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a b s t r a c t

In this study, the olive cake was successfully developed and applied as a substrate to produce a lignin-
based catalyst for biodiesel production. Three lignin-based solid acid catalysts were prepared from the
incomplete carbonized alkali lignin using concentrated sulfuric acid. The catalyst underwent a detailed
characterization analysis in terms of its functional groups of active sites, surface area, acid sites density
and morphological structure. For the catalytic activity test, prepared catalysts were studied for their
ability to catalyze both esterification and transesterification reactions of waste vegetable oil (WVO) z2
FFA (% w/w).

The results revealed that a sulfonated lignin-derived acid catalyst has a high potential to esterify waste
vegetable oil to about (92%) conversion. Furthermore, it demonstrated about 57% conversion to fatty acid
methyl esters (FAME) under the following optimum condition: sulfonation time of 1 h, catalyst loading of
10wt %, the methanol-to-WVO molar ratio of 35:1, a reaction temperature of 65 �C and reaction time of
6 h. Also, the results showed that the lignin-based acid catalyst can be reused at least ten times with high
FFA conversion (>75%).

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Globally, lignocellulosic feedstocks, including agro-waste, are
abundantly produced and being a potential hazard to the envi-
ronment and, consequently, to society. By contrast, thesewastes are
rich sources of cellulose, hemicellulose, and lignin. Therefore, these
resources can go from being a hazardous risk to becoming gener-
ators of profit if they are turned into valuable products for other
processes. Thus, reducing both price and demand for the main
products [1]. Agriculture plays an important role in the economies
of most of the countries in the Middle East. The contribution of the
agricultural sector in Jordan's GDP is about 4.3% in 2017. The sector
contribution of JOD 138 million in the January of 2018, showing a
growth of 3.8% in comparison with the same period of 2017 [2].
Agricultural wastes are biomass residues that can be divided into
two categories, namely the crop residues and the agro-industrial
residues. Agro-industrial residues cover the whole range of
ouqa), z.hamamre@ju.edu.jo
biomass produced or discarded as by-products from processing
crops. Crop residues include all plant residues that remain on the
field after the collection and harvesting of crops, such as pulps,
straws, stems, stalks, leaves, husks, shells, peels, bagasse, stubble,
roots, etc [3].

Olive is an important cash crop that constitutes a prominent
position in Jordan economy. The olive area in Jordan covers 77% of
the tree-planted area and accounts for approximately 24% of the
total cultivated area [4]. The produced olive cake processes as
pressed blocks in the olive mills. Unfortunately, the olive cake is
vastly underutilized. It is either used as domestic fuel in rural areas
or left to be decomposed on open land, causing severe environ-
mental problems, air pollution and affect the quality of ground-
water. Each pressed ton of olive cake generates about a quarter of its
quantity as waste and 1.5m3 of water which contains toxic phenol,
high biological oxygen demand (BOD), and high chemical oxygen
demand (COD). The total amount of olive cake reached about
37,000 tonnes in 2015 [5,6]. The major constituents of olive cake
biomass are extractives, cellulose, hemicelluloses, and lignin [7].
Furthermore, the olive cake has a high calorific value (20.8MJ/kg)
and the ash content does not exceed 3.27 (w/w) %. These factors
make olive cake biomass an excellent waste-to-energy resource in
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Jordan. It can be used in a wide range of biochemical technologies
and thermal processes, including but not limited to, combustion,
gasification, and pyrolysis [6].

Biodiesel is a clean burning alternative fuel produced from
renewable resources. Themost commonway to produce biodiesel is
transesterification by the reaction of oil or fat with a lowmolecular
weight alcohol, such as ethanol and methanol. Direct esterification
can be carried out in the presence of a homogeneous or heteroge-
neous catalyst. The homogenous base catalyst is not recommended
due to saponification and catalyst separation problems [8]. Two
steps acid catalyzed pre-esterification by H2SO4 followed by alkali-
catalyzed transesterification, has several drawbacks, these include
equipment corrosion, difficulty in separation due to emulsion for-
mation, reusability of catalyst and high energy and water con-
sumption during purification. The best esterification catalyst might
be still sulfuric acid. However, many studies have investigated,
recently, the performance of heterogonous solid catalysts such as
Zirconia, zeolite, sulfated tin oxide, etc. Over 90% conversion of both
esterification and transesterification were reported. These catalysts
improved the process efficiency, allowed continuous operation,
environmentally friendly, has less corrosive effects, can be easily
separated, recycled and regenerated and can reduce the biodiesel
production cost [9,10].

The conversion of lignocellulosic material to valuable products
(heterogeneous solid catalyst) requires an efficient fractionation
method of the major components: hemicellulose (10e25%), cellu-
lose (40e50%), and lignin (25e40%) [11]. Several processes have
been suggested to convert various types of lignocellulosic biomass
into lignin. In these processes, carbohydrates (cellulose and hemi-
celluloses) are hydrolyzed to their monomers, whereas the lignin
isolation could be utilized as a source for phenolic polymers
(phenyl propane units). The structure of such polymers depends on
the plant source, plant age, part of the plant and the extractive
method. Lignin contains several functional groups, phenolic hy-
droxyl, benzylic hydroxyl, and carbonyl groups which gives the
importance and high potential of using it as a renewable source of
biofuel and chemicals [12,13].

