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generated in 2009–2010, which amounts to over 1000 Kg 
of kitchen waste per house [2]. The present methods for 
MSW management are landfill, incineration, anaerobic 
digestion, and composting. In recent years, the conversion 
of MSW into biogas by anaerobic conversion has attracted 
much more attention as a successful method to minimize 
environmental pollution and generate more renewable fuel. 
Interestingly, some MSW contain about 50% lignocellulosic 
material and anaerobic fermentation may not be effective in 
this process [3]. One of the important alternatives to meth-
ods is to hydrolyze the available lignocellulosic material 
into simple sugar. Then bioconversion of simple sugars into 
ethanol is a possible alternate of waste management. A ton 
of MSW generates about 150 L of ethanol after the fermen-
tation of lignocellulosic from the waste [3]. Production of 
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Abstract
The main aim of this study is to utilize municipal solid waste (MSW) and date molasses as a culture medium to reduce 
the production cost of enzymes. A novel cellulase-producing fungus, Trichoderma reesei Al-K1 149, was isolated from the 
date molasses. MSW and date molasses were processed and used as the substrate (1:1 ratio) in solid-state fermentation. 
The proximate composition of the substrate revealed that the MSW was enriched with cellulostic material and contrib-
uted about 33% of the available biomass. Elements such as Ca, K, S, P, Mg, Fe, Cu, and Na were found in the MSW. 
Fungal cellulase production was at its maximum after 96 h of incubation with the yields of β-glucanase (98 ± 3.9 U/gds), 
carboxymethyl cellulase (CMCase) (241 ± 12.8 U/gds), and filter paperase (FPase) (31.2 ± 3.1 U/gds). The combination of 
municipal solid waste and date molasses was found to be the best source of nitrogen and carbon for the biosynthesis of 
cellulase by T. reesei Al-K1 149. The optimal temperature and moisture content of the medium for cellulase production by 
T. reesei Al-K1 149 were 40 °C and 60%, respectively. The optimal pH and inoculum were 6.0 and 8% (v/w), respectively. 
The optimized culture condition was used to produce cellulases in a laboratory-scale tray reactor, and enzyme production 
was enhanced twofold compared to the unoptimized medium. The cellulolytic ability was tested in biomass saccharifica-
tion with various plant materials (palm sawdust, palm leaves, palm fruit waste, and filter paper) and saccharified plant 
materials effectively. These findings revealed that the enzymes secreted by strain Al-K1 149 may have significant value 
for the industrial saccharification process.

Keywords  Municipal solid waste · Date molasses · Bio-waste · Solid-state fermentation · Optimization · 
Saccharification

Received: 17 December 2023 / Accepted: 17 July 2024 / Published online: 1 August 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Valorization of Date Molasses and Municipal Solid Waste for the 
Production of Cellulases by Trichoderma reesei Al-K1 149 in a Tray 
Reactor

Khaloud Mohammed Alarjani1 · Mohamed S. Elshikh1 · Mai Ahmad Alghmdi1 · Selvaraj Arokiyaraj2 · 
Vijayaraghavan Ponnuswamy3

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s12649-024-02665-3&domain=pdf&date_stamp=2024-7-31


Waste and Biomass Valorization (2024) 15:5833–5842

ethanol from MSW biomass is one of the viable technolo-
gies for renewable energy and the major constraints in cel-
lulase production are low yield and the cost of cellulases 
[4]. In recent years, there has been an increasing interest 
in using various thermophilic fungi and bacteria for the 
production of cellulases, saccharification processes and fer-
mentation of various lignocellulostic materials due to their 
broad substrate range and high operating temperature [5, 6]. 
Generally, the complete hydrolysis of cellulose substrate 
can be achieved by a combination of glucosidase, endoglu-
canases and exoglucanases [6]. Hence, it is desirable that 
the selected organism synthesize these types of enzymes. 
The Kingdom of Saudi Arabia shared more than 4 million 
tons of date’s production and the contribution was about 
72% of the Global share [7]. In KSA, palm trees cover about 
162,000 hectares with about 23 million palm trees [8]. Other 
than fruits, leaves, trunks can be effectively used as raw 
materials for industrial processes. Date palm, Phoenix dac-
tylifera is rich in lignin (25.82%), hemicelluloses (29.13%) 
and cellulose (45.3%) [9]. The lignocellulosic materials are 
processed through chemical, physical and mechanical pre-
treatments for saccharification by microbial cellulases [10].

Solid-state fermentation (SSF) is defined as the transfor-
mation of biomass in the near absence of free water or in the 
absence of water [6]. Recently, SSF has received more atten-
tion to explore the production of value-added products such 
as, biological lead molecules, biological control substances, 
enzymes and biopolymers [11]. Wilson [12] and Srivastava 
et al. [13] reported the optimization of hemicellulases, cel-
lulase production and economic biofuel production. Both 
SSF and submerged fermentation have been widely used in 
the production of cellulases [14]. SSF required minimum 
equipment support was easy to operate, and was useful to 
handle large numbers of solid wastes, such as lignocel-
lulose materials for enzyme production. Hence, SSF has 
been widely applied in the fermentation of food process-
ing wastes and agricultural residues. The substrates, such 
as, oil palm biomass, sugar cane bagasse and wheat straw 
have been evaluated for cellulolytic enzyme production 
using Trichoderma reesei and A. niger. The fungus, T. reesei 
reportedly utilized water hyacinth, sugar cane bagasse, oil 
palm empty fruit branches, and rice bran substrates for cel-
lulase production [15–17]. In a study, wheat straw was used 
as the substrate for cellulase production by A. niger [18]. 
Substrates such as, coconut coir pith, banana fruit stalk, rice 
husk, corn cob residue, rice straw, cow dung and banana 
peel have been utilized for cellulase production [14, 19, 20]. 
The Kingdom of Saudi Arabia is the second-largest pro-
ducer of palm dates in the world. The annual production of 
dates was approximately 1.07 million tonnes [21]. In order 
to store the produced dates, date producers opted to store 
them as molasses. Date syrup or date molasses has a shelf 

life of about 24 months if stored under prescribed environ-
mental conditions. After 24 months, it starts to crystallise 
and becomes inedible. It is rich in reducing sugars. In date 
molasses, fructose and glucose are the two major compo-
nents [22]. The amount of these sugars varied based on the 
type of tree. For instance, glucose and fructose were deter-
mined to be the major sugar components and contributed 
51.80% and 47.50%, respectively. The other components, 
such as fructose, sucrose, and galacturonic acid, were found 
in trace amounts [23]. Although date molasses and MSW 
contain large quantities of lignocellulosic material, there 
has been very limited work on the mixture of date molas-
ses and MSW to produce cellulolytic enzyme using SSF. In 
this study, an attempt has been made to use the mixture of 
date molasses - MSW as the substrate for the production of 
cellulases.

Materials and Methods

Materials

The major chemicals, including, sodium hydroxide pel-
let, and glucose, were purchased from SigmaeAldrich, Co. 
USA. Carboxymethyl cellulose, acetic acid, and sodium 
acetate, methanol, and dichloromethane were purchased 
from Merck, Germany. The bacteriological culture medium 
was purchased from Himedia, India. The fungal DNA 
extraction kit (AllPrep DNA extraction kit) was purchased 
from Qiagen, Germany. Date molasses was purchased from 
the local market and municipal solid waste was collected 
in Chennai, India. Acetic acid, sodium acetate, citric acid, 
trisodium citrate, succinic acid, sodium succinate, disodium 
hydrogen phosphate, sodium dihydrogen phosphate, tris 
base, and hydrochloric acid were Analytical grade and these 
were used for the preparation of buffers between pH ranges 
4.0 and 8.0.

