is also used as an additive for biodiesel or diesel

fuels to improve the engine performance and emission properties [14]. In the catalytic

dehydration of ethanol to ethylene, the acid catalyst first protonates the hydroxyl group, which
then leaves as a water molecule. The conjugate base of the catalyst then deprotonates the methyl

group, and the hydrocarbon rearranges to ethylene. However, the ethylene yields obtamed from

the catalytic dehydration of ethanol with activated carbon catalysts are still relati

y low
compared with those achieved with some other catalysts, especially alumina-based catalysts
[12.15,16].

H:POy4 was the first catalyst used for catalytic dehydration of ethanol to ethylene and was
prepared by loading H;POy on clay or coke [17]. The ethylene produced by dehydration of
ethanol with a H;PO, catalyst is of high purty [18]. HsPO, catalysts are inexpensive and have
low preparation costs. Many modified catalysts based on H;POy have been investigated for use

in ethanol dehydration. Recently, Zhang et al. [19] and Ramesh et al. [20] reported that HiPO,
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modification of a HZSM-5 catalyst surface gave high ethylene selectivity and good anti-coking
properties because the modification led to the formation of weak acid sites and the elimination of
strong acid sites, which are responsible for high hydrocarbon and coking formation. Modification
with HsPOy4 can therefore provide suitable acid sites on catalyst surfaces, and mmprove the
product selectivity and anti-coking ability.

In our previous work, we prepared a novel activated carbon with a mesoporous structure,
a high surface area, and a high adsorption capacity from bactenial cellulose by HsPO, activation
[21]. In this study, the activated carbon derived from bacterial cellulose was further modified by
H:POy loading for use as a catalyst for ethanol dehydration. The effects of swface changes
caused by changes in the HsPOj, loading on the catalytic performance in ethanol dehydration

were investigated.

2. Material and methods
2.1 Materials

BC was synthesized by A. xyfinum 60. The stock culture was kindly provided by
Pramote Thammarad, the Institute of Research and Development of Food Product, Kasetsart

Univ

sity, Bangkok, Thailand. BC hydrogel was treated with 1% w/v NaOH for 24 h. to
remove bacterial cells and then it was rinsed with detonized (DI) water until pH was 7.0 and

dried at 110°C for 24 hours.

2.2 Catalysi preparation
BC was treated with HiPOy at a ratio of 1:1 w/w and then was dried in a general electric
oven (SNOL 67/350 LSPO1, SNOL, Lithuania) at 110°C for 24 h. The dried BCs were later

placed in a fumace (CWF 1100, Carbolite, UK) and carbonized under various temperatures of
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400, 500, and 600°C for 1 h (without inert gas purging) before cooling down. To remove residual
chemicals in the porous structure, the obtained activated carbons were washed sequentially with
1M HCI solution under mild stirring at 120 rpm and 70°C for 4 h, before were rinsed with
distilled water several times until pH was 7.0, Then the samples were dehydrated at 110 °C for
24 h. Next, the activated carbon with mesoporous structure and the highest surface arca was
selected for the study of effect of the HsPOa loading on the surface. The activated carbon was
impregnated with 5, 10, 20, 30, and 40 wi% of H;PO, by the incipient wetness technique. The
solution of HsPOy was dropped slowly onto 0.1 g of activated carbon and then the samples were

dehydrated in oven at 110°C for 24 h.

2.3 Catalyst characterizations
The surface area, pore volume, and pore diameter of catalysts were determined by
nitrogen physisorption=desorption at liquid N temperature of =196°C using a Micromeritics

Chemisorb 2750 Pulse instrument (Noreross, GA, USA).

Field emission scanning electron microscope (Model of JSM-7610F, JEOL, USA) and

energy dispersive X-ray (Hitashi mode 5-3400N, Japan) spectroscopy were used to determine
the morphology and elemental distribution of catalysts. The energy dispersive X-ray was
performed using Apollo X silicon drift detector series by EDAX.