Bio-based heterogeneous catalysts (lignin-derived) that are
manufactured by sulfonation of lignin are nontoxic, noncorrosive
and can be easily recycled and activated. In particular, lignin-
derived catalysts are able to catalyze both transesterification and
esterification reactions at the same time in high economic and
environmental way [14].

In the present work, the olive cakewas used as a substrate for the
production of lignin-based catalyst. The effect of activation and sul-
fonation timeon the chemical andphysical properties of lignin-based
solid acid catalysts and its application to esterify WVO without pre-
treatment were studied. The catalysts experienced a detailed char-
acterization analysis in termsof their functional groups of active sites,
surface area, acid sites density and morphological structure. Further,
the optimum variables for the esterification-transesterification re-
actions were determined.

2. Methodology

2.1. Materials

The olive cake was obtained from modern Jordanian olive mill
(Husban Typical Squeezer, Madaba, Jordan, Latitude: 31�4205700N,
Longitude: 35�4703800 E). For lignin extraction, sodium hydroxide
(NaOH, 99%) was obtained fromGulf Coast Company (GCC). Sulfuric
acid (H2SO4, 95e97%) was obtained from Merck Company. For
catalyst preparation, Phosphoric acid (H3PO4) analytical grade
(90%) was obtained from M&B Laboratory reagent Company. Sul-
furic acid (H2SO4) analytical grade (98%) was obtained from
Scharlau Company).
For the transesterification reaction waste vegetable oil (WVO),

originally sunflower oil was obtained from the cafeteria of the
school of engineering/The University of Jordan/Amman. The oil was
spiked with the olive oil extracted from olive cake to increase its
acid value to 3.67mg KOH/g oil. Methanol of analytical grade
(99.5%) was supplied also by Gulf Coast Company (GCC).

2.2. Procedure

2.2.1. Lignin extraction
Olive cake, in a solid-to-liquid ratio of 1:6, was placed in a

reactor in aqueous 7.5% NaOH (w/w) solution. The reaction was
kept under agitation for 90min at a temperature of 90 �C. At the
end of the reaction, the delignified material was recovered by
filtration to obtain the black liquor without any fibrous materials.
The black liquor (pH¼ 13.5) was treated by drop wise addition of
concentrated H2SO4 (95e97%) until the pH was reached approxi-
mately 2. The lignin which became hydrophobic was precipitated.
The precipitate was then isolated by filtration and washed several
times with distilled water until neutralization (measured by pH
meter). Finally, the recovered lignin was air dried, stored and
considered as alkali lignin [15,16]. Lignin yield was calculated ac-
cording to Eq. (1), where W1 and W2 are oven dry weight of the
olive cake and produced alkali lignin respectively.

Yieldð%Þ ¼ W2

W1
� 100% (1)

2.2.2. Catalyst preparation
The solid acid catalyst was produced from lignin by chemical

activation, partial carbonization, and sulfonation according to the
approach described by Pua et al. [17]. Olive cake alkali lignin
powder (1e2mm) was initially activated by impregnation in
concentrated H3PO4 (90%) in a ceramic boat with (1:1) (solid to
liquid) impregnation ratio at room temperature and for 1 h. After
that, the activated ligninwas dried at 105 �C and for 24 h to remove
residual water. The carbonization of the dried impregnated lignin
was performed in two-neck round bottom flask placed in a heating
mantel (Electromantle, 500ml, Tmax¼ 450 �C) under N2 flow. The
carbonization temperature was set to 400 �C for 1 h activation time.
The carbonized sample was cooled to room temperature under N2
flow and then washed several times with hot and cold distilled
water to remove residual chemicals [18]. The washed carbonized
sample was dried at 105 �C and for 24 h. The bio-char yield was
calculated based on the lignin weight and by using Eq. (2), where,
M1 and M2 are the weight of produced char and lignin respectively
[19].

Yieldð%Þ ¼ M1

M2
� 100% (2)

Finally, the bio-char was sulfonated in a batch reactor set in an
oil bath at (150 �C) by concentrated H2SO4 (98%) (1:10) (solid to
liquid) ratio for different time (1, 5,10 h). The catalyst was labeled as
(LACS1, LACS5, and LACS10).

Catalyst yield was calculated based on the lignin weight and by
using Eq. (2), where, M1 andM2 are the weight of produced catalyst
and char respectively.

The catalyst reusability was studied following the method
described by Lokman et al. [20]. The used catalyst (LACS1) was first
washed with methanol and then with hexane to remove polar and
non-polar compounds then dried to remove the residual solvents.
The activity of the recycled catalyst was investigated at the
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optimum biodiesel reaction parameters. Both esterification and
transesterification conversion was tested.

2.2.3. Catalyst performance
The solid acid lignin-derived catalyst performance was investi-

gated in one step biodiesel production from waste vegetable oil
(WVO). Lignin-derived acid catalyst (>150 mm) were used. The re-
action was carried out in a two-neck round bottom flask equipped
with a condenser and thermometer. The flask reactor was
immersed in a water bath controlled by the electrical heater with a
stirrer. The catalyst performance was studied under different re-
action conditions, but constant reaction temperature at 65 �C and
catalyst particle size >150 mm. The MeOH/oil molar ratio was
investigated at 1:35, 1:45, and 1:55. The catalyst loading used were
5, 7, 10 and 15wt %. The reaction was performed at different times,
namely 2, 4, 6, and 8 h.