Date Molasses and Municipal Solid Waste

Date molasses and MSW were used as substrates for cel-
lulase production. The selection of these substrates was 
based on nutrient contents and availability. The MSW was 
autoclaved and an organic rich fraction was obtained after 
30 min of incubation. Date molasses was directly used with-
out filtration and MSW was sieved individually using a stan-
dard sieve (2 mm diameter). The sieved substrate was dried 
at 70 °C for 12 h. Date molasses and MSW were mixed at 
a 1:1 ratio and used as the substrate until otherwise stated.
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Determination of Components MSW and Date 
Molasses

Hemicellulose and cellulose were tested using acid hydro-
lysis based on the methods suggested by the National 
Renewable Energy Laboratory (NREL/TP-500-42618). 
About 100 mg of sample was mixed with 1 mL of sulphuric 
acid (12 M) and incubated for 1 h at 37 °C. Then 10 mL of 
double distilled water was added, and the sample was incu-
bated in a water bath for 2 h [24]. Finally, the hydrolyzed 
sugars were tested using a High Performance Liquid Chro-
matography (Shimadzu, Japan). (1100 series) equipped with 
a refractive index detector (RID) (Agilent, CA). A Shodex 
sugar SP0810 column was used for analysis. HPLC grade 
water was sterilized using 0.2 μm filter and degassed using 
a sonicator (Analab Scientific Instruments Private Limited, 
India) for 20  min. About 10 µL of sample was injected, 
and the flow rate was set to 0.5 mL/min. The lignin con-
tent of the sample was tested by the acetyl bromide method, 
as suggested by Sluiter et al. [24]. The absorbance of the 
sample was tested at 280 nm, and lignin was used as the 
standard [25]. The nitrogen content of the sample was tested 
using a nitrogen analyzer (G6 Leonardo, Bruker, Germany) 
[26]. The total lipid content of the sample was tested by the 
method of Folch with little modification [27]. MSW was 
extracted with methanol and dichloromethane at 1:2 (v/v) 
ratios and incubated for 3 h at 30 ± 2 °C. The trace element 
of MSW was tested after the extraction of the MSW sample 
with 20 mL of concentrated nitric acid. The available trace 
element was determined as described by Hokura et al. [28]. 
Proximate analysis of date molasses was carried out. The 
components, such as tannin, pectin, sugar, ash and protein 
content were analyzed from date molasses [29].

Pre-Treatment of Substrate by Alkali and Acid

About 1 kg of substrate was mixed with 2% sodium hydrox-
ide (100 mL) or 1% sulphuric acid (100 mL) and kept in an 
autoclave for 15 min, 30 min, respectively. After 30 min, 
samples were neutralized using 1 M H2SO4 or 1 M NaOH. 
The solid fraction of the sample was retained, rinsed twice 
by adding double distilled water and centrifuged. Finally, 
the sample was dried at ambient temperature.

Isolation and Characterization of Fungus for 
Cellulolytic Enzyme Production

A total of 34 fungi were isolated from date molasses and 
cellulase screening was carried out. Date molasses was seri-
ally diluted and plated on potato dextrose agar plates. Then 
it was incubated at 28 ºC for five days. The isolated colonies 
were selected and further grown on potato dextrose agar. 

Based on productivity, one strain (Al-K1 149) was selected 
for characterization. A cellulase producing potent fungal 
strain was purified as described earlier [30]. 18  S rDNA 
was amplified and sequenced using a forward and a reverse 
primer [31]. The amplified PCR amplicon was purified and 
sequenced using Applied Biosystems (USA). The 18  S 
rDNA genes were sequenced at SciGenom Labs, Cochin, 
India.

Inoculum

Ten grams of substrate were transferred into 90 mL of 
double distilled water in a 250 mL Erlenmeyer flask. The 
medium was sterilized for 20 min at 121℃ and incubated at 
28 ± 2°C. In this culture medium, a plug (about 1 × 1 cm2) of 
8-day old mycelia was gently inoculated and incubated in a 
shaker incubator at 175 rpm for three days.

Production of Cellulases in SSF

Solid state fermentation was performed in a 250-mL Erlen-
meyer containing 5.0 g of substrate. The dry substrate was 
moistened with sodium phosphate buffer (pH 6.5, 0.1  M) 
and the moisture content of the substrate was maintained at 
a ratio of 1:1.5. The culture medium was mixed, autoclaved 
at 121 °C for 30 min and inoculated with inoculum. Erlen-
meyer flasks were incubated for 96  h under static culture 
conditions. After 96 h, cellulases were extracted by adding 
50 mL of double distilled water and shaking the fermented 
medium on an orbital shaker for 30  min. The contents 
were filtered using a metallic sieve and further centrifuged 
(10,000  g, 4  °C). The clear supernatant was used as the 
crude enzyme [32].

Enzyme Assays

The crude enzyme was subjected to carboxymethyl cel-
lulase (CMCase), β-glucosidase and filter paper activity 
(FPase) assay. A unit of b-glucosidase, FPase and CMCase 
was defined as being equivalent to the enzyme that liber-
ates 1 µmole of glucose from salicin, Whatman filter paper, 
and carboxymethyl cellulose, respectively, in 0.05 M ace-
tate buffer (pH 4.0) under standard assay conditions using 
dinitrosalicylic acid reagent method [33]. Enzyme activities 
were expressed as U/g dry substrate (U/gds) tested in the 
Erlenmeyer flask [34].

Optimization of Physical Factors for Cellulases 
Production in SSF

The mixture of MSW and date molasses is used as the sub-
strate for enzyme production, unless otherwise stated. The 

1 3

5835



Waste and Biomass Valorization (2024) 15:5833–5842

used as the standard to validate the saccharification process. 
The saccharification process was performed at 45 °C at pH 
5.0. The experiments were performed in a 250 mL Erlen-
meyer flask containing various substrates (plam saw dust, 
palm leaves, palm fruit waste and filter paper), and 50 mL 
acetate buffer (pH 5.0, 50 mM). Then the Erlenmeyer flask 
was kept on a water bath for 5 min for constant heat transfer 
throughout the flask. To this end, cellulases obtained from 
the tray reactor were applied, and commercial enzymes 
were also added and validated. The saccharification process 
was continued for 24  h and the reducing sugar level was 
evaluated by the DNS method as suggested by Miller [33] 
using a UV-Visible spectrophotometer.