The X-ray diffraction (XRD) was performed o determine the bulk crystal structure of
catalysts using CuK, radiation with Ni filter in the 20 mange of 10 to 80 degree resolution 0.02°

(SIEMENS D3000 X-ray diffractometer, Aubrey, USA). The crystallite size was caleulated from

Schermrer's equation.
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The Fourer transform infrared (FTIR) spectroscopy (Nicolet 6700 FTIR spectrometer,
Thermo Scientific, USA) was used to determine the functional groups of catalyst chemical
structure.

The emperature-programed desorption of ammonia (NH:-TPD) was used to investigate
the acid properties of catalysts. It was performed using a Micromeritics chemisorp 2750 pulse
chemisorption system to study the acid properties of catalysts. In this experiment, 0.05 g of

catalyst sample was packed in Ustube glass with 0.03 g of quantz wool and pretreated at 200 °C

under helium (He) flow for 1 ho After that, the catalyst sample was saturated with 15% of

NHs/He and the physisorbed ammonia was desorbed under helium gas flow after saturation. The

catalyst sample was heated from 40°C o 500 °C at heating rate of 10 °C/min. The amount of

ammonia in effluent was measured via TCD signal as a function of time.

2.4 Catalytic ethanol dehydration reaction
2.4.1 Temperature-programmed reaction

The dehydration of ethanol has been camied out under atmospheric pressure in fixed-bed

continuous {low micro-reactor made from a borosilicate glass with mside diameter of 0.7 em and

outside diameter of (0.9 cm. 0.1 g of catalyst and 0.01 g quartz wool were packed in the fixed-bed

continuous flow micro-reactor [12,14-16]. Before running the reaction, the catalyst was pre-
treated in situ at the reaction temperature of 200 °C for 1 h in Na flow (30 ml/min) to remove any
moisture on surface of catalyst. The liquid ethanol was vaporized at 120 °C in N; flow (30

mlfmin) and then introduced to the reactor by controlled injection with a si

¢ syringe pump at
constant ethanol flow rate of 1.45 mbh (11.4 gapumi’2a h). The ethanol dehydration reaction was

performed at the temperature in the mnge of 200 to 400 °C. The products (ethanol, ethylene,
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acetaldehyde, and dicthyl ether) were determined by gas chromatography (GC) using a

Shimadzu model GC-14A with flame ionization detector (FID) and capillary column (DB-5).

2.4.2 Stability test

The catalyst that provided the highest catalytic ethanol dehydration from temperature-

programmed reaction test was selected to investigate its stability for ethanol dehydration reac
as a function of time on stream (TOS) for 12 h. The experimental apparatus and set-up were

similar with temperature-programmed reaction as mentioned above. The ethanol dehydration

reactions were conducted at the reaction temperature of 200, and 400 °C. During running the

reactions, the products were collected every 1 h for 12 h.

3. Results and discussion
3.0 Catalvst characterization
3.1.1 Pore structure and surface area

The dried BC was carbonized with H;PO, activation at various temperatures (400, 500,
and 600 °C). The amount of carbon in all BC-AC samples exceeded 70% with a yield of BC at
26-40% [21]. The samples are denoted by BC-ACx, where x is the carbonization temperature,

, BC-AC400 refers to an activated carbon denved from BC

h HsPOa activation at
carbonization temperature of 400 °C. Because BC-ACS00 has a mesoporous structure and the
highest surface area, it was selected for investigation by the incipient wetness technique of the
effects of HsPOy loadings of 5, 10, 20, 30, and 40 wi%. The samples are denoted by yP/BC-

