Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 April 2018 d0i:10.20944/preprints201804.0385.v1

1 Article
2 Effects of liquefaction temperature and time on

3 characterization of liquefied oil palm trunk residue in
4 the presence of polyhydric alcohols

5 Rattana Choowang, Jian LIN*, Guangjie ZHAO

6 Beijing Key Laboratory of Wood Science and Engineering, Beijing Forestry University, Beijing, 100083, P. R.
7 China;

8 * Correspondence: linjian0702@bjfu.edu.cn; Tel.: +86-010-62336907

9 Abstract: Resides derived from liquefaction of oil palm trunk in the presence of polyhydric alcohol
10 with different liquefaction temperature and time were characterized to provide a new approach to
11 understand some fundamental aspects of the liquefaction reaction. Higher temperature and longer
12 reaction time resulted in lower residue content, indicating more decomposition of components of
13 oil palm trunk. The amorphous polymer comprised of lignin, hemicellulose, starch, and cellulose
14 with non-crystalline structure are firstly degraded at low liquefaction temperature, followed by the
15 decomposition of crystalline region of cellulose. Although it was relatively difficult to destroy the
16 ordered structure of cellulose, most of them could be liquefied via prolonging reaction time or
17 enhancing reaction temperature. Nevertheless, it was found that re-condensation of liquefied
18 products occurred during the liquefaction process when higher temperature of 180 °C was used
19 after 60 min, leading to the gradual increase of residue content with increase of reaction time.
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22 1. Introduction

23 As one of the main agricultural waste, the oil palm trunk biomass can be annually harvested
24 from replanted palm plantation with the total amount of around 95 million tons, providing a
25  continuous supply for the oil palm biomass industry [1]. However, few utilization of this biomass
26 was conducted except for medium density fiberboard, fertilizer, molded wares, pulp and paper. A
27  more valuable application such as cellulose nanocrystals has also been developed [2-3]. Most of
28  them were almost left to rot in the field without utilization. Considering the content of chemical
29  compositions, oil palm trunk is suitable for preparing the liquefied product which could be used to
30 produce the carbon fibers and further activated carbon fibers [4-6]. Comparatively, it seems to be a
31  more promising process for converting the oil palm trunk into high value-added materials.

32 Generally, both phenol and polyhydric alcohols have been used as liquefying solvent for the
33 liquefaction of several lignocellulose materials with the catalysts of mineral or organic acids at a
34 certain temperature for various time [7-9]. In the case of phenol, it possesses excellent solvolysis
35  ability towards lignocellulose with consequent phenolation and dehydration of each composition
36  part, leading to more formation of various phenolated compounds [10]. Considering environmental
37  protection issues and liquefaction cost, liquefying solvent of polyhydric alcohols exhibits more
38  advantages than those of phenol, resulting in more and more focus on it.

39 Previously, several type of polyhydric alcohols have been investigated. It was found that the
40  ethylene carbonate (EC) gave higher percentage of liquefied yields than that of ethylene glycol (EG)
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41  in the case of the liquefied bamboo process under 5% of hydrochloric as a catalyst and liquefaction
42  temperature at 180 °C, attributing to their different dielectric constant values [10]. Besides,
43 polyethylene glycol (PEG) showed higher liquefied rate of biomass than EG and EC, respectively,
44 within 40 min of liquefaction [11]. However, the re-condensation occurred during the liquefaction
45  process when applying the PEG alone, leading to low yield liquefied product. This results are
46  corresponded to the previous report [12]. Fortunately, the liquefied yield can be enhanced by
47  adding proper proportion of glycerol in PEG. The resultant mixture of PEG and glycerol exhibited
48  excellent liquefying ability and have been applied in liquefaction process for various biomass such
49 as corn starch, bagasse, cotton, bamboo, wheat straw, corncob, and others [13-16].

50 Furthermore, most previous researches concerning the liquefaction in the presence of
51  polyhydric alcohol focused on the liquefaction fragments, but paid few attention about residue
52 which is usually an evaluation of the extent of a liquefaction reaction. It is significantly to
53 characterize the liquefied residue so as to better understand the liquefaction process. Accordingly,
54 in this article we describe the efforts directed at the characterization and evaluation of liquefied
55  residues derived from the liquefaction of oil palm trunk in the mixture of PEG and glycerol with

56  various reaction temperature and time.