2.2.4. Methyl ester conversion
The FFA conversion was determined according to the changes in

acid value between the WVO before and after the esterification
process and calculated from Eq. (3) [21]. The acid value of waste
vegetable oil was determined according to the BS EN and ISO 660
(National Standard of the People's Republic of China. GB/T5530-
1998), where, AV0 and AV1 stand for the acid value of WVO
before and after esterification process respectively [22].

FFA Conversion % ¼ AVo � AV1

AVo
x100% (3)

Meanwhile, transesterification conversion was determined by
methanol test. WVO conversion of biodiesel was defined according
to Eq. (4), where Wo and W1 stand for the initial WVO weight and
unconverted oil weight respectively [8].

Transesterification Conversion % ¼ Wo �W1

Wo
(4)

2.3. Analysis

2.3.1. Spectroscopic analysis
Morphology of olive cake, alkali lignin, bio-char, and prepared

catalysts were obtained with an F50 High Vacuum ~ 6e-4 Pa
(Eindhoven, Netherlands)-Emission Scanning Electron Microscope
(SEM) equipped with an energy dispersive X-ray (EDX) BRUKER
QUANTAX EDS system, X Flash Detector 410-M Silicon Drift (SDD),
(Berlin, Germany).

The chemical structure and functional groups of olive cake,
lignin, bio-char, and the prepared catalysts were examined by
Fourier Transform Infrared Spectroscopy (FT-IR), Shimadzue IR
pristige-21 system.

X-ray Diffraction (XRD) was used to investigate the crystallinity
of olive cake and prepared catalyst using Shimadzue XRD 6000, Cu
Ka1 radiation (l¼ 1.5418oA, 30 Kv, 30mA). Crystallinity index (CrI)
was calculated using the Segal method. CrI is determined by the
ratio of the maximum intensity of the peak at the 002 lattice
diffraction or “crystalline” peak to the intensity of the “amorphous”
peak in the same units at 2 q¼ 18� [23].

2.3.2. Olive cake gravimetric analysis
The moisture content of olive cake was determined by placing

1 g of sample in a drying oven (Memmert, T up to 350 �C) at
105± 2 �C to constant weight [24].

Ash content of olive cake and alkali lignin was determined by
the gravimetric method according to the TAPPI T211 om-07 stan-
dard in a muffle furnace (Barnstead thermolyne 6000 furnace) [25].
Lignin content of olive cake was determined as Kalson lignin
according to the American Society for Testing andMaterials (ASTM:
E1721-01) using H2SO4 (72%) [26].

2.3.3. Catalyst density

1. The density of SO3H groups

The number of strong acid sites (eSO3H) in the sulfonated
carbon-based catalyst was determined by ion exchange capacity
(measuring the amount of Hþ exchanged with Naþ) following the
procedure reported by Sani et al. [27].

2. The total acid density of the catalyst

For measuring the total acidity, the contribution of the total
acidic group (sulfonic acid, carboxylic acid, and hydroxyl groups),
was expressed by the method reported by Lee [28].

3. Results and discussion

3.1. Olive cake characterization

Moisture and ash analysis revealed that Jordanian olive oil cake
biomass consisted of moisture (6.95%± 0.2), and ash contents
(2.07%). Similarly, previous studies Ouaini et al. [29] and Brlek et al.
[30] showed moisture and ash contents of olive cake biomass as
(6.92e7.1%) and (1.7e2%) respectively. The ash content inversely
proportional to lignin content, therefore low ash content (2.07%) of
olive cake indicated high lignin levels, therefore increasing char and
catalyst yields [31,32], while the relatively high moisture content of
olive cake increased the lignin yield [33,34]. These results make
olive cake an excellent feedstock for lignin-derived catalyst
preparation.

The total extractives content (TEC) for the olive cake was rela-
tively high (35%) due to the high content of FFAs, triglycerides, and
phenols in the olive cake. Previous studies Hindi et al. [35] and
Karimi and Taherzadeh et al. [36] showed that the presence of high
extractives into the lignocellulosic biomass is not preferred due to
their interference with the hydrolysis reagents used to separate
their components and with some component analysis, particularly
lignin. This study revealed that the lignin content of olive cake was
52.3% when the extractives were not separated, whereas the lignin
was 51.2% when the extractives were extracted before the analysis.
This means that there was no more than a 2% difference in the
lignin analysis when the extractives were not separated before the
lignin analysis. Certainly, this step is time-consuming and will add
additional cost to lignin separation process and rarely used for the
analysis of lignocellulosic biomass pretreatment and biofuels
production.

Lignin content in the olive cakewas determined as Kalson lignin.
The total yield of kalson lignin obtained from Jordanian olive cake
was about 52.3± 1.5wt %. According to literature, the lignin frac-
tion, in olive cake, varies from 20% to 43% [29,34,37,38]. The result
obtained from this study was higher compared with previous
studies. These differences may be related to the olive chemical
composition, the extraction process, or the storage conditions.