ACS00, where

the weight percentage loading of HsPO, . SP/BC-ACS00 refers to BC-

ACS00 with a 5 wie HsPQq loading.
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The pore structures and surface arcas of all the catalysts were mvestigated by Na
physisorption. According to the Intemational Union of Pure and Applied Chemistry
classification of physisorption isotherms, all the catalysts have type 1V isotherms with Hy
hysteresis loops at high pressure (figure not shown). This indicates that all the catalysts have
mesoporous structures [22]. Table 1 shows the Brunaver—Emmett—Teller (BET) surface arcas,
pore volumes, and pore diameters of all the catalysts. The BET surface arca and the total pore
volume of BC-AC mcreased with increasing carbonization temperature from 400 to 500 °C and

then started to decrease slightly from 500 to 600 °C. This is the result of shrinkage and/or partial

collapse of the carbon structure, which leads to a reduction in the surface area and pore volume
of the activated carbon [23]. The AC-BC with the highest BET surface ama and total pore
volume (1734 m?fg and 1.0 em’/g, respectively) was obtained by carbonization at 500 °C. The
results show that the BET surface areas, total pore volumes, and average pore diameters did not
significantly change with changes in the HsPOg4 loading. All the catalysts had average pore
diameters of 2.3-2.5 nm and the pore diameters are distributed in the range 2-50 nm. The
surface areas of the activated carbons derived from BC were about twice that of a commercial

activated carbon ( AC-com) and the average pore diameters were about 0.6 times that of AC-com.

L I R T S

Table 1 The surface arca, pore volume, and average pore diameter of BC-AC and P/BC-AC

catalysts in comparison to a commercial activated carbon (AC-com)

T Vhticrapore Vitesopae Viatal Average pore diameter
Catalysts N 5 5
(mg) em iz emrgy (e (nmy

AC-com 851 0.165 0307 0.872 4.1
BC-AC400 1,540 0324 0541 0.865 23
BC-ACS00 1,734 0.181 0.830 1011 23
BC-ACH00 1,702 0.183 0.824 1.007 2.4
SP/BC-ACS00 1,749 0.184 (.838 1.022 2.5
LOPBC-ACS00 1,754 0.185 0.844 1.029 2.5
20PBC-ACS00 1,719 0.186 0821 1.oo7 2.5
IOPBC-ACS00 1,740 0.188 0.833 1.021 2.5
40PMBC-ACS00 1,718 0.194 0810 1.004 25

# Determination by t-plot method
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3.1.2 Surface morphology and elemenial distribution

The surface morphologies of BC after carbonization with H3PO, activation at
temperatures of 400, 500, and 600 °C were all similar to that shown in Fig. 1. Because of the
evaporation of H;POy and other volatile matter from the surface during carbonization, BC-
ACA00, BC-AC500, and BC-AC600 had rough surfaces with rregular pores [24].

Energy dispersive X=ray spectroscopy (EDX) was used to map the elemental distributions
and percentages on all the catalyst surfaces. All the catalysts had good surface distributions of
phosphorus (figure not shown). The data in Table 2 show that the percentage of phosphorus on
the BC-AC surface increased with increasing carbonization temperature from 400 to 600 °C.
This is because a higher amount of phosphorus is meorporated into the carbon surface at higher
carbonization temperatures [25]. The percentage of phosphorus on the surface of PIBC-ACS00

also increased with increasing H;POy loading.

Fig. 1. SEM micrograph of surface morphology of BC-AC.

W00 LN B L R

Table 2 Surface elemental composition and acidity of BC-AC and P/BC-AC catalysts.

Catalysts Y Atom™* Acid sites (umol NHy/g catalyst)**
C P 0 Weak Moderate Total
to strong
BC-AC400 815 [ 15.7 162.9 182.4 2723
BC-AC300 87.5 4.3 8.2 206.0 109.4 28135
BC-ACH00 B2.6 4.9 12.5 200.0 755 2736
SP/BC-ACS00 81.0 7.0 12.0 215.4 3.6 3ll4
10P/BC-ACS00 73.5 8.1 18.4 239.1 98.9 3532
20P/BC-ACS00 64,8 114 238 434.6 114.1 581.0
30P/BC-ACS00 58.2 12.5 203 1140.6 146.4 1434.8
40P/BC-ACS00 56.8 03 229 1249.0 294.3 1898.7

* Surface elemental composition was determined by EDX analysis.
**Quantitics of acid site of catalysts were determined by NH:TPD with Fityk program

calculation.