57 2. Materials and Methods

58  2.1. Materials

59 Oil palm trunks were harvested from a replantation for 30 years old in Surat Thani province in
60  Southern of Thailand. Those trunks were felled at 60 cm from ground and cut into 1 meter length of
61  logs. The logs were sawn into lumbers and then cut into chips by using a chipper and dried in hot air
62  ovenat 60 °C to reduce a moisture content. The dried chips were ground into fine powders that pass
63  through screen size (200 mesh) with a Willey Mill. The fine powders were kept in desiccator until
64  used. PEG-400 and glycerol as well as sulfuric acid were purchased from SINOPHARM group
65 Chemical Reagent Co., Ltd and used as received.

66  2.2. Liquefaction process

67 The PEG-400 was mixed with glycerol with the weight ratio of 4:1 to prepare liquefaction
68  solvent. The oil palm trunk powders were placed in a round bottom flask together with the mixture
69  of liquefaction solvent and 98 % aqueous sulfuric acid (2 % on the amount of liquefaction solvent) at
70 the weight ratio of 1:3. The flask was set up with magnetic stirrer and thermometer as well as reflux
71  condenser system, and then immersed in an oil bath that was preheated at a various target
72 temperatures from 130 °C to 180 °C for various reaction time from 30 to 120 min, respectively. After
73 the reaction time, the flask was immersed in a cold water bath to stop reaction, and then 80 % 1,
74 4-dioxane aqueous solution was added to the reaction mixture. The resultant solution was filtrated
75  through the filter paper which has been oven-dried and weighted before used. The insoluble
76 liquefied residues after filtration were collected and dried in an oven at 103 °C until weight constant.
77  The percentage of liquefied residue (LR) was calculated by following equation:

78 LR (%) = (Wr / Wo) x 100 (1)
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79 Where Wr is the oven-dried weight of the obtained liquefied residue after filtration (g), and Wo
80  is the weight of oil palm trunk powder (g).
81 2.3. Chemical analyses
82 The chemical composition of used oil palm trunk consists of ash, extractive, Klason lignin,

83  holocellulose and alpha cellulose were analyzed in accordance with Chinese’s standard of GB/T
84  742-2008, GB/T 10741-2008, GB/T 10337-2008, GB/G 2677.10-1995 and GB/T 744-1989, respectively.
85  Measurements of each component were conducted in at least triplicate, and the recorded data were

86  found to be reproducible.

87  2.4. X-ray diffraction analysis

88 The crystalline of each liquefied residue were investigated by using X-ray diffraction apparatus
89  (Smart lab, Japan) equipped with Ni-filtered Cu-Ka radiation (wavelength of 1.5406 nm), the
90  operating voltage of 40 kV and current of 40 mA. The intensities scanning was recorded between 5 °
91  to 50 ° (26 angle range) with a scan speed of 0.5 °/min and a scan step of 0.02 °. The crystallinity
92 index value (Crl) of each obtained liquefied residues was calculated according to the Segal method
93  per the following equation [17]:

94 CrI = (looz-Iam) / Too2 * 100 (2)

95 Where Io2 is the intensity of the diffraction from the (002) plane, and Iam is the intensity of the

96  amorphous faction.

97  2.5. Solid state 3C NMR spectroscopy

98 Solid state *C NMR spectroscopy (JNM-ECZ600R) equipped with a 3.2 mm probe was used for
99  analyzing the liquefied residue. All experiments were conducted at frequencies of 100.55 MHz in a
100 double-resonance MAS probehead at spinning speeds of 15 kHz and relaxation time of 2 ms as well

101 as the pulse width of 6.5 ps. Each specimen was operated for 1 h at a temperature of 298 K.

102 2.6. Fourier transform infrared (FTIR) spectroscopy

103 The chemical functional groups of each liquefied residue were determined by using FTIR
104 spectrometer with GX FT-IR system (PerkinElmer, Norwalk, CA, USA) in the scanning range of 4000
105  cm? to 400 cm™. The 1 mg of obtained liquefied residue powder was mixed with 99 mg of finely
106  ground potassium bromide before building up a disk.