Results and Discussion

Composition of Substrates

In this study, the chemical composition of MSW was 
evaluated as suggested previously in materials and meth-
ods. In MSW, hydrocarbons contributed about 60%, show-
ing that they were rich sources of carbon, which could be 
effectively applied as a novel medium for the production 
of biofuels. The co-fermentation of municipal sludge and 
date molasses was evaluated as a promising way to com-
bine renewable energy production and waste management. 
The co-fermentation of food waste and municipal sludge 
[36], waste-activated sludge-distillation residue [37], green 
waste, and municipal solid waste [38] were used as culture 
media to improve productivity and yield of biomolecules. 
Kamyab et al. [39] used activated sludge and date syrup 
as inexpensive substrates for biohydrogen production. The 
stiff and loose properties of co-substrates led to improved 
fungal growth and product formation. The cellulose con-
tent of the MSW was about 33% which was similar to the 
results by Hussin et al. [40] and Barlaz et al. [41]. In some 
cases, the cellulose content in MSW was found to be high, 
where MSW obtained mainly from the milling, wood, and 
paper industries [42, 43]. In this study, the lignin content 
of the MSW sample was about 13% (Fig.  2), which was 
similar to the study of Hussin et al. [40]. The hemicellulose 
content of the MSW was determined to be 16%. However, 

time course of cellulase synthesis was evaluated by prepar-
ing various sets of Erlenmeyer flasks (250 – mL) contain-
ing 5 g of substrate adjusted to 70% moisture content. The 
fermentation experiment was performed as described pre-
viously [35]. The Erlenmeyer flask was incubated for five 
days, and the production profile of cellulases was moni-
tored every 24 h. The selected substrate (date molasses and 
MSW) is rich in carbon, nitrogen sources, and essential 
minerals. Hence, nutrient requirements were not considered 
for optimization studies, and only physical factors were 
optimized. The effect of different fermentation temperatures 
(25–50 °C), moisture content (40–80%), pH (4.0–8.0) and 
inoculum level (1–10%) on cellulase yield was analyzed. To 
adjust the pH, various buffers were used at a 0.1 M concen-
tration (citrate buffer 4.0, acetate buffer 5.0, succinate buffer 
6.0, phosphate buffer 7.0, and tris-buffer 8.0).

Fermentation of date molasses and MSW in a tray 
bioreactor

The optimized culture medium was selected, and the pro-
cess parameters were validated using an open trays bioreac-
tor. The open tray bioreactor consists of rectangular shaped 
stainless steel trays with a 4 cm depth and a 10 × 5 cm size. 
The tray reactor consists of three layers of trays, and the top 
of the tray was gently covered with a lid, and the bottom of 
the tray was arranged in such a way as to allow air inflow 
(Fig. 1). The solid medium was carefully mixed and trans-
ferred into a tray reactor. In all trays, solid substrate was 
filled, and the optimum level of inoculum was introduced. 
These stainless steel trays are autoclavable and compatible. 
After complete sterilization, 10% inoculums were intro-
duced and incubated at 28 ± 2 ºC for four days. Enzyme was 
extracted as described previously, and CMCase, FPase and 
β-glucosidase activity were assayed.

Saccharification of Biomass

In this study, lignocellulosic materials such as palm saw-
dust, palm leaves, palm fruit waste and filter paper were 
used for saccharification process. The cellulolytic enzymes 
were obtained from lignocellulosic fermentation in tray bio-
reactor with T. reesei Al-K1 149. Commercial cellulase was 

Fig. 1  Cellulases production in SSF using a 
tray bioreactor. The trays were filled with solid 
medium and culture was inoculated (10%)
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13,005 ± 198 mg/kg in MSW. The toxic metals such as Al, 
Hg, Au, Cd, and Ag were determined at a very low level 
which was similar to that of the previous study [51]. The 
date molasses was composed of tannin, pectin, sugar, ash 
and protein. The pH of the date molasses ranged between 
4.7 and 5.4. Pectin content was about 0.32%, and tan-
nin content was 0.45%. Reducing sugar contributed 69%, 
and the share of ash content was approximately 1.9%. The 
chemical and physical properties of the date molasses were 
described in (Table 2).

Physico-Chemical Factors Affecting Cellulase 
Production

In the study, the influence of the fermentation period on 
cellulase production was optimized. In the case of fungi, 
the fermentation period is one of the important factors for 
the biosynthesis of enzymes. Cellulase production was at 
its maximum after 96  h of incubation with the yields of 
β-glucanase (98 ± 3.9 U/gds), CMCase (241 ± 12.8 U/gds) 
and FPase (31.2 ± 3.1 U/gds) as described in (Fig. 3). After 
four days of incubation, cellulase yield decreased gradually 
due to the drop in the medium pH and the release of proteo-
lytic enzymes. In a study, Singhania et al. [15] also reported 
the maximum cellulase yield in T. reesei after 96 h incuba-
tion (102.65 U/gds). In another study, Trichoderma sp. was 
used for cellulase production on apple pomace as the sub-
strate and showed a dramatic increase in the enzyme yield 
after 120 h of incubation (2.3 U/gds) [52]. The amount of 
cellulase production varied based on the substrate selected 
for fermentation. Campos et al. [53] used green coconut 
fibers for the production of carboxy methyl celluase (5.19 
U/g) and filter paperase (1.19 U/g). Environmental factors 
affected enzyme production and the growth of microorgan-
isms. In this study, enzyme production by T. reesei Al-K1 
149 on biowaste was optimized with respect to moisture 
content, temperature, inoculum and pH of the substrate. In 
SSF, the optimum temperature range for enzyme production 
has been reported to be 25 to 30 °C [15]. Maximum yields 
of β-glucosidase (104 ± 3.2 U/gds), FPase (39.1 U/gds) 
and CMCase (264 U/gds) were found after 96 h at 40 °C, 
as described in (Fig. 4a). In A. niger YL128, the optimum 

in some studies, a low level of hemicellulose availability 
was reported. For example, Ham et al. [44], and Price et al. 
[45] reported low availability of hemicellulose in the MSW. 
Moreover, lignocellulose accounts for more than 30% of 
municipal solid waste [46]. Lipid and total protein content 
contributed about 9.1%, 6.1%, respectively. di Bitonto et al. 
[47] reported low lipid content (4–10%) in MSW and it was 
higher (13%) in other MSW [48]. The chemical composi-
tion of the compost varied based on the source and country 
of origin [14]. The lipid content of the MSW was extremely 
low compared to previous reports. Generally, MSW derived 
from hotels, households, vegetable markets, fruit markets 
and juice processing units has a lower lipid content [36]. 
The contribution from total protein content was about 6.5%. 
This result was in accordance with the observations made 
previously by Ponsá et al. [49] and Hartmann and Ahring 
[50]. In this study, the composition of the trace element was 
described in (Table 1).

The elements such as Ca, K, S, P, Mg, Fe, Cu, and Na 
were determined from the MSW. The sulphur content 
was 4217 ± 13.2  mg/kg and the determined Ca level was 

Table 1  Chemical composition of municipal solid waste. Mean ± SD 
(n = 3)
Metals mg/kg
Ca 13,005 ± 198
K 1812 ± 21.4
S 4217 ± 13.2
P 912 ± 5.6
Mg 2115 ± 3.1
Na 1903 ± 21.3
Cu 412 ± 19.2
Fe 419 ± 12.6
Al 291 ± 10.2
Hg 41.5 ± 2.8
Au 0.2 ± 0.03
Cd 27 ± 1.31
Ag 1.2 ± 0.13

Table 2  Physical properties of date molasses
Physical properties Composition (%)
Moisture 40–42
Protein 1.2–1.4
Total sugar 77.2–77.4
Ash 1.6–1.9
Tannin 0.3–0.4
Pectin 0.2–0.25
TDS 79–81
pH 4.4–5.1