3.0.3 Acidity

Temperature-programmed NH; desorption (NHz-TPD) was used to determine the surface
acidity and the strength of the acid sites of all the catalysts. The desorption temperature indicates
the strength of the acid sites. Desorption peaks at low temperatures (<250 °C) denote weak acid
sites, whereas peaks at higher temperatures, around 250-500 °C, correspond to moderate to
strong acid sites [14]. The numbers of acid sites for all the catalysts are summarized in Table 2.
The number of moderate to strong acid sites on BC-AC decreased with mereasing carbonization

temperature from 400 to 600 °C. The number of weak acid sites increased with increasing
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carbonization temperature from 400 to 500 °C and then decreased with increasing carbonization
temperature from 500 to 600 °C. This is because the carbonization temperature affects the
surface acidity and surface area of the activated carbon. An increase in the carbonization

temperature from 400 to 500 °C increases the surface area of the activated carbon, and th

increases the surface acidity of the catalyst [25]. An increase in the carbonization temperature
from 500 to 600 °C decreases the surface area of the activated carbon, and this decreases the

surface acidity. The BC-ACS00 and P/BC-ACS00 catalysts had larger numbers of weak acid

sites than of moderate 1o strong acid sites. The surface acidities of weak character could be
corresponding to weakly acidic surface of P-OH groups and phosphate ester and/for phenol
groups; and moderate to strong characters could be corresponding to H-phosphate groups, which

were formed in the carbon surface during the activation process of BC-ACs [10]. The numbers of

weak and moderate to strong acid sites increased with increasing HiPOy loading on BC-ACS00

because the surface acidity, which is predominantly derived from Bronsted acid sites, depends on
the amount of phosphorus retained on the carbon surfaces [10]. The results indicate that surface
modification by loading with HsPO, can improve the surface acidity of activated carbon. The
weak acid sites and moderate to strong acid sites of AC-com were 36.4 and 182.4 pmol NHs/g

catalyst, respectively. It is important to note that BC-ACs with and without an additional HsPOg

loading had a considerably higher amount of weak acid sites compared to that of AC-com. It has
been previously reported that the ethanol conversion to ethylene occurs on weak acid sites, while
the oligomenzation and the aleohol transformation to higher hydrocarbon correspond to strong
acid strength [15-17]. In this study, it was shown that the ratios of weak/moderate to strong acid
sites of BC-ACS00 and P/ BC-AC500 were 9.5-19.5 times that of AC-com. 30P/BC-AC500 was

found to be mainly covered by weakly acidic surface with the highest mtio of weak/moderate to

[P RN T RO P S ]

strong acid sites at 3.9. Therefore, significant improvement in the ethanol conversion to ethylene

catalyzed by using 30P/ BC-AC500 was expected.

3.1.4 Xeray diffraction

X-ray diffraction (XRD) was used to determine the bulk crystal structures of BC-AC
produced at various carbonization temperatures and P/BC-AC500 modified with various HiPOq
loadings. The XRD patterns of all the catalysts showed a broad peak at 26 = 24° (figure not
shown), which represented amorphous carbon composed of aromatic carbon sheets [26]. These

XRD patterns are the usual pattem for amorphous carbon derved from cellulose [27.28].

3.1.5 Fourier transforms infrared spectroscapy

Fourter-transform  infrared (FT-IR) spectroscopy was used to identify the functional
groups or chemical bonds in all the catalysts; the spectra are shown inFig. 2. The FT-IR spectra
of all the catalysts show a broad band located at 37003260 cm™, which is attributed to the O-H
stretehing vibration of the hydroxyl group and adsorbed water [29]. The bands at 2921 and 2855
em™ are atiributed to aliphatic C—H stretching vibrations [29). The weak band at approximately
1700 em™ is usnally ascribed to the C=0 stretching vibrations of ketones, aldehydes, lactones, or
carboxyl groups [30]. The strong band at 1580 em™ represents the C—C stretching vibrations of

aromatic rings. The broad band at approximately 1200 em™ 15 assigned to C—-0 stretching of