107 3. Results

108  3.1. Residue content

109 The liquefaction processes of oil palm trunk in the presence of the mixture of PEG-400 and
110 glycerol were successfully conducted at various reaction temperature and time, respectively. The
111 corresponding liquefied residues were obtained and the residue contents were calculated as shown
112 in Figure 1. The residue content exhibited decreasing trends with increasing the liquefaction
113 temperature from 130 °C to 180 °C regardless of the reaction time, indicating that the liquefied

114 reaction can be accelerated by increasing the liquefaction temperature. For 30 min, around 50 %
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115  decrease of residue content was obtained from 130 °C to 140 °C as similar as in terms of changing
116  the liquefaction temperature from 170 °C to 180 °C. This might be caused by the decomposition of
117 much amount of amorphous carbohydrate compounds in oil palm trunk such as hemicellulose and
118  starch, which were easily transformed into small molecular under the heating and acid conditions.
119  In addition, the liquefaction temperature at 140 °C gave the less liquefied residue content than
120 heating with 150 °C. This may be due to the rapid degradation of oil palm in an acidic liquefaction
121 solution, and then re-condensation among themselves. Besides, the re-condensation of liquefied
122 products could be decomposed again depending on the temperature, time and acidity condition of
123 solvent [18-19].
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125 Figure.1. The residue content of liquefied oil palm trunk in presence of the mixture of PEG-400 and glycerol
126 (80/20 w/w) at various reaction temperature and time.
127 However, it was not strongly affected on the acceleration of reaction rate of liquefaction when

128  the reaction time were more than 30 min. Minor decrease in residue contents were obtained with
129 increasing the liquefaction temperatures, attributing to the existing of around 11.3 % of cellulose in
130 oil palm trunk. Cellulose possesses crystalline region and its molecular structure is orderly
131  arranged so that the liquefaction solvent was difficult to penetrate into its structure. These results

132 was also agreed with the previous report [20].

133 Additionally, the residue contents were almost dropped with the increase of reaction time
134 except for the residue produced at the reaction temperature of 180 °C. It decreased from 3.7 % to 2.8
135 % when the reaction time increased from 30 min to 60 min at 180 °C, and then increased with the
136  time prolonging. This means that the lowest residue content was obtained when the liquefaction
137  time was 60 min, and it is nearly equally to the ash content of oil palm trunk of 2.7 %. Accordingly,
138 all the main chemical components of oil palm trunk were almost liquefied into small fraction which
139 then polymerized to form the residue, leading to approximately 60 % increase of residue content

140  obtained for the reaction time of 120 min.

141  3.2. FTIR spectroscopy

142 FTIR has been proved to be an extremely useful method to investigate the chemical function

143 groups of polymers. Figure. 2 illustrated the FTIR spectra of oil palm trunk and its residue after
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144 liquefaction with different temperatures at 30 min. In spectrum of oil palm, the presence of band
145  centered at around 3410 cm was assigned to the stretching vibration of hydroxyl groups which
146 were mainly derived from carbohydrate polymers such as starch, hemicellulose and cellulose, since
147  the lower lignin content of 5.1 % in oil palm trunk [21]. After liquefaction, the broad peak was
148  transformed into sharp one, and the bands shifted to the higher wavenumber of 3431 cm™ upon all
149 residues after different liquefaction time, indicating the decomposition of starch and then cleavage
150  of hydrogen bonds being formed among the main chemical composition of oil palm trunk [22-23].
151  With the liquefaction temperatures increasing, it is observed that the skeletal mode vibration of the
152 pyranose ring at the wavenumber of 576 cm and C-H stretching vibration at 2930 cm! slightly
153 decreased, which may be due to the decomposition of amorphous starch. When the liquefaction
154  temperature of 180 °C, the peak of 576 cm was almost disappeared. This may be indicative of the
155  decomposition of all amorphous carbohydrate polymers and most of cellulose, leading to the lower

156  residue content of 3.7 %.

180 °C

N

160 °C

Vad
150 °C ]
140 °C
\/ 130 °C ‘ ]
Oilipalm ‘
3410

Intensity (a.u.)