The FT-IR spectrum olive cake in the wavelength region from
4000 to 500 cm�1 is shown in Fig. 1. The strong band located at
3284.33 cm�1 corresponded to stretching of OH group. The band
located at 2920.39 cm�1 corresponded to the CeH vibrations in
methyl and methylene groups. The olefinic (C]C) vibrations cause
the emergence of the band at about 1611.03 cm�1, while the¼ CeO
stretching phenols vibrations in aromatic rings causes another
band at 1237.76 cm�1. The vibrations at 1422.99 cm�1 were



Fig. 1. FT-IR spectrum of olive cake.
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assigned to the bands eCH3 and eCH2e. The band at 1237.76 cm�1

have been attributed to CeOeH deformation and CeO stretching of
phenolics plus an asymmetric CeCeO stretching of esters
depending on the attached group. The relatively intense band at
1027.12 cm�1 can be assigned to alcohol groups (ReOH) [39].

Fig. 2 illustrates the XRD patterns of olive cake. The diffracto-
grams display a well-defined main peak at around 2q¼ 21.02�,
associated with the diffraction plane (002) of cellulose I. A broad
weak diffraction peak in the range of 2q¼ 13�-15� corresponds to
(101) crystallographic planes of cellulose. The small peak at 34.5�
Fig. 2. XRD pattern
assigned to the (040) reflections of cellulose and corresponds to
cellobiose unit (two b-glucose molecules linked by a b (1/4))
bond.

Crystallinity is strongly influenced by the biomass composition.
The raw olive cake presented low relative crystallinity (26.52%)
because it has a higher content of hemicellulose and lignin, which
are amorphous.

Scanning electronmicroscope (SEM) was used to investigate the
raw olive cake morphology (>2mm) to compare the structure of
cell walls before and after deconstruction by chemical
s of olive cake.
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pretreatment [40,41]. Fig. 3 showed the internal structure of the
olive cake obtained by SEM. The figure indicated that the olive cake
has a grainy, rough, and extensive surface area. The surficial
elemental composition by EDX analysis revealed the presence of
carbon (18.14%), high oxygen (80.94%), (0.92%) potassium, and no
sulfur content.
Fig. 4. SEM image of olive cake Alkali lignin.
3.2. Lignin analysis

The yield of alkali lignin was 140e170 g per 1 kg of olive cake.
The yield was relatively high compared to alkali lignin extracted
from steam-exploded olive stones [42].

Delignification efficiency was achieved by determination of
kappa no., olive cake after lignin extraction has, as expected, lower
kappa no. (z22.85± 0.16) and lignin content (3.4%) than the raw
olive cake (52.3%). Thus, the results indicated that the delignifica-
tion efficiency was approximately (93.4%) by alkali extraction.

The isolated alkali lignin had ash content 0.84%. This value was
influenced by the process conditions to extract lignin and also
related to the high carbohydrates impurities (hemicelluloses and
inorganic), about 47.5% reduction in olive cake ash content was
observed after the delignification process.

Alkali lignin has an irregular shape, showed partial fragmenta-
tion and an increase in surface roughness is clearly indicated and
there were no pores visible after the sodium hydroxide pretreat-
ment as shown in Fig. 4, such morphology might be due to alkali
treatment conditions of extracting lignin.

Natural lignin, contains phenolic hydroxyl, methoxyl, aliphatic
hydroxyl, ketone, and aldehyde functional groups. FTIR of the ob-
tained alkali lignin spectrumwas recorded in order to elucidate the
structure of lignin and also to investigate the presence of most of
the absorption bands: Methoxyl groups, carbonyl groups, and
Fig. 3. SEM image and ED
hydroxyl groups.
As shown in Fig. 5, alkali lignin isolated from olive cake showed

a wide absorption band around 3347.49 cm�1 originated from OeH
group stretching of hydroxyl bound to lignin, the intensity of this
band variation compared with untreated olive cake proving that
the alkali treatment conditions used in the delignification affected
the extracted lignin structure. Moreover, this group increases the
lightning hydrophilicity and ability to connect to another functional
group via H bonds [43,44]. The spectra presented bands between
2919.75 and 2854.40 cm�1 that corresponded to the vibration of
the CeH bond in methyl and methyl radicals which are common in
the lignin structure. The asymmetric deformation of this bond also
produced a band at around 1451.28 cm�1. It also indicates the CeH
stretching vibration of cellulose/hemicellulose.
X of raw olive cake.



Fig. 5. The FT-IR spectrum of olive cake Alkali lignin (4000-500 cm�1).
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Two typical vibrations appeared in the aromatic region, these
bands were exhibited around 1514.21 and 1451.28 cm�1. Therefore,
phenylpropane units (lignin skeleton) were identified in alkali
extracted lignin (1514.21 cm�1 render to syringyl lignin character-
istic peaks). The vibration at around 1702.59 cm�1, 1650.80 cm�1

was associated with the C]O bond stretching in the unconjugated
carbonyl group, ester groups indicating the presence of hemicel-
lulose, and conjugated aryl carbonyl group. A high-intensity peak at
1039.89 cm�1 attributed to aromatic CeH in-plane deformations.