acids, aleohols, phenols, cthers, andfor esters [29]. The presence of amomatic carbon was
confirmed by the peak at 880 e, which is associated with aromatic C-H out-of-plane
vibrations of various substituted benzene rings [29]. The two bands at 980 and 500 cm™ are
attributed to the stretching vibrations of hydrogen-bonded P-0-C and O-P-O groups,

respectively  [30-32]. It has previously been suggested that phosphorus surface groups
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preferentially react with molecular oxygen, prior to carbon gasification, through oxidation of the
C=P bond to form P—O-C, which is thermally stable at temperatures lower than 700 *C. For BC-
ACS00, the tensities of the peaks corresponding to P-0-C and O-P-0 increased with
increasing H;PO, loading. These bands confirm the presence of phosphorus and phosphorus-
containing carbonaceous compounds formed from HiPO, on the activated carbon surface [31,
33]. The P-O and P-OH formed on the carbon surface during the activation process can act as
Bronsted acid sites and have an important effect on the acidic character of the carbon catalysts

prepared for ethanol dehydration [10].

Transmittance

4000 3600 3200 2800 2400 2000 1600 1200 00 400

Wavenumbers (cm')

Fig. 2. FT-IR spectra of catalysts
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3.2 Catalvtic dehydration of ethanol

3.2.1 Temperature-programmed reaction

The catalytic activities in ethanol dehydrmtion at atmospheric pressure and reaction
temperatures of 200400 °C of the BC-AC samples obtained at varous carbonization

temperatures were investigated. The effects of the H;PO, loading on the catalytic activity were

also examined. The activities were compared with those of AC-com. The ethanol conversions of
all the catalysts are shown in Fig. 3. Selectivities of cthylene, dicthyl cther (DEE)., and
acetaldehyde (MeCHO) from ethanol dehydration are summarized in Table 3.

The ethanol conversion inereased with increasing reaction temperature from 200 to 400

°C (Fig.3).

lar effects of reaction temperature and catalyst acidity on ethanol conversion
have previously been reported [11]. At a reaction temperature of 400 °C, ethanol conversions of
100% were obtamed with all the BC-AC catalysts, except BC-AC400, which gave an ethanol

conversion of 66.6%. The results show that an inerease m the HsPOy loading on BC-ACS00

increased the ethanol conversion. It is indicated that the concentration of weakly acidic s

the catalyst surface has important effects for ethanol conversion and on the product select

the ethanol dehydration reaction. The ethanol conversions obtained with the P/BC-AC300
catalysts were considerably higher than that obtained with the BC-ACS500 catalyst. The 30P/BC-

AC500 and 40P/BC-ACS00 catalysts gave the highest ethanol conversions, i.c., 98.3%—-100%, at

reaction temperatures of 300400 °

The ethylene selectivity achieved with the BC-AC catalysts was considerably higher than
that obtained with AC-com. The ethylene selectivity obtained with BC-AC300 and BC-ACH00
was higher than that obtained with BC-AC400. The highest selectivity for ethylene at 100%,, was

obtamed at a reaction temperature of 400 °C with BC-AC500 and BC-AC600. Overall, the
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cthylene selectivity achieved with all the PABC-ACS00 catalysts was higher than that obtaimed

with BC-ACS00. An increase in the H;POy loading increased the selectivity for ethylene; the

order was 40P/BC-ACS00 = 3J0P/BC-ACS00 > 20P/BC-AC500 > 10P/BC-AC500 = 5P/BC-
ACS00 = BC-ACS500. The enhanced ethylene selectivity should be a result of an increase in the

number of weak acid sites. It has previously been suggested that ethanol conversion to ethylene

occurs at weak acid site [12, 31]. In this study, HsPOy loading on the BC-AC surface can

increase the number of weak acid sites, and therefore merease the selectivity for ethylene.

