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10% organic compounds (extractive and hemicellulose)
% inorganic materials ([7,8]). Lignin, an abundant
bio[m-:ir with high carbon content and aromaticity, is often
used as a raw material for fuels, chemicals and lignocellu-
losic biopolymers [9,10]. Lignin can be isolated from black
liquor via proper chemical treatment and screening processes
[11]. Different isolation methods, isclate types, insulation
temperatures and raw material sources can affect the struc-
ture and physicochemical properties of the obtained lignin
[12-18]. Lignin can be used as an adhesive, dispersant formula-
tion, surfactant and antioxidant in plastics and rubbers, dyes,
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1. Introduction

Processin@ pulp from biomass raw materials produces a
black liquid known as black liquor. Black liquor mainly con-
sists of water, organic and inorganic substances [1,2] and
is composed of approximately 65-85% solids [3] and 10-50%
heavy lignin [4]. Black lye contains lignin amounting to
approximately 25-35% of the total solid content [5,6]. More-
over, black lye contains 30-35% carboxylic aliphatic acids,
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Fig. 1 - Flowchart of the modified lignin isolation process.

[14,15], chemical (alkali, acid) [12,17], biological and combined
methods_ Acid solutions, such as HCl and H,504, can also
sed for hydrolysis [30,31].

Tmurpose of this study is to determine the effect of HCl
conc@ation on the yield, chemical properties and functional
groups of lignin obtained from black liquor using the formacell
method with raw materials from palm oil.

2. Materials and methods

1 The materials used in the study were oil palm empty fruit
bunch (OPEFB) obtained from PT Rejosari, glacial acetic acid,
KMNOs, KI, NapS20a, HCI, HpS04 (72%) and starch indicator
(0.2%). The tools used included a reactor, Soxhlet apparatus,
1000 ml extraction flask, upright cooler, heating mantle,
digester, thermometer, burette, vacuum flter, rotary evap-
orator, Fourier transform infrared (FTIR) spectrophotometer
(Cary 630 FTIR Agilent), gas chromatograph-mass spectrom-
eter (Varian CP-3800 GC and Saturn 2200 MS) and scanning
electron microscope (SEM; JEOL JSM 6510 LA).

Pulp cooking was achieved using the formacell process.
A total of 1000g of OPEFB was poured into a rotary digester,
and the cooking process was carried out using the method
of Hidayati et al. [32]. Cooking was performed using an
acetic acid ratio of 1:14. The maximum cooking temperature
was 150°C, and the time required to reach the maximum
temperature was 90min. The pulp was filtered through a
hydraulic screener, and the fibres obtained were passed
through anoth ydraulic screener of 80 mesh. Black fil-
trate or leachat s precipitated with 10%, 20%, 30% or 40%
HCI (v/v), doped for 24h at room temperature and filtered
(Fig. 1). Thereafter, pH, total solid content of black OPEFB
leachate, yield of lignin [33], content of methoxyl groups [34]
and equivalent weight of lignin [35] were determined. Lignin
analysis via FTIR spectroscopy [36], GC-MS and SEM were
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Fig. 2 - Effect of HCl concentration on lignin yield.
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Fig. 3 - Effect of HCI concentration on the weight of
equivalent lignin.

also conducted. GC-MS was carried out on a VF-5ms column
(30mm x 0.25mm) via the manual injection method at 240°C
for 40 min.

3. Results and discussion
3.1.  Extraction yield

Increasing the HCl concentration could reduce the lignin yield
(Fig. 2). The yield produced ranged from 7.14% to 15.61%, which
is higler than that of Surina et al. [37], who isolated lignin
fro. ck liquor using H,SO4 and obtained 9.3-10.5% yield.
Yields depended on the concentration of hydrogen ionsin the
solution and the strength of the ions. One of the factors influ-
encing the results of lignin deposition is the concentration of
H*. Protonation of phenolic groups inlignin causes a decrease
in electrostatic repulsion amongst lignin molecules [38,39].
Consequently, lignin molecules become less hydrophilic, and
the solubility of lignin is reduced. Rudatin et al. [40] claimed
that hydrogen bonds caused by the phenolic-phenolic or
phenolic-ether relationship can play a role in the lignin
kraft relationship with decreasing pH. Amongst the acid con-
centrations employed in this work, 20% HCl produced the
maximum yield (15.61%). Surina et al. [37] used 25% H;504
to achieve a imum lignin yield of 9.4%; however, as the
Hp_SO.;concenﬁon exceeded 25%, lignin yields decreased.
The extraction yield of pure lignin ranged from 7.9g/mL to
9.4 g/mL; higher yields were achieved by precipitation with
25% (w/w) HySO4. These results agree with the findings of
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Fig. 4 - Effect of HCI concentration on methoxyl contents.