The signal observed at 1230.32 and at 849.91 cm�1 is charac-
teristic of the quaiacyl ring found on the alkali lignin spectrum
which indicates the presence of guaiacyl in lignin's chemical
structure. Bands occurring from 1650.80 to 1514.21 cm�1 are
characteristics of aromatic compounds (phenolic hydroxyl groups)
and are attributed to aromatic skeleton vibration [45]. The sulfonic
acid groups appeared at about 1230.32 cm�1, while, carbonyl group
appeared at 1702.59 cm�1 and the absorption at 2919.75 cm�1

corresponds to the CeH vibration of aliphatic carbon. These results
showed that the lignin sample was probably obtained from
softwood.
3.3. Char Analysis

Incomplete carbonization of activated alkali lignin at 400 �C in
the presence of H3PO4 leading to gradual dehydration and disso-
ciation of eCeOeCe, producing amorphous carbon material con-
sisting of small polycyclic aromatic carbon sheets [46] in yields of
approximately 70% from alkali lignin.

Surfacemorphology after lignin pyrolysis was used to determine
the structural improvement by forming a porous structure [47]. The
char pyrolyzed at 400 �C for 1 h from the phosphoric pretreated
alkali lignin is completely different in morphology as compared
with the raw alkali lignin, as shown in Fig. 6 the char had a sponge-
like structure with minor distribution of pores across the surfaces
due to chemical activation by phosphoric acid before the pyrolysis
process. The presence of small pores on the lignin bio-char surface
enhanced the chances of lignin to incorporate SO3H group because
it promoted dispersion and penetration of the sulfonic group into
the lignin.

The FT-IR of lignin bio-char is shown in Fig. 7, most bands
showed a shift in the wavelength after carbonization. The exact
reason for that is the intensity of the absorbance due to the
hydrogen bonded OH stretching decreased by increasing temper-
ature. The decrease may be due to the loss of phenolic or alcoholic
groups since the oxygen/carbon ratio decreased. The high-intensity
peak in the 3347.49 cm�1 regions observed for alkali lignin was
transformed into a broader and weaker signal peaked at
3488.05 cm�1, illustrating the decrease in the number of OH-groups
present after carbonization.

Lignin bio-char contained relatively a large amount of polycyclic
aromatics as it is demonstrated the bands at 1136.69 cm�1 due to
AreOH stretching and at 1443.33, 1577.26 cm�1 due to C]C
stretching. With these bands intact, the sulfonation developed a
distinguished absorption at 1023 cm�1. At 400 �C, aliphatic CH3 and
CH2 were decreased. These two groups contributed to the most
peak intensity at 2914.73 and 2850.48 cm�1 of raw lignin [48].
AreCOeCH3 which mainly corresponded to the methoxyl group
also decreased after carbonization as a result of the removal of
hydrogen.

The partial carbonization has a significant effect on the char
surface area. The results showed that the lignin/H3PO4 mixture of
1:1 (w/w) solid to liquid ratio, activated at 400 �C for 1 h has a
significant effect on lignin surface area. The surface area of lignin
was increased from 1.078m2/g to 934.5m2/g after carbonization;
this might be due to an attack on the structure by the strong acid.
This result was relatively high compared to the pyrolyzed kraft
lignin char with phosphoric acid pretreatment [17].
3.4. Catalyst characterization

The surface structure where the reactants and the products are
transported in and out of the catalyst is the key to catalyst activity
[49]. The SEM images revealed that the size of the catalysts particles
decreased slightly, it was clear that specific surface area and pore
volume of LACS1, LACS5, and LACS10 sulfonated catalysts decreased
due to the penetration of acid groups (SO3H) on the surface of
porous char, the structure became less spongy (when compared
with bio-char) as shown in Fig. 8 (a, b, c), respectively. Moreover, a
structural destruction and collapse were observed in LASC10, this
may be due to the long sulfonation time.



Fig. 6. SEM images of biochar obtained from alkali lignin at different magnification.

Fig. 7. FT-IR spectra of alkali lignin, biochar (4000-500 cm�1).
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The XRD pattern of sulfonated alkali lignin at different sulfo-
nation times exhibited a similarly wide and broad C (002) diffrac-
tion peak around (2q¼ 10�e30�) assigned to an amorphous cross-
linked phenylpropane-based lignin oriented in a random fashion as
shown in Fig. 9. The weak and broad C (101) diffraction peak
(2q¼ 35-50�) is due to the axis of the graphite structure. This
indicated that the samples were comprised of a high content of
non-graphitic carbon structure. When sulfonation time increases
from 1 h to 5 h, the peak intensities further increased and then
decreased to 10 h. The intensities were found to be the lowest for
LACS10. The decreased in peak intensities were due to attachment of
abundanteSO3H groups to the carbon sheet leading to an increased
disorder among graphitic carbon sheets at higher sulfonation time.
Lignin was heated at 400 �C under nitrogen condition and the
CeOeC bonding of the structure started to break the cleavage of the
bonding. Due to this reason, the amorphous structure and the
formation of polycyclic carbon sheets became clearer. This may be
important in the catalyst's activity during the esterification process.
The results were similar to those of amorphous carbon prepared by
carbonization and sulfonation as reviewed by Guo and Fang [50].