Ethylene production is an endothermic reaction and therefore favors high temperatures. The

30P/BC-ACS00 and 40P/BC-ACS00 catalysts gave ethylene selectivity of 92.0%—93.3% at a
reaction temperature of 300 °C. The ethylene selectivity increased to 98.7%—100% at a reaction

temperature of 350400 °C. The ethylene selectivity was found correspond to the amounts of

weak acid sites as shown in Table 2. Among all the catalysts, 30P/BC-ACS00 and 40P/BC-
ACS00 contained the largest amounts of weak acid sites, i.e., 11406 and 1249.0 pmol NH/g,
respectively. Although 40P/BC-ACS00 had the highest number of weak acid sites, the selectivity
for ethylene of 40P/BC-AC300 was close to that of 30P/BC-ACS00. It was shown that the
amount of moderate to strong acid sites also increased with increasing HsPO, loading on the BC-

AC surface. The number of moderate to strong acid sites on 40P/BC-ACS00 was 2.2 times that

on 30P/BC-ACS00. Previously, it was suggested that an increase in the number of strong acid

s promoted ethylene polymerization, resulting in a decrease in ethylene concentration [12].
The selectivity for DEE tends to increase with decreasing reaction temperature because it

is an exothermic reaction product. The conversion of ethanol to DEE therefore favors low

temperatures [11]. The highest select »5 for DEE at 65.7%—68.4%, were obtained at 200 °C

with the 30P/BC-ACS00 and 40P/BC-ACS00 catalysts. However, the DEE selectivities of the

e R R N N

=AC400, BC-ACS500, BC-AC600, SP/BC-ACS500, 10P/BC-AC500, and 20P/BC-AC500

catalysts at a reaction temperature of 200 *C were lower than those at a reaction temperature of

250 °C (data not shown) because acetaldehyde selectivity was higher at 200 °C. At higher
reaction temperatures (300-350 °C), the selectivity for DEE rapidly decreased with increasing
H;PO, loading owning to higher ethylene production and the DEE selectivity was 0 or almost 0

at400°C.

The selectivity for acetaldehyde tends to decrease with increasing reaction temperature.

The acetaldehyde selectivities obtained m ethanol dehydration with the BC-AC catalysts were

significantly lower than that achieved with AC-com as the catalyst. By using AC-com, high
selectivities for acetaldehyde at 92.7% and 83.5% were obtained at 200 and 250 °C, respectively.
However, because the ethanol conversion of the AC-com catalyst was quite low at 200-300 °C;

therefore, the acetaldehyde yields were low. The maximum acetaldehyde yield at 29.0% was

obtamed with the AC-com catalyst at 400 °C.

Owerall, the ethanol conversions, ethylene y , and DEE yields achieved in the

reactions with BC-AC400, BC-AC300, and BC-AC600 as the catalyst were considerably higher
than those obtained with AC-com as the catalyst. In addition, among all the catalysts, 30P/BC-
ACS00 and 40P/BC-ACS00 gave the highest ethylene yields (90.5%—100.0%) at reaction
temperatures  of 300400 *C, and the highest DEE yields (32.1%-34.5%) at reaction
temperatures of 200 °C. The 30P/BC-ACS00 and 40P/BC-ACS300 catalysts are therefore
considered to be promising catalysts for ethanol dehydration, either for ethylene production (at

350400 *C) or for DEE production (at 200 °C), with the highest product vields. The 5P/BC-

ACS00, 10P/BC-ACS00 and 20P/BC-ACS00 catalysts were also effective for DEE production at

250°C, and gave DEE yields of 33.9%, 37.9% and 35.0%, respectively.
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Fig. 3. Ethanol conversion in cthanol dehydration at reaction temperatures of 200-400°C

catalyzed by: AC-com (#), BC-AC400 (), BC-ACS00 (m), BC-ACG00 (4 ), SP/BC-ACS00 (),

10P/BC-ACS00(O), 20P/BC-ACS00 (A), 30P/BC-ACS00 (@), and 40P/BC-ACS00 (*).

Table 3 Sclec

5 of ethylene, diethyl ether (DEE), and acetaldehyde (MeCHO) from ethanol

dehydrmtion at 200, 300, and 400°C.