Ibrahim et al [18], who assessed maximum lignin yields
obtained from Hy504, HC, and HyPO4. Increasing the HCl con-
c tion from 20% to 100% reduced the yield from 1.4% to
1.57%. The yield of precipitatedlignin soda from HCl and HNO3
was in the range of 1.20- g for every 100ml of black liquor
used. This result is lower COmpared with the yields obtained
from H3504 and H3PO4 (1.42-1.50g/100ml of black liquor),
thereby indicating that lignin yields depend on the number
of hydrogen ions in the acid. Ibrahim et al. [18] attributed
their findings to localised acidification or non-uniform
precipitation effects when high acid concentrations are
used.

Precipitation of lignin in the residual cooking solution
occurs as a result of the condensation of the constituent
units of lignin (e.g., p-coumaryl, coniferil and synapyl alcohol),
which are initially soluble, and subsequent polymerisation
to form larger molecules ([41,42]). Stated that cooking OPEFB
black liquor in highly acidic conditions would decrease the
yield of lignin because increasing the reaction tempera-
ture forces lignin to undergo structural changes into other
compounds, such as formic acid, methane, acetic acid and
vanillin.
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3.2.  Equivalent weight

Increases in HCl concentration could increase the equivalent
weight of lignin (Fig. 3). The equivalent weight produced in
this study ranged from 200% to 250%. HCl treatment con-
denses lignin constituent units into larger molecules and,
therefore, increases the equivalent weight of lignin. Achmadi
[43] reported that lignin tends to condense in acidic atmo-
spheres. Surina et al. [37], however, found that lignin isolation
from black liquor using H;504 at concentrations of 5%, 25%,
50% and 75% does not affect the equivalent lignin weight.

3.3.  Methoxyl content

Increases in HCI concentration could increase methoxyl con-
tents. In this study, average methoxyl contents were in in the
range of 12.4-44.95% (Fig. 4).

The methoxyl content of Indulin AT is between 14.00%
and 14.30% [44]. Lignin contains functional groups, such as
aliphatic hydroxyl, phenolic hydroxyl, methoxyl and carbonyl
groups. The use of HCl at pH 2 produces greater methoxyl
numbers (15.5) than those produced by HCl at pH 4 (15.6) and 3
(15.8) [45]. Damat [46] suggested that lignin with low methoxyl
contents is more beneficial than that with high methoxylcon-
tents when used as an adhesive because the former is better
able to form a gel. Low contents of methoxyl groups may be
attributed to the partial degradation of methoxyl groups by
strong acids or bases, which, in turn, yields other compounds.

Lignin contains hydroxylphenolic groups that are mostly
bound to adjacent phenyl propane units, thereby allowing the
material to bond with formaldehyde via a reaction similar to
that between phenol and formaldehyde [47]. Lignin with high
methoxyl contents is favourable when used as a raw material
for lignosulphonate (surfactant) because greater contents of
-CHCH; groups enhance the solubility of lignin in water. This
property is necessary for raw materials for lignosulphonates.

w—HCI 10%
—HCl 20%
e HCI 30%
w— HCI 40%
e HCI 60%
e HC| 70%
e HC| 80%
~=H2504 40%

4000 5000

Fig. 5 - FTIR spectrum at various HCl concentration.
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Fig. 7 - SEM images of lignin compounds isolated; (a) using 10% HCI, (b) using 40% HCL