Crystallinity index calculation by Segal method suggests that the
CrI of sulfonated alkali lignin catalysts were lower than the olive
cake biomass indicating an increase in amorphous carbon structure
after sulfonation of as shown in Table 1. The crystallinity index
decreased by increasing the sulfonation time from 1 to 5 h, indi-
cating an increase in the attachment of abundant eSO3H groups
and then increased at 10 h sulfonation time, again indicating
decrease the attachment of eSO3H groups to the carbon sheet [51].
These results are in agreement of FT-IR and SEM results.

Sulfonation reaction which is a process of introducing SO3H
groups into carbon materials with a chemical bond to concentrate
sulfonic acid is highly time-dependent. The FT-IR analysis of lignin-
based solid acid catalyst confirmed the formation of a sulfonic acid
functional group as shown in Fig. 10. The sulfonated bio-char shows
peaks at around 1570 cm�1 attributable to an aromatic ring. Peaks
around 1020 and 1160 cm�1 (O]S]O stretching) indicate the



Fig. 8. SEM images of sulfonated catalysts at different sulfonation time (a) LACS1, (b) LACS5 and (c) LACS10.
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Fig. 9. XRD patterns of sulfonated catalysts (LACS1, LACS5, LACS10).

Table 1
Crystallinity index of lignin-based solid
catalysts.

Catalyst CrI%

Olive cake 26.52
LACS1 13.36
LACS5 9.79
LACS10 15.69
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presence of SO3H groups. This confirms the incorporation of sul-
fonic groups onto the carbon matrix after sulfonation [52]. In the
presence of concentrated H2SO4, aliphatic CH3/CH2 groups are
oxidized to the carboxylic group (�COOH), which may further in-
crease the total acid densities. The bands around 1690 cm�1, which
can be assigned to C]O stretching for (COOH) groups, show that
carboxyl acid groups are also present at the surface of the lignin-
based solid acid [51].
Fig. 10. FT-IR functional groups of sulfona
By comparison of the three types of the catalyst as shown in
Fig. 11. The LACS5 possessed the highest SO3H and total acid den-
sities. Moreover, the observed effect of increasing the sulfonation
time to 10 h led to reduced total acid site densities thereby, having
low catalytic performance in both esterification and trans-
esterification reactions.

It was concluded that sulfonation reaction needs a certain re-
action time for introducing the eSO3H groups into the partially
carbonized alkali lignin. The reaction was completed within 5 h.
Nevertheless, by increasing the sulfonation time to 10 h, a struc-
tural destruction and collapse were accompanied with SO3H
functionalization. This was confirmed by a decrease in the absor-
bance of the sulfonic acid functional group [53]. Also, both eCOOH
and eSO3H groups were successfully formed on the solid acid after
sulfonation as shown in Fig. 11.

After sulfonation, it is obvious as shown in Table 2 that the
surface of pores within bio-char was potentially occupied by
(eSO3H) groups. Therefore, the surface area decreases with
ted catalysts (LACS1, LACS5, LACS10).



Fig. 11. FT-IR Spectra of sulfonated catalysts (LACS1, LACS5, LACS10).
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increasing sulfonation time. This probably due to the oxidation
reaction between carbon and sulfonic acid molecules. The results
indicated that the chemical activation with phosphoric acid in-
creases the BET of lignin while the surface area decreases signifi-
cantly after sulfonation due to penetration of acid groups on the
surface of porous char. This is consistent with the results reported
by Pua et al. [17].

These results are also consistent with the EDX spectra for the
sulfonated lignin bio-char as shown in Fig. 12 (a, b, c) which
revealed that S content increased from 5.58 to 6.42wt% by
increasing the sulfonation time from 1- to 5 h and then decreased
to 4.85 at 10 h (assuming that all S atoms in the catalysts were in
eSO3H form). The results are in good agreement with the data from
the Pue et al. [17].

On the contrary, Hidayat et al. [54] reported that the BET of
coconut shell bio-char after sulfonation in concentrated H2SO4 at
150 �C for 24 h was increased from 161.29 to 244.23m2/g.
Furthermore, homogenization with succinic acid after sulfonation
showed a higher surface area, pore size and pore volume than non-
homogenized sulfonated catalyst as investigated by Sani et al. [27].

Acid densities of prepared catalysts are consistent with the FT-
IR, and EDX results as summarized also in Table 2, a comparison
between the eSO3H density-the total acid density of alkali lignin-
derived catalyst and other previous lignin-derived catalyst are
shown in Table 3. It is obvious that the catalyst was sulfonated for
5 h showed the highest SO3H group density (0.69mmol/g). This
value was much lower than that of the commercial ion exchange
resin (Amberlyst-15), (4.66mmol/g) as shown in Table 3. While the
total acidity expressed as a sum of all acidic groups such as phenolic
Table 2
BET surface area and Acid density of the lignin-derived acid catalyst of alkali lignin-deri

Catalyst Sulfonation time (h) BET (m2/g)

LACS1 1 10.73
LACS5 5 9.98
LACS10 10 6.42

a Mean of two values ± STD.
OH, carboxylic CO2H, and sulfonic SO3Hwere found to be similar to
that of the well-known ion exchange resin Amberlyst-15.