200°C anc 400°C
Catalysts
Ethylene DEE MeCHO  Ethylene DEE MeCHO  Ethylene DEE MeCHO

AC-com 0.0 T3 92.7 233 L4 753 438 0.1 56.1
BC-AC4M 0.0 355 B45 405 532 6.3 86.7 57 TH
BC-ACSM 0.0 46 T34 k6 344 7.1 97.4 0.3 23
BC-ACGMY 0.0 M4 756 o4 584 22 980 0.3 1.7
EPBC-ACEM 1.3 492 495 505 4hk 28 979 0.5 L&
TOP/BC-AC S L7 581 40.2 598 382 20 983 0.2 L5
20PF/BC-ACEM 25 523 452 THR 19.1 21 982 0.5 13
JOP/BC-ACEM 139 64 17T 920 o9 1.1 100.0 0.0 [ TH]
AOPF/BC-ACEM Lo 637 233 933 i5 1.2 100.0 0.0 oo

L T O

3.2.2 Stability test

The 30P/BC-ACS0D catalyst was then selected for use in stability tests with a time-on-
stream of 12 h. Fig. 4 shows the ethanol conversions during 12 h stability tests at reaction
temperatures of 200 and 400 °C. At a reaction temperature of 200 °C, the ethanol conversion and

ty for DEE were consistent at around 40.4%—50.8% and 67 9%—73.6% respectively. At a

reaction temperature of 400 °C, the ethanol conversion was constant at 100%, with an ethylene

ty of 100%, during the 12 h stability test. This indicates that the 30P/BC-AC 500 catalyst

has good activity and high stability in ethanol dehydration for the production of ethylene at 400
°C or DEE at 200 °C. In a previous study, chemical activation of olive stones with HsPOy
produced activated carbons with relatively high contents of phosphorus surface groups, which

remained stable on the carbon surface at relatively high temperatures (<700 °C) [30]. The data

show that 30P/BC-ACS500 is a more effective cthanol dehydration catalyst than modified
activated carbon catalysts previously reported [35]. The ethanol conversion and ethylene vield
achieved with the 30P/BC-ACS00 catalyst are comparable to those obtained with modified
alumina-based catalysts [15]. This could be because of the highly uniform mesoporous structure,
high effective surface area with high concentration of weak acid sites of activated carbon derived

from BC loaded with HyPO,.
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Fig. 4. Stability test with a time-on-stream (TOS) for 30P/BC-ACS00 catalyst at reaction

temperature of 200 { @) and 400°C ().

4. Conclusion

Activated carbon denved from BC (BC-AC) with a ly uniform mesoporous structure

was successfully prepared by one-step H;POy activation at a carbonization temperature of 500

C. The BC-ACS00 was modified with varous loadings of HsPOs and was used as an
inexpensive and environmentally friendly catalyst for ethanol dehydration. The results show that
the P/BC-ACS00 catalysts had larger numbers of weak acid sites than of moderate to strong acid

ites, and the amount of weak acid si

increased with increasing H;POy loading from 5% to

40%. The modified P/BC-AC catalyst was an efTicient catalyst for the dehydration of ethanol to
ethylene and DEE. The ethanol conversion of 98-100% and ethylene selectivity of 93-100%
were obtained by using 30P/BC-AC500 and 40P/BC-ACS00 catalysts at reaction temperature of
300-400°C, whereas the ethanol conversion at 42-50% with the selectivity of DEE at 65.7-68 4%

wits obtained at reaction temperature of 200°C. Under the stability test for 12 h, 30P/BC-AC 500

[Fa R T
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wis shown to act as an effective catalyst with high thermal stability to achieve complete

conversion of ethanol with 100% ethylene yield at 400°C. Activated carbon developed from BC

was found considerably more effective than those of commercial activated carbons. Unigue
physicochemical properties of highly pure nanocellulose fiber network structure with high

surface area and uniform pore distribution are considered o be beneficial for BC to be used as a

source of effective activated carbon catalysts.
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