3.4.  Fourier transform infrared spectroscopy

FTIR was used to analyse differences in the functional groups
of the lignin samples. No significant changes in peaks were
observed at wavenumbers of 4000-1500 cm~!. At wavenum-
bers of 1400-700cm=!, however, decreases in intensity and
the disappearance of some peaks, such as those at1155, 1051,
1021, 946, nd 708 cm~?, could be observed in the spec-
tra of ligni lated using HCI at concentrations above 40%
(Fig. 5). Peaks at 15 -1 and 1513cm~? could be attributed
to aromatic lignin g:tal vibrations ([48,49]. Strong peaks at
1460-1420 cm be associated with the stretching vibra-
tions of CH (meﬂnd methylene) [48,50]. Peaks observed in
the range of 1155-1150cm all spectra may refer to C-H
deformation vibrations of gualacyl groups and C-H vibrations
in syringyl groups. The peak at 830-840 cm~! indicates C-H

deformation and ring vipgations. Strong and sharp bands at
620 cm %, which are only found in the spectra of lignin pre-
cipitated from H3SO4. The bands at 1330, 1220 a 1120 em?
corresponded to syringyl units, whilst weak bands at 1275,
1153 and 1037 cm~? correspond to guaia nits. In general,
the IR spectra of lignin isolated by a of various con-
centrations are similar, thereby indicating that the general
composition of lignin is not affected by the concentration and
type of acid used.

3.5.  Gas chromatography

GC-MS was employed to idi
lated using 40% HCl (Fig. 6). le 1 shows that the most
formed compounds were 2,6-di-tert-butyl-4-dimethyl
aminomethyl)phenol, undecanoic acid, 10-methyl-, methyl

ify lignin compounds iso-
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Fig. 8 - EDX spectrum of lignin compounds isolated using 40%HCI.

ester, '1s,4R,?R,11R-E,?-tetrameﬂqylmcydo[i3.1.0(4,11}
undec-2-en, dodecanoic acid, ethyl ester, 3,5-di-tert-Butyl-
4-hydroxybenzaldehyde, pe ecanoic acid, 14-methyl-,
methyl ester, |r1-he_scadecaml::gi acid, 9-octadecenocic acid,
methyl ester, (E), benzcﬂazole, tridecanoic acid, 12-methyl-,
methyl ester, tetradecall0ic acid and ethyl ester.

The lignin structure obtained from EFB fibres is more
complex than the lignin structures extracted from wood
because of the complex arrangement of syringyl and guaiacyl-
propane units with p-hydroxy-propane units in the former.
EFB fibres contain approximately 17.2% lignin, which is rel-
atively low compared with the lignin contents of hardwood
and softwood erials [51]. Radoykova et al [52] showed
th xtractio black liquor using toluene and ethyl
acﬁ results in 2-methoxy phenol, 4-ethyl-2-methoxy phe-
nol, 2,6-dimethoxy phenol, 4- oxy-3-methoxy benzalde-
hyde, 4-hydroxy-3,S-dimeﬂqoanzaldehyde, 1-(4-hydroxy-
3-methoxyphenyl) ethanone and 1-(4-hydroxy-3,5-dimethoxy
phenol) ethanone after treatment with lignin alkaline sul-

phatea

3.6.  Scanning electron microscopy-energy dispersive
X-ray spectroscopy

SEM-EDX was used to evaluate the size and morphology of
lignin compounds at 5x magnification. Increasing the con-
centration of HCl from 10% to 40% caused differences in
lignin morphology. Specifically, increases in HCI concentra-
tion resulted in a decrease in the compactness of the lignin
morphology (Figs. 7 and 8). The presence of cavities in the mor-
phology of the material indicate degradation. Moreover, the
dominant elements were carbon, oxygen, sulphur, aluminium
and iron.

4. Conclusion

The results showed that increasing HCL concentrations up
to 40% can reduce yield but increase the weight of equiva-

Qnt lignin and methoxyl lignin levels. There was no change

in the structure of the lignin functional group until the addi-
tion of 40% lignin concentration but changes mainly ingsave
numbers 1000-2000cm 1. GC-MS test results show that the
most formed compoundsare from phenol groups, namely: 2,6-
di-tert-Butyl-4-dimethylaminomethyl) phenol, methyl esters
such as Undecanoic acid, methyl-, methyl esters, 1s, 4R,
7R, 11R-1,3,4,7-TetramethyItficyclo [5.3.1.0 (4.11) undec-2-en,
Dodecanoic acid, ethyl ester, Pentadecanoic acid, 14-methyl-

qﬂmethyl ester, n-Hexadecanoic acid, 9-Octadecenocic acid,

ethyl esters, and benzene groups such as (E), Benzothiazole
and 3,5-di-tert-Butyl-4-hydroxybenzaldehyde.
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