3.5. Catalyst activity

A series of batch studies were conducted by one step trans-
esterification reaction of non-pretreated waste vegetable oil
(3.67mg KOH/g acid value) with methanol. Conversions from the
three types of sulfonated Alkali lignin (LACS1, LACS5, and LACS10)
were compared.

3.5.1. Effect of reaction time
It was observed as shown in Fig. (13-a, b, c, d, e, and f) that the

transesterification and esterification conversion increased with
increasing the reaction time from 2 to 6 h. However, the conversion
was reduced after 6 h reaction time. The unexpected results might
be due to the deactivation of catalyst over time or leaching of the
active sites (eSO3H) group.

3.5.2. Effect of amount of catalyst
Fig. 14 (a, b, c) depicts the effect of the catalyst amount on the

transesterification conversion. The amount of catalyst ranged from
5, 7.5, 10 to 15wt %. Other conditions were the oil/methanol molar
ratio of 1:35, 45, and 55, the reaction time of 2, 4, 6, 8, and 10 h,
while the reaction temperature was kept constant at 65 �C. As
observed at 6 h reaction time, the transesterification conversion
increased with an increase in the catalyst amount from 5 to 10wt %
of the three types of catalysts, due to the multiplicity of active sites,
the conversion was increased from 39.07 to 56.86%, for the catalyst
ved acid catalyst.

SO3H densitya (mmol/g) Total acid density (mmol/g)

0.456± 0.01 4.24± 0.28
0.69± 0.02 4.55± 0.12
0.405± 0.03 4.13± 0.40



Fig. 12. Energy-dispersive x-ray spectrometry (EDX) spectra of sulfonated Alkali lignin chars (A) LACS1, (B) LACS5 and (C) LACS10.

Table 3
Acid density of other lignins ederived acid catalyst.

Lignin type Lignin source SO3H density (mmol/g) Total density (mmol/g) Reference

Alkali lignin Olive cake 0.599 4.25 This study
Kraft lignin (sigma aldrich) e 1.2 e [17]
Sulfuric acid lignin Pine wood 0.37 2.22 [55]
Amberlyst-15 e 4.3 4.7 [55]
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(LACS1) at 1:35 oil/methanol, 6 h reaction time, which was about a
45.5% increment. However, further addition of the catalyst (15% wt.
%) showed no significant increment of transesterification conver-
sion. This was due to the rate of the mass transfer reaching the
optimum condition (equilibrium point). Thus, it is obvious that the
addition of the catalyst more than 10wt % do not have much in-
fluence on transesterification conversion, moreover, as shown in
Fig. 15 (a, b, c) there is no significant esterification conversion
increment was reported at much catalyst loading. A catalyst
amount of 10wt% was therefore chosen for the optimum reaction
conditions.

3.5.3. Effect of oil/methanol ratio
Fig. 16 (a, b, c) show the effect of methanol/oil molar ratio on the

esterification and transesterification of WVO, solid acid trans-
esterification of WVO with methanol follows a reversible bath [56].
A higher equilibrium conversion can be achieved only if the rate
backward reaction is reduced. By using the methanol in excess, this
forces the reaction towards the formation of methyl esters. By using
catalyst sulfonated for 1 h (LACS1), the esterification rate remains



Fig. 13. Effect of reaction parameters on biodiesel production at 10% catalyst loading and different (oil/methanol ratio) (a) Effect of reaction time on biodiesel transesterification
conversion at (1:35) oil/methanol, (b) Effect of reaction time on biodiesel esterification conversion at (1:35) oil/methanol, (c) Effect of reaction time on biodiesel transesterification
conversion at (1:45) oil/methanol, (d) Effect of reaction time on biodiesel esterification conversion at (1:45) oil/methanol, (e) Effect of reaction time on biodiesel transesterification
conversion at (1:55) oil/methanol, and (f) Effect of reaction time on biodiesel esterification conversion at (1:55) oil/methanol.
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constant (z92%) as the oil/methanol ratio increased from 1:35 to
1:55 while the transesterification conversion decreased from 57 to
42% as shown in Fig. 16 (a). This is because the hydrophilic property
of the derived lignin acid catalyst was improved by the SO3H group
bonded to the bio-char carbon sheet. However, by increasing the
excess methanol, the esterification is accelerated and produces
more water. The excessive amount of water caused poisoning of
acidic catalysts reduces the acidic hydroxyl OH group because the
group becomes hydrated [57]. Another reason might be that the
high excess methanol may cause flooding of the active sites which
prevent theWVO adsorption on the active sites. Thus, the increased
methanol molar ratio inhibited the transesterification conversion.
By increasing the sulfonation time from 1 to 5 h as shown in Fig. 16
(b) transesterification conversion increases from 44 to 49% and by
increasing the oil/methanol molar ratio from 1:35 to 1:45. How-
ever, by increasing the ratio to 1:55, conversion decreases to around
32%. This might be attributed to the more activity of LACS5 than
LACS1. This was confirmed by the acid density test, and FTIR anal-
ysis. Consequently, the active sites were more and the flooding
caused at the high oil/methanol ratio which caused the decreasing
in the conversion.