Fig. 2  Structural components of date molasses. The error bar repre-
sents the standard deviation
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microorganisms. In SSF, both low and high moisture levels 
affected enzyme productivity. A lower moisture level causes 
a complete reduction in the solubility of available nutrients 
in the substrate, high water tension, and a higher moisture 
content of the solid substrate which decreased porosity, low-
ers oxygen transfer etc. [57]. The optimum moisture content 
was 60% and the enhanced yield was 108.4 ± 13.3 U/gds 
(β-glucosidase), 46.4 ± 11.4 U/gds (FPase) and 278 ± 10.5 
U/gds (CMCase) as described in (Fig. 4b). In a study, 50% 
moisture content was reported as optimum for maximum 
FPase production in SSF [58] in the case of A. niger culture. 
In another study, moisture content ranging between 40 and 
60% was optimum for CMCase and FPase yield for Tricho-
derma koningii in SSF [59]. In Aspergillus sp. S4B2F, cel-
lulase yield was maximum when it was cultured at a 60% 
moisture level [60]. In this study, the pH of the substrate was 
adjusted between 4.0 and 8.0 using suitable buffers, and the 
results are depicted in (Fig. 5a). The highest enzyme yields 
were 117.4 ± 5.1 U/gds (β-glucosidase), 54.8 ± 8.2 U/gds 
(FPase) and 281 ± 10.8 U/gds (CMCase) at pH 6.0. At the 
acidic pH level (4.0), enzyme biosynthesis was decreased, 
and it gradually increased up to pH 6.0, then declined. The 
enzyme yields obtained in this study were highly con-
sistent with previous studies on cellulase production by 
Trichoderma sp. and Aspergillus niger [61]. Likewise, the 
solid medium inoculated with 8% inoculum showed the 
highest enzyme yields of 120 ± 8.3 U/gds (β-glucosidase), 
60.1 ± 13.2 U/gds (FPase) and 250 ± 10.3 U/gds (CMCase) 
which were decreased at the higher inoculum level (10%) as 
described in (Fig. 5b). Lower enzyme production at higher 
inoculum levels was mainly due to nutritional imbalance or 
an initial high concentration of conidial cells and anaero-
bic conditions in the medium, while the decreased yield 
at lower inoculum sizes was mainly due to the availability 
of fewer conidial cells, which are not enough to utilize the 
available fermentation medium [62]. In a study, Iqbal et al. 
[55] reported 10% inoculum as optimum carboxymethyl 
cellulase production from T. harzianum, and enzyme pro-
duction was reduced above the optimum level.

temperature was 30 °C for cellulase production [54]. In a 
study, saw dust was used as the substrate for cellulase pro-
duction by A. niger and obtained the maximum yield at 
28 °C. In Trichoderma harzianum, enzyme biosynthesis is 
enhanced with an increase in temperature up to optimum 
(35 °C) [55]. This incubation temperature was lower (32 °C) 
in Aspergillus fumigates for cellulase production [56]. 
Water is an important factor for microbial activity, and the 
depletion of available water affects functional changes in 

Fig. 4  Production of CMCase, β-glucosidase and FPase in solid state 
culture at various temperatures (a) and moisture levels (b) by T. reesei 
Al-K1-149 on MSW and date molasses

 

Fig. 3  Production of CMCase, β-glucosidase and 
FPase in solid state culture at various incubation 
times by T. reesei Al-K1-149 on MSW and date 
molasses
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Production of Cellulases in a Tray Bioreactor

Tray bioreactors have been used for the production of vari-
ous enzymes. In a study, Nahid et al. [63] extensively studied 
the application of tray bioreactors on enzyme production. 
Also, Mitra et al. [64] compared the yield of enzymes in 
different types of tray bioreactors. Gupta and Kar [65] ana-
lyzed the use of tray bioreactor on cellulolytic enzyme pro-
duction. Also, Dhillon et al. [66] have used tray reactor for 
the production of xylanase and cellulase using co-cultured 
fungi. In this study, the tray reactor enhanced the produc-
tion of cellulases over twofold than unoptimized conditions. 
Earlier, tray bioreactors were used for the production of fer-
mented products such as, soy sauce, koji and tempeh, and 
various enzymes in SSF. Brijwani et al. [67] used Asper-
gillus oryzae and Trichoderma reesei for co-fermentation 
using agro industrial wastes. The combination of wheat bran 
and soybean has been utilized for cellulase production. And, 
the optimum composition of C: N ratio was obtained for the 
production of enzymes and the controlled release of nutri-
ents. Dhillon et al. [66] recently used apple pomace as the 
substrate for the production of β-glucosidase and the pro-
cess parameters were optimized by response surface meth-
odology. Then, the optimized medium was applied for the 
production of enzymes in the tray bioreactor [68].

Saccharification of Agro-Wastes

Lignocellulosic materials such as palm sawdust, palm 
leaves, palm fruit waste, and filter paper were used for sac-
charification process. In this study, saccharification process 
was maximum up to 12 h of incubation and declined slowly 
(Fig. 6). In this case, until 12 h incubation reducing sugar 
level was found to be high, and about 89% saccharification 

Fig. 6  Enzymatic saccharifica-
tion at various incubation times 
with cellulases. The substrates 
(plam saw dust, palm leaves, 
palm fruit waste and filter paper) 
were treated with cellulases and 
the reducing sugar level was 
estimated

 

Fig. 5  Production of CMCase, β-glucosidase and FPase in solid state 
culture at various pHs (a) and inoculum levels (b) by T. reesei Al-K1-
149 on MSW and date molasses
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K	� Turbulent kinetic energy [m²/s²]
p	� Pressure [Pa]
Re	� Reynolds number [1]
St	� Stokes number [1]
U	� Time-averaged velocity [m/s]
Uₘₐₓ	 �Maximum velocity [m/s]
u′	 �Fluctuating component of velocity [m/s
uf	 �fluid velocity vector [m/s]
us	� Solid displacement [m]
W	 �Strain energy density function
dp	� Algal cell diameter [m]
Greek symbols
vT	� Kinematic eddy viscosity [Pa.s]
μ	 �Dynamic viscosity [Pa.s]
ρ	 �Water density [kg/m³]
ρp	 �algal cell density [kg/m³]
up	� Chlorella cell velocity [m/s]
τp	 �Relaxation time [s]

Nomenclature
d	 �Water depth [m]
Dₕ	 �Hydraulic diameter [m]
W	 �Channel width [m]
L	� Channel length [m]
f	 �Body force [N/m³]
I	 �Identity matrix
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Abstract
Turbulent flow mixing plays a critical role in optimising microalgal cultivation in thin-layer cascade (TLC) systems. 
However, the small size of microalgal cells makes them highly susceptible to hydrodynamic stresses generated by tur-
bulent mixing. The mechanical properties of microalgal cell walls under turbulent conditions and their implications on 
cell viability and biofuel production in TLC systems remain largely unexplored. In this study, a novel fluid–structure 
interaction-based numerical model was developed to investigate the effects of turbulent mixing on microalgal cell wall 
damage in TLC systems. This study focused on assessing cell wall damage at various locations within the TLC system, 
considering the hydrodynamic and geometric characteristics of the system. It examined parameters such as aspect ratio, 
flow depth and mass flow rate to analyse cell wall shear stress, deformation and von Misses stress. Results demonstrated 
that appropriate turbulent mixing conditions are crucial in TLC systems to mitigate the risk of microalgal cell wall dam-
age. Specifically, shallow and narrow TLC systems with high mixing intensities were found to pose a great risk to cell 
wall integrity. This study provides valuable insights into optimising turbulent mixing in TLC systems, enabling enhanced 
microalgal cultivation and improved biofuel production. By understanding and managing the impact of turbulent flow on 
microalgal cell wall integrity, this research contributes to the development of efficient and sustainable TLC systems for 
microalgae-based applications.
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σij	 �Stress tensor in a solid [N/m²]
σk	 �Prandtl number for kinetic energy
σω	 �Prandtl number for dissipation rate
ω	 �Dissipation rate [1/s]
Subscript
s	� Solid
f	 �Fluid