2930

10551
1 2 1 L 1 " 1 i " 2
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm'l)

157

158 Figure.2. FTIR spectra of oil palm trunk and its residue after liquefaction with different temperatures at 30 min.

159 FTIR spectra of residues after liquefaction with different time at 170 °C were obtained as shown
160  in Figure. 3. Compared with raw material, the residue from liquefaction time of 30 min exhibited
161  relatively sharp peak of 3431 cm ! with higher wavenumber, due to the decomposition of starch. The
162 peak at around 1055 cm! represented the ether bonds sharply became weak until the liquefaction
163 time of 60 min, attributing to decomposition of non-crystalline cellulose, leading to the decrease of
164 residue content from 10.1 % to 5.6 % [21]. When prolonging liquefaction time to 120 min, all the
165  peaks obviously became weak. This may be the result of the fracture of crystalline region in
166  cellulose. It can be also proved by the gradually weak peaks at 576 cm and 2930 cm, respectively.
167  However, different phenomenon occurred in the residue after the liquefaction of 180 °C as presented
168  in Figure. 4. Almost all the chemical components were decomposed when the liquefaction time of 60
169  min, which is shorter than the liquefaction at 170 °C. The peak at 1055 cm could be obviously
170 observed after 60 min, which may be caused by the polymerization of liquefied products at higher
171  temperature and formation of residue. That is why the residue content increased from liquefaction

172 time of 60 min to 120 min. The above results can be further confirmed by NMR measurements.
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174 Figure.3. FTIR spectra of oil palm trunk and its residue after liquefaction with different time at 170 °C.
120 min
. 90 min
S
&
§ W\/—\__\/M
RS
Oil palm
" 1 n 1 n 1 n 1 n 1 " 1 n 1 " 1 n
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm")
175
176 Figure.4. FTIR spectra of oil palm trunk and its residue after liquefaction with different time at 180 °C.
177  3.3.13C NMR analysis
178 The solid-state *C NMR of oil palm trunk and its residue with different liquefaction

179  temperatures at 30 min were conducted and the corresponding spectra were shown in Figure. 5. The
180  pattern of signals that obtained from oil palm raw material showed the main peak at 73.5 which is
181  related to C2, C3 and C5 carbon in pyranose ring. The signals of 63.1 ppm and 85.5 ppm are
182  demonstrated C6 and C4 carbon of the non-crystalline region, respectively [24]. While the signals in
183  rage of 102.5 to 106.6 ppm are agreed with C1, they are detected from the combination between a
184  and B of C1 carbon in structure of starch and cellulose, respectively. The C6 carbon of crystalline
185  region can usually be detected at 66.2 ppm, but it is represented very tiny peak for oil palm raw
186  material. However, this peak can be clearly seen after the liquefaction with temperature at 140 °C as
187  same as the C1 carbon of crystalline region was observed at 106.6 ppm because it loss a form of C1

188  carbon of starch (102.5 ppm), which can be detected at a lower signals than  form of cellulose [25].
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189  The C4 carbon of crystalline region that was detected at 90.1 ppm appeared clearly after liquefaction.
190  In contrast, the C6 carbon of the non-crystalline region (-CH2OH) at 63.1 are continuously dropped
191  when increased the liquefaction temperature from 130 °C to 180 °C. The signals that indicates the
192 crystalline region comprised of 66.2 ppm (C6), 90.1 (C4) ppm and 106.6 ppm (C1), were remained
193 slightly in term of 180 °C for 30 min. Therefore, it can be concluded that most amorphous
194 carbohydrates (hemicellulose and starch as well as amorphous region of cellulose) were degraded
195 by liquefaction at 140 °C for 30 min. The crystalline region were almost destroyed at high

196  temperature of 180 °C for reaction time of 30 min.
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197
198 Figure.5. Solid state 3C NMR spectroscopy of oil palm trunk and its residue after liquefaction with different
199 temperatures at 30 min.
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201 Figure.6. Solid state 3C NMR spectroscopy of oil palm trunk and its residue after liquefaction with different
202 time at 170 °C.
203 The measurements of solid state 13C NMR of residue after liquefaction with different time at 170

204  °C were performed and the corresponding spectra were shown in Figure. 6. The signals of 63.1 ppm
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205  and 85.5 ppm represented for C6 and C4 carbon of the non-crystalline region, respectively, were
206  gradually weak, and the signal of 102.5 ppm for o C1 carbon in structure of starch could not be
207  detected after 30 min of liquefaction, indicating the decomposition of amorphous starch and
208  cellulose. Theses just made the increase of relative content of crystalline cellulose, which was also
209  improved by the increase of intensity for the peaks of 66.2 ppm and 102.5 ppm. With the liquefaction
210  time increasing, the peaks of crystalline cellulose became weak, illustrating that more and more

211  cellulose were destroyed.