Also by increasing the sulfonation time from 5 to 10 h as shown
in Fig. 16 (c), the transesterification conversion increased from
around 37 to 44%. Although, by increasing the oil/methanol molar



Fig. 14. Effect of catalyst loading on biodiesel conversion at 6 h reaction time, a re-
action temperature of 65 �C, and different (oil/methanol ratio). (a) Effect of catalyst
loading on transesterification conversion of WVO with methanol (1: 35) molar ratio,
(b) Effect of catalyst loading on transesterification conversion of WVO with methanol
(1: 45) molar ratio, and (c) Effect of catalyst loading on transesterification conversion
of WVO with methanol (1: 55) molar ratio.

Fig. 15. Effect of catalyst loading on biodiesel esterification conversion at 6 h reaction
time, a reaction temperature of 65 �C, and different (oil/methanol ratio). (a) Effect of
catalyst loading on esterification conversion of WVO with methanol (1:35) molar ratio,
(b) Effect of catalyst loading on esterification conversion of WVO with methanol (1:45)
molar ratio, and (c) Effect of catalyst loading on esterification conversion of WVO with
methanol (1:55) molar ratio.
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ratio from 1:35 to 1:55, no decrease in the conversion was
observed. This could be due to the decrease in the acid density
along with the decrease in the BET surface area.

From the above results, it can be deduced the oil/methanol
molar ratio coupled with the acid activity of lignin-derived acid
catalyst highly affected the biodiesel conversion.
3.5.4. Effect of sulfonation time
From the data depicted in Table 4 which summarize the effect of

sulfonation time on the catalyst acid density and surface area, it is
obvious that the acid density coupled with a specific surface area of
lignin-derived acid catalyst highly affects the biodiesel conversion.
The reasonable explanation behind the higher activity of LACS1 at
low oil/methanol ratio (1:35) against LACS5 and LACS10, was that
LACS1 possesses the highest surface area. Moreover, the higher



Fig. 16. Effect of oil/methanol ratio on transesterification (T), esterification conversion
(E) of WVO at 6 h reaction time, 10% catalyst loading and different sulfonation time.

Table 4
Effect of sulfonation time on the catalysts surface area and acid density.

Catalyst Sulfonation time (h) Oil/methanol molar ratio BET

LACS1 1 1:35 10.7
LACS5 5 1:45 9.98
LACS10 10 1:55 6.42

Fig. 17. Reusability test of olive cake lignin-based acid catalyst for esterification,
transesterification of WVO under optimized condition.
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activity of LACS5 compared to LACS10 at 1:45 oil/methanol ratio was
due to its higher acid density of strong (eSO3H).

Furthermore, due to the poor mass transfer of solid acid cata-
lysts, a high oil/methanol ratio was needed at lower acid density
and surface area to gain the high transesterification conversion
which observed in LACS10 [57]. This result highlights that the suc-
cessful incorporation of strong acid density combinedwith the high
surface area is essential for higher transesterification conversion.
3.6. Catalyst reusability

The lignin-based catalyst reusability has been conducted by
washing the catalyst (LACS1) with methanol and hexane (com-
mercial grades) at room temperature, followed by drying at 100 �C
for 2 h. The recyclability of lignin-based solid acid catalyst was
tested for esterification, transesterification of WVO under the
optimized condition (6 h reaction time, 1:35 oil/methanol molar
ratio, 10wt% catalyst, and 65 �C reaction temperature). The results
show about a 16% decrease in both esterification and trans-
esterification activity even after the catalyst was recycled ten times
as shown in Fig. 17. Other lignins-derived catalyst showed a reus-
ability of 3 times [17,49]. It can be concluded that the decrease in
the conversion of transesterification was mainly due to the weak
interaction between poly-aromatic hydrocarbon structure and
SO3H (leaching of active sites). After activation of the exhausted
catalyst with sulfuric acid (98%) for 1 h sulfonation time at 150 �C,
the catalyst activity was retained, indicating that the alkali lignin-
based solid acid catalyst can be utilized as a stable catalyst.
4. Conclusion

In this work, alkali lignin obtained from the olive cake was
incompletely carbonized at 400 �C for 1 h to produce an amorphous
polycyclic aromatic carbon structure. Introducing of SO3H groups
(m2/g) SO3H density (mmol/g) Transesterification conversion %

3 0.456± 0.01 56.86
0.69± 0.02 49.21
0.405± 0.03 44.04
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was achieved by sulfonation with concentrated H2SO4 at 150 �C for
different sulfonation time. The catalysts contain significant
amounts of SO3H, COOH and OH groups. The catalysts were tested
for esterification of WVO with methanol. It was found that the
catalysts were capable of reducing the acid value of WVO from 3.67
to 0.22mg KOH/g (which corresponds to about 94% FFA conver-
sion). The optimum variables for the biodiesel production were
achieved after a series of reactions within a 6 h reaction time at a
65 �C reaction temperature and 10wt % of the catalyst. These op-
timum conditions provided biodiesel conversion about 57% at
(1:35) oil/methanol ratio, 49% at (1:45) oil/methanol ratio and 44%
of (1:55) oil/methanol ratio for LACS1, LACS5, and LACS10 respec-
tively. The difference in catalytic activities was directly related to
the SO3H acid densities and the surface area. The observed 16%
catalyst deactivation after 10 times was caused by the leaching of
active sites (eSO3H) groups.
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