Introduction

Turbulent flow mixing plays a crucial role in thin-layer 
cascade (TLC) reactors because it prevents the sedimenta-
tion of microalgal cells. By keeping the cells suspended in 
water, turbulent flow facilitates the removal of oxygen and 
enhances the interaction between microalgal cells, sunlight 
and carbon dioxide. Additionally, turbulence reduces the 
thickness of the boundary layer surrounding the microalgal 
cells [1–3]. This reduction in the boundary layer thickness 
leads to an increased diffusion rate of nutrients to the cell sur-
face. As a result, turbulent flow promotes nutrient uptake by 
microalgal cells, aiding their growth and productivity in the 
reactor. Furthermore, in the absence of mixing, uppermost 
cells become saturated with light, limiting light availability 
to lower cells, and hindering overall growth. However, mix-
ing at an appropriate frequency offers a solution to this chal-
lenge. By promoting vertical movement within the water 
column, mixing ensures that all cells receive adequate expo-
sure to light. This improved light distribution throughout the 
reactor enhances photosynthetic activity and biomass pro-
duction [4–6]. Increasing the mass flow rate can enhance 
turbulent mixing in the reactor. However, the sensitivity 
of microalgal cells to fluid stresses due to their small size 
should be considered. High turbulence magnitudes can lead 
to damage in their cell walls [7–9]. Despite this, there are 
few quantitative studies characterizing the stress sensitivity 
of algal cells, and existing research varies greatly in strains, 
methodology, and reactor configurations [10–12]. Conse-
quently, there is limited data on cell wall damage, making it 
challenging to determine the stress levels to which cells are 
exposed and their response to it.

Increasing the water depth in a reactor result in a larger 
water volume, which in turn leads to a reduction in water 
circulation velocity. Consequently, turbulent mixing 
becomes less effective. This reduction in turbulent mixing 
can have negative implications because it limits the interac-
tion of microalgal cells with sunlight, carbon dioxide and 
nutrients [13]. Carefully balancing water depth and circula-
tion velocity is therefore necessary to ensure efficient turbu-
lent mixing and maximise the benefits of sunlight, carbon 
dioxide and nutrient availability for microalgal growth [14]. 
Increasing the water velocity in a deep reactor can enhance 

turbulent mixing, but it also increases the power consump-
tion [15]. Meanwhile, reducing the water depth of the reac-
tor can lead to more effective turbulent mixing, resulting 
in an increase in algal productivity [16]. Turbulent mixing 
plays a crucial role during sunrise and sunset hours, when 
the level of oxygen in the reactor increases. The removal of 
excess oxygen through turbulence during these critical time 
periods can double the algal productivity compared with 
that under nonturbulent conditions [17].

Different studies have provided conflicting data on the 
impact of water turbulence on algal productivity. Some 
studies have shown that increasing water turbulence nega-
tively affects algal productivity, whilst others have reported 
insignificant change. Previous research by Weissman et al. 
and Drapcho suggested that algal productivity increases 
within a certain turbulence range, beyond which further 
increases in turbulence have negligible effects on micro-
algal growth [18, 19]. Therefore, the reduced productivity 
observed in some studies may be attributed to microalgal 
cell wall damage resulting from the use of high-magnitude 
turbulence [15, 18]. A cell wall is a structural layer that sur-
rounds microalgal cells and offers the cytoplasm, nucleus 
and other cell parts structural support and defence against 
the outside environment. Owing to its high tensile strength 
(elastic modulus = 8.5 MPa), the cell wall has a mechani-
cal structure [20]. Large hydrodynamic stresses, however, 
cause damage to the cell wall, leaving the internal parts of 
the cell exposed to the outside world. The microalgal cell is 
destroyed by this cell wall damage, which reduces the algal 
productivity.

Investigating the impact of turbulence on microalgal cell 
damage has gained significant interest amongst researchers. 
Previous studies have examined the effects of turbulence 
on microalgal species through fluid mechanical properties, 
such as dissipation rate, microeddy length and shear stress 
in the TLC reactor and raceway ponds [18, 21]. In a prior 
study, computational fluid dynamic (CFD) particle trac-
ing was employed by the authors to investigate the mixing 
of microalgal cells in a TLC reactor [13]. However, these 
earlier studies primarily concentrated on the examination 
of mixing phenomena and did not consider the effects of 
turbulence on microalgal cell wall damage [22, 23]. Lim-
ited attention has been given to the mechanical structure of 
the microalgal cell wall and its susceptibility to damage. As 
mentioned earlier, the cell wall plays a crucial role in provid-
ing structural support and protection to the cell components, 
and damage to it can lead to reduced algal productivity. 
Hence, the assessment of the mechanical characteristics 
of the cell wall, including wall deformation and von Mises 
stress, becomes crucial to comprehend the effect of turbu-
lence on microalgal cell damage [24]. Turbulence varies in 
different sections of the reactor, resulting in varying flow 
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stresses experienced by the algal cells in each Sect. [13]. 
Turbulence in the reactor depends on the mass flow rate and 
geometric features of the reactor (culture depth and channel 
width), so the mechanical properties of the algal cell are also 
affected by these parameters. Therefore, a comprehensive 
study that models the mechanical structure of microalgal 
cell walls in a TLC reactor, considering the effects of water 
turbulence, is needed to effectively estimate cell damage 
and improve microalgal productivity.

The objective of this study is to develop a novel numeri-
cal model based on fluid–structure interaction (FSI) for 
investigating the impact of water turbulence on microalgal 
cell wall damage in a TLC reactor. Specifically, the focus 
is on predicting the influence of turbulence on the cell wall 
structure of Chlorella, a unicellular and spherical algal spe-
cies. This study employs the arbitrary Lagrangian–Eulerian 
(ALE) method to simulate the effects of water turbulence 
on microalgal cell walls. The investigation includes esti-
mating cell wall damage at four key locations within the 
reactor, considering the hydrodynamic and geometric prop-
erties of the reactor. The accuracy of the CFD model is 
verified by comparing the simulated water velocity with the 
experimental data available in the literature. Various reactor 

configurations, including aspect ratio (AR), water depth and 
mass flow rate, are examined to assess their impact on cell 
wall shear stress, wall deformation and von Misses stress 
at different reactor locations. The findings of this study 
contribute to optimising the mass flow rate to achieve the 
desired turbulence in the flow whilst minimising the impact 
on microalgal cell wall integrity.

Physical Model

The simulations were performed using a TLC reactor devel-
oped by Apel et al. [25]. The reactor comprised four major 
components, namely, an intake module, an upper platform, 
a flow reversal module and a lower platform, as shown in 
Fig.  1. The upper and lower platforms of the reactor are 
the major cultivation units, which are oriented in oppos-
ing directions. Both channels are 4 m long and 1 m wide. 
The intake module, which distributes water across the top 
channel, is the reactor’s initial module. It forms a 55° angle 
with the top plate. A drip edge at the upper platform’s end 
allows the fluid to flow smoothly into the reversal module 
(length: 5  cm, angle to vertical: 10°), which redirects the 

Fig. 1  (a) Computational model of the TLC reactor, (b) the position and arrangement of microalgal cells within the reactor, and (c) structure of a 
single algal cell, including its surfaces, cell wall, and cytoplasm

 

1 3

5821



Waste and Biomass Valorization (2024) 15:5819–5831

direction (Fig. 1). The cell wall damage was examined when 
the microalgal cells reached certain points in the reactor (A, 
A’, B and B’). The microalgal cells must follow the water 
flow to effectively interact with nutrients and CO2 before 
reaching the reactor outlet. The Stokes number (St) is a 
dimensionless value commonly used to predict whether a 
relative velocity will exist between a fluid and a particle 
[24, 29, 30]. The governing equation of St is expressed as 
follows:

St =
τpU

Dh
� (1)

τp =
ρpdp

2

18µ
� (2)

wheredp  denotes the microalgal cell diameter (m), ρp  
denotes the microalgal cell density (kg/m3), and τp  denotes 
the relaxation time of the microalgal cell (s). Chlorella 
microalgal cells with the condition (St < < 1) successfully 
followed the water flow and reached the reactor outlet [13, 
31]. Aspect ratio is a key parameter in open channel flow 
systems because it significantly affects the flow character-
istics of reactor [32]. Therefore, this study used the non-
dimensional aspect ratio (AR) to investigate the effects of 
reactor geometry on microalgal cell wall damage in TLC 
reactor.