212 3.4. X-ray diffraction analysis

213 The chemical components of oil palm trunk were liquefied at various temperatures as a result of
214  the different contents of crystalline structures existing in resultant residues. The X-ray diffractogram
215  patterns of oil palm trunk and resultant residues obtained from the temperatures of 130 °C to 180 °C
216  for 30 min were presented in Figure. 7. From the pattern of oil palm, the typical peaks at 20 value of
217  15.2 ° and 22.8 ° attributed to the (110) and (002) crystallographic plane, respectively, could be
218  observed, indicating the crystalline structure in cellulose I [3, 26-28].
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219

220 Figure.7. X-ray diffraction patterns of oil palm trunk and its residue after liquefaction with different

221 temperatures at 30 min.

222 With increasing the reaction temperatures from 130 °C to 170 °C, the peaks at 20 value of 22.8 °

223 became narrower and sharper, indicating that the intensity of 002 crystallographic plane are
224  relatively increasing. Thus, the corresponding crystallinity index was found to be 51.7 %, 74.0 %,
225 73.0 %, 75.5 %, and 78.4 %, respectively, which are extremely higher than that of oil palm of 21.1 %.
226  These may be due to the decomposition of a large amount of amorphous structure, especially for
227  amylose [29-30]. Whilst much crystalline region were destroyed within 30 min under high
228  temperature of 180 °C according to the peak at 26 value of 22.8 ° with relatively low intensity. The
229  degradation of crystalline regions was promoted by the organic acids such as acetic acid and formic
230  acid as well as levulinic acid, which were derived from degraded chemical components during
231  liquefaction reaction at high temperature [31-32]. Besides, one sharp and strong peak at 26 around

232 25.4 ° accompanied with other small peaks at higher 20 can be obviously observed in the X-ray
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233 diffractogram pattern of resultant residue from liquefaction at 180 °C. These peaks were related to a

234 crystalline silica which is the main component of ash in oil palm trunk.
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235
236 Figure.8. X-ray diffraction patterns of oil palm trunk and its residue after liquefaction with different time at 170
237 °C.
238 The X-ray diffraction of residue derived from the liquefaction with different time from 30 min

239 to 120 min at 170 °C were determined as presented in Figure. 8. Compared with the oil palm,
240  residues exhibited completely different patterns. With the liquefaction time increasing, the peak at
241 26 value of 22.8 ° firstly became sharper and then gradually smaller because of the decomposition
242 of cellulose, leading to the decrease of crystallinity index ranging from 78.4 % to 35.7 %. Weaker
243 and broader peak could be obviously observed after the liquefaction time of 90 min. Besides, the
244  peaks at 20 value of 15.2 ° in all patterns were gradually weak and disappeared when 90 min and
245 120 min, indicating that the crystalline region in cellulose were almost destroyed. These results are

246  greatly agreed with the above measurements of FITR and NMR.

247 4. Conclusions

248 Liquefaction of oil palm trunk were successfully performed with polyhydric alcohols under
249  various temperature and time, and the corresponding residues were investigated. With the
250  liquefaction temperature increasing, the degradation of most amorphous carbohydrates such as
251  hemicellulose and starch as well as amorphous region of cellulose occurred, leading to the gradual
252 increase of crystallinity index from 21.1 % to 78.4 % and obvious decrease of resultant residue
253 content. When the crystalline region were almost destroyed at high temperature of 180 °C, the
254 residue content lowed to around 4 %. Besides, longer liquefaction time engendered more adequate
255  liquefaction of each component in oil palm trunk for the liquefaction temperature from 130 °C to 170
256  °C, resulting in the decrease of residue content. While the residue content increased after 60 min of
257  liquefaction at 180 °C, mainly attributing to the re-condensation of liquefied products.
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