AR = Channel width (m) /Channel depth (m) = W/d.
Three different values of ARs (180, 260 and 340) were 

utilised with different water depths to examine their effects 
on microalgal cell wall deformation and von Mises stresses 
at different position in the reactor.

Mathematical Modelling

Hydraulic diameter (Dh) and the Reynolds number were 
used to evaluate the open-channel flow behaviour, as given 
below:

Dh =
4dW

W + 2d
� (3)

Re =
ρDhU

µ
� (4)

where W stands for the channel’s width (m), d for the 
water’s depth (m) and U for the average water velocity 
(m/s). With a density of (ρ)  1000 (kg/m3) and a viscosity 
(µ) of 0.001 (Pa. s), water was chosen as the working fluid. 
Reynolds numbers in the range of 10,200 to 14,200 were 
used to describe the flow behaviour in the TLC reactor [33, 

fluid onto the lower platform. The reversal module’s bottom 
is inclined in the flow direction to facilitate gravity-driven 
flow to the lower platform. Table 1 shows the numerical val-
ues for the reactor’s key geometric characteristics.

The effects of water turbulence on the cell wall struc-
ture were extensively investigated by examining four major 
locations (A, A’, B and B’) of microalgal cells in the reactor 
(Fig. 1). In real conditions, a commercial reactor employed 
for biomass production has millions of microalgal cells. 
From the perspective of CFD modelling, a major differ-
ence exists in the dimensions or size of the reactor (metres) 
and the microalgal cells (micrometres), which necessitates 
extensive computational meshing and time. It becomes 
much more complicated when implementing the multiphys-
ics (fluid domain = water flow and cell cytoplasm, solid 
domain = cell wall) involved in this problem. The investi-
gation of the effect of turbulent water flow on millions of 
microalgal cells requires a complicated and time-consuming 
three-dimensional CFD FSI model that considers multidi-
mensional and multiphysics issues. Accordingly, a reactor 
containing a total of 174 spherical microalgal cells (Chlo-
rella) with a distinct cell wall and cytoplasm domains was 
numerically simulated.

Only 42 cells are displayed in Fig. 1 to visualise the posi-
tion and arrangement of microalgal cells. The cytoplasm of 
a Chlorella cell measures 6.93 μm in diameter, whilst the 
cell wall measures 0.285 μm in thickness. To simulate the 
effect of water turbulence on the microalgal cell wall, this 
study has to consider a number of Chlorella cell parameters, 
including cell size, density, viscosity and elastic modulus. 
Because this study did not culture the microalgae (Chlorella 
cells), these characteristics could not be assessed. Previous 
experimental research by [24, 26–28] provided the neces-
sary Chlorella cell characteristics. Table 2 lists the physi-
cal, hydrodynamic and structural characteristics of spherical 
microalgal cells (Chlorella) [20, 26, 28]. For a more com-
prehensive understanding of microalgal cell damage within 
the reactor, four edges (leading, trailing, top and bottom) 
of the microalgal cells are defined with respect to the flow 

Table 1  Summary of key parameters used in the study
Parameters Value
AR {180, 260, 340}
Water depth {5.6 mm, 7.5 mm, 10 mm}
Mass flow rate (2.8–3.6) kg/s
Slope angle {1°}

Table 2  Properties of microalgal cells used in the study
Microalgal 
Cell

Diam-
eter 
(µm)

Thick-
ness 
(µm)

Density 
(kg/m3)

Viscos-
ity (Pa. 
s)

Elastic 
Modulus 
(MPa)

Cell Wall − 0.285 1060 – 8.5
Cytoplasm 6.93 – 864 0.0052 –
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(∇.uf) = 0, � (5)

where ρf
 is the fluid density (kg/m³), and uf

 is the fluid 
velocity vector (m/s).

	● Momentum Eq. 

ρf
∂uf

∂t
+ ρf (uf · ∇)uf +∇ ·

[
−pI + µ

(
∇uf + (∇uf)

T
)]

+ ff, � (6)

where p is the fluid pressure (Pa), I is the identity matrix, 
and ff is the body force per unit volume (N/m³). These equa-
tions provide a time evolution of the flow. RANS equations 
are obtained by manipulating these equations. The velocity 
vector uf

 in Eqs. (5) and (6) will be replaced with U + u′, 
where U is the time-averaged velocity field (m/s), and u′ is 
the fluctuating component of velocity (m/s). The k–ω tur-
bulence model is based on two equations: turbulent kinetic 
energy and specific dissipation rate. The governing equation 
of the turbulent kinetic energy (k) is as follows:

∂k
∂t

+ uj
∂k
∂xj

= τij
∂ui

∂xj
− β*kω +

∂

∂xj

[
(ν + σkνT)

∂k
∂xj

]
� (7)

,where σₖ and σω
 are the turbulent Prandtl numbers for 

kinetic energy and dissipation rate, respectively; k is the tur-
bulent kinetic energy (m²/s²); ω is the dissipation rate (1/s); 
and νT

 is the kinematic eddy viscosity (Pa.s); constants σω
= 0.5 and β* = 0.09 [38]. The turbulent dissipation rate (ω) 
for the k–ω turbulence model is as follows:

∂ω

∂t
+ uj

∂ω

∂xj
= α

ω

k
τij
∂ui

∂xj
− β*ω2 +

∂

∂xj

[
(ν + σωνT)

∂k
∂xj

]
, � (8)

The kinematic eddy viscosity (νT
) described by the k–ω 

turbulence model is as follows:

νT =
k
ω
, � (9)

Algal Cell Wall Modelling

Large hydrodynamic stresses caused by a high turbulence 
magnitude induce damage to the cell wall and other mechan-
ical components of microalgal cells [17, 35]. Therefore, the 
cell wall of a spherical microalgal cell (Chlorella) was mod-
elled as an elastic structure filled with cytoplasm [31, 36].

34]. For turbulent flows in an open channel with relatively 
high Reynolds numbers, the k-turbulence model is a suit-
able option [35, 36]. Therefore, this model was selected 
to simulate the hydrodynamics of this study. To assess the 
validity of using a coupled FSI approach versus treating 
cells as point particles, an analysis was performed compar-
ing the size of the microalgal cells to relevant turbulence 
scales. Their size was compared to the Kolmogorov length 
scale (η), a characteristic length scale in turbulent flows. 
The Kolmogorov length scale was found to be in the range 
of 1.07 × 10− 5 m to 8.42 × 10− 6 m. The total diameter of the 
Chlorella cells, including the cell wall, is 7.5 × 10− 6 m. This 
suggests that the Chlorella cell diameter is comparable to 
the Kolmogorov length scale, indicating that cells are not 
negligible in size relative to the smallest turbulence eddies. 
Therefore, a point particle approximation may not be com-
pletely accurate, and a coupled FSI model is more suitable 
to simulate the effect of turbulence on the cells [37].

Fluid Flow Modelling

This study integrated two different approaches for model-
ling: solid mechanics, which focused on the microalgal cell 
wall by using a Lagrangian description in a material frame, 
and fluid flow, which considered water and cytoplasm by 
using a Eulerian description in a spatial frame. This integra-
tion was achieved through the ALE technique to character-
ise the fluid flow and derive the velocity field of the water 
and cytoplasm within the microalgal cell, Reynolds-aver-
aged Navier–Stokes (RANS) equations were employed. For 
computational efficiency and simplification, the intercel-
lular fluid within the microalgal cell was disregarded, and 
the cytoplasm was modelled as a Newtonian viscous fluid 
[26]. Table 2 lists the cytoplasm’s fluid properties adopted 
in this study [26]. RANS simulations were chosen due to 
computational constraints. RANS primarily captures mean 
flow characteristics and may not fully represent the high-
frequency, local turbulence fluctuations that contribute to 
cell damage. However, it’s important to note that the fluid 
velocity was not simply imposed on cell boundaries; rather, 
flow around each cell was simulated. This approach aids 
computational efficiency while still capturing the essential 
fluid-cell interactions. The current study serves as a founda-
tion for identifying regions that may require more detailed 
analysis using high-fidelity simulations in future.

Governing Equations

The RANS equations for Newtonian and incompressible 
fluid flows are as follows:

	● Continuity Eq. 
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and fs are the forces acting on the fluid and algal cell walls 
(N/m³), respectively.

Numerical Simulations and Mesh Generation

In this study, the commercial software COMSOL Multi-
physics was utilised to investigate the impact of fluid tur-
bulence on the damage to microalgal cell walls in a TLC 
reactor. The ALE method was employed through the FSI 
interface of COMSOL Multiphysics to model the interac-
tion between water turbulence and the microalgal cell wall 
structure. A total of 172 spherical microalgal cells, each 
characterised by distinct cell wall and cytoplasm domains, 
were introduced into the reactor at four specified locations 
denoted as points A, A’, B and B’ in Fig. 1. The fluid and 
structural properties of these microalgal cells were calcu-
lated as they reached these predetermined locations within 
the reactor. The reactor and microalgal cells were discre-
tised using a free tetrahedral mesh. To ensure precise flow 
field calculations at the FSI boundaries of the microalgal 
cells, a boundary layer mesh with a dense element distribu-
tion was employed. Three different mesh sizes, fine, extra 
fine and extremely fine, were utilised in this study, with 
variations by a factor of five. Detailed information regard-
ing the mesh elements can be found in Table 3. A grid inde-
pendency test was conducted to assess the accuracy of the 
ALE methodology used in this study. The wall shear stress 
and algal cell wall deformation were estimated at location 
B within the reactor, as illustrated in Fig. 2. These proper-
ties are plotted on the FSI interface (bottom, top, leading, 
and trailing edges) of microalgal cell 15 (Fig. 1b&c). Mini-
mal differences were observed between the results of shear 
stress and cell wall deformation. Consequently, all simula-
tions in this study were conducted using the extra-fine mesh 
element size.

Methodology Verification

To verify the accuracy of the applied model, the findings of 
this investigation were compared with the numerical results 
of [22] in Fig. 3. The numerical findings matched the mea-
sured water velocity in the reactor, thereby verifying that 
the proposed methodology can be applied to the model tur-
bulence effect on the microalgal cell wall damage in TLC 
reactors.

Governing Equations

The governing equation for calculating the solid displace-
ment for the microalgal cell wall is given below:

ρs
∂2us

∂t2
=

∂σij

∂xj
+ ρsfs, � (10)

where uₛ denotes the solid displacement (m), σij represents 
the component of the stress tensor in a solid (N/m²), ρₛ 
denotes the solid density (kg/m³) and fₛ is the body force 
component acting on the solid (N/m³). The determination of 
σij emanates from the application of the constitutive equa-
tion of a Newtonian fluid. The cumulative force imparted 
onto the microalgal cell wall by the fluid corresponds to the 
negative of the reactive force upon the fluid, as expressed by 
the following equation [39]:

fs = n · {−pI +
(
µ

(
∇uf + (∇uf)

T
))

}, � (11)

where I is the identity matrix, fₛ is the body force on the 
solid (N/m³), n is the outward normal to the boundary, and 
uf
 is the fluid velocity vector (m/s). The microalgal cell wall 

stores energy when structural deformation occurs. The strain 
energy density function W was used to measure this energy.

sij =
∂W
∂εij

wherei, j ε{1,2, 3}, � (12)

where sij and ϵij are the Green–Lagrange strain tensor and 
second Piola–Kirchhoff stress components, respectively 
[40, 41]. A transformation of the force between the two 
coordinate systems was necessary because the Navier–
Stokes equations were solved in the spatial (deformed) 
frame, whilst the solid mechanic interfaces were described 
in the material (undeformed) frame. Hence, a coordinate 
transformation was performed in the ALE model as follows:

ff = fs
dv
dV

,� (13)

where dv and dV are the mesh element scale factors for the 
spatial and material (reference) frames, respectively; and ff 

Table 3  Mesh elements of the TLC reactor and algal cells
Geometries Elements Extremely 

fine
Extra fine Finer

Microal-
gal cells 
and TLC 
reactor

Domain
Boundary
Edge

(5,361,121)
(1,444,820)
(25,976)

(2,706,637)
(1,002,290)
(20,364)

(1,325,990)
(229,608)
(15,487)
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(Fig. 1). Figure 4 depicts the effect of different microalgal 
cell locations on cell wall deformation and von Mises stress. 
The results are plotted for a reactor with a water culture 
depth of 5.6 mm, AR = 180 and a mass flow rate of 2.8 kg/s. 
These properties are plotted on the FSI interface (bottom, 
top and leading edges) of microalgal cell 15.

The top and leading regions of the microalgal cell wall 
deformed more than the bottom edge area (Fig. 4a). The low 
deformation at the bottom edges indicated that the contact 
of microalgal cells with one another helped reduce the effect 
of flow stresses on the cell walls. The maximum deforma-
tion in the cell wall was recorded at location B′because of 
the highly turbulent flow in this region of the reactor. When 
the microalgal cells were at locations B and A’, the cell wall 
deformation was minimal.

Figure  4b depicts an inverse correlation between cell 
wall deformation and von Mises stress. The top edge of 
the microalgal cells showed the lowest von Mises stress, 
whereas the bottom and trailing edges showed the highest 
because the high fluid forces induced high stresses on the 
cell wall. The microalgal cells exhibited high resistance to 
cell wall deformation at location A, as shown by the maxi-
mum von Mises stress, whereas minimal resistance to wall 
deformation was suggested by the smallest von Mises stress 
at locations A′ , B and B′ . These findings implied that the 
microalgal cells’ top and leading edges were very fragile, 
particularly when they were in the reactor’s lower channel 
(location B’), which could influence the production of the 
algae.

Figure 5 displays the contour plots of the cell wall defor-
mation (nm) of four different cells at two locations (B and 
B’) in the reactor. The contour plots exhibit similar trend, 
but with variations in magnitude. Owing to the adequate 

Results and Discussion

The mechanical properties of algal cell walls were com-
puted at four different locations (A, A’, B and B’) in the 
reactor to estimate the effects of the hydrodynamics and 
geometric properties (water depth and channel width) of the 
reactor on algal cell wall damage. The results are plotted in 
terms of cell wall deformation, von Mises stress and wall 
shear stress.

Effect of Microalgal Cell Location

The microalgal cell wall mechanical properties are plotted 
at four reactor locations. Two distinct locations were cho-
sen at the upper channel (locations A and A′ ) and two at 
the lower channel (locations BandB′ ) of the TLC reactor 

Fig. 3  Comparison of the average water velocity in the reactor with the 
numerical results of Apel et al. [22]

 

Fig. 2  Mesh independence test for (a) cell wall deformation (nm) and (b) wall shear stress (Pa) at a mass flow rate of 2.8 kg/s for a TLC reactor 
with AR = 180 and a water depth of 5.6 mm
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stresses caused by hydrodynamic forces if they are lower 
than the mechanical strength. However, specific values for 
stress tolerance typically range from approximately 0.2 to 
1.0 MPa for mechanical strength of wall and 5 to 50 Pa for 
wall shear stress [42–44].

Effect of Mass Flow Rate

Turbulent mixing in a reactor is directly related to the mass 
flow rate or water velocity, and increasing the mass flow 
rate can enhance turbulent mixing. Thus, the impact of mass 
flow rate on the radial wall deformation (nm) and von Mises 
stress (Pa) of microalgal cells in a reactor with an AR of 180 
and a water depth of 5.6 mm is plotted in Fig. 7.

Cell wall deformation was directly proportional to the 
mass flow rate. An increase in mass flow rate led to greater 
turbulent mixing, resulting in increased cell wall deforma-
tion due to higher hydrodynamic stresses (Fig. 7a).

Specifically, as the mass flow rate increased from 2.8 kg/s 
to 3.2 kg/s, the wall deformation increased by nearly 20%. 
Further increasing the mass flow rate from 3.2  kg/s to 
3.6  kg/s resulted in a maximum augmentation of 25% in 
cell deformation (Fig.  7a). A higher mass flow rate may 
reduce the boundary layer around microalgal cells, thereby 
enhancing nutrient diffusivity. However, the substantial 
fluid stresses generated at high mass flow rates significantly 
compromised the integrity of the microalgal cell wall.

Figure 7b shows the effect of mass flow rate on the radial 
von Mises stress (Pa) of microalgal cells. The von Mises 
stress increased with an increase in the mass flow rate 
because of the large hydrodynamic stresses on the micro-
algal cells. An approximate increase of 21% in von Mises 
stress occurred when the mass flow rate increased from 
2.8 kg/s to 3.2 kg/s, and an increase of 24% was observed 

contact with surrounding microalgal cells, the deformation 
of the middle microalgal cells (30 and 41) was minimal. The 
microalgal cells near the corners, or 1 and 15, on the con-
trary, had significant wall deformation as a result of little 
contact with the surrounding cells. Turbulent mixing was 
increased in the lower channel of the reactor (location B′ ) 
because of the velocity increase here due to the geometric 
shape of the reactor. Therefore, cell wall deformation was at 
the highest when the microalgal cells moved to location B′  
of the reactor, as depicted in Fig. 5b. The microalgal cells 
could be destroyed by excessive algal cell wall deformation 
because it damages the cells’ internal components, such as 
the nucleus and chloroplast. These findings suggested that 
position B’ is crucial for microalgal production because 
microalgal cell damage is likely to happen in this region of 
the reactor [16, 18]. This study thus employed microalgal 
cell 15 at position B’ to further investigate the impact of the 
reactor’s geometric and hydrodynamic characteristics on 
microalgal cell damage.

To analyse nutrient diffusivity, the wall shear stress on 
the microalgal cell’s surface was estimated. As illustrated 
in Fig. 6, the microalgal cell’s lower and trailing edges dis-
played minimal cell wall shear stress, whereas the leading 
edge and upper regions experienced significant shear stress 
levels. A pronounced increase in wall shear stress occurred 
at location B’ because of the presence of intense turbulent 
mixing. This observation suggested that nutrient diffusivity 
was enhanced at locations B’ and A. This enhancement could 
be attributed to the reduction in boundary layers around the 
cell surface, which was a consequence of the elevated shear 
stress levels in these specific areas. However, it’s important 
to consider the stress tolerance in macroalgae, which var-
ies depending on factors such as species, habitat, and envi-
ronmental conditions. Generally, macroalgae can withstand 

Fig. 4  Effect of microalgal cell wall location on (a) cell wall deformation (nm) and (b) von Mises stress (Pa) for a reactor with AR = 180 at a water 
depth of 5.6 mm and a mass flow rate of 2.8 kg/s

 

1 3

5826



Waste and Biomass Valorization (2024) 15:5819–5831

Effect of AR

Figure 8 depicts the effect of AR on the radial wall deforma-
tion (nm) and von Mises stress (Pa) of microalgal cells in a 
reactor with a culture depth of 5.6 mm and a mass flow rate 
of 2.8 kg/s. Figure 8a demonstrates that as AR increased, 
a reduction in microalgal cell wall deformation occurred, 
which could be attributed to the decrease in turbulent mixing 

when the mass flow rate increased from 3.2 kg/s to 3.6 kg/s. 
Accordingly, elevated mass flow rates are unfavourable for 
microalgal cultivation within the TLC reactor due to the 
considerable deformation of microalgal cell walls and the 
associated high-power requirements [16, 17].

Fig. 5  Contour plots of cell wall deformation (nm) for a TLC 
reactor with AR = 180 at a depth of 5.6 mm and a mass flow 
rate of 2.8 kg/s at (a) location B′  and (b) location B
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as the AR of the reactor increased. Specifically, increasing 
the AR from 180 to 260 resulted in a reduction of approxi-
mately 16% in von Mises stress. Similarly, a decrease of 
approximately 12% in von Mises stress was observed as 
the AR increased from 240 to 360. These observations 
suggested that turbulent mixing is particularly effective in 
reactors with smaller ARs. It enhances the distribution of 
sunlight and facilitates nutrient transport to the surface of 
microalgal cells. However, reactors with narrow channels 
(characterised by smaller ARs) result in substantial cell wall 
deformations, indicating a higher likelihood of significant 
damage to microalgal cells and consequently reduced cell 
productivity [15, 17, 19, 20].

Effect of Water Depth

Water depth has a considerable impact on microalgal 
cell wall damage because of its direct influence on turbu-
lent mixing in the reactor. Figure 9 shows the estimation 
of the effect of water depth on the wall deformation (nm) 
and von Mises stress (Pa) of microalgal cells in a reactor 
with AR = 180 and a mass flow rate of 2.8 kg/s. In Fig. 9a, 
the deformation of the microalgal cell wall exhibited an 
inverse relationship with water depth. When the water depth 
increased from 5.6 mm to 7.5 mm, the cell wall deformation 
decreased by approximately 18%. Likewise, an increase 
in water depth from 7.5 mm to 10 mm resulted in a 20% 
reduction in microalgal cell wall deformation. These find-
ings emphasised that reactors with shallower culture depths 
enable sunlight to penetrate to the reactor’s bottom, pro-
moting uniform mixing of microalgal cells, which in turn 
enhances effective light utilisation within the system [2–4].

resulting from the higher AR values. With an increase in 
AR, the water velocity within the reactor decreased, subse-
quently leading to reduced turbulent mixing. TLC reactors 
characterised by larger AR values experience lower water 
velocities, which in turn contribute to the decreased cell 
wall deformation due to the small applied fluid forces [24, 
37]. A maximum reduction of approximately 10% in cell 
wall deformation was observed as the AR increased from 
180 to 260. By contrast, an increase in AR from 260 to 340 
led to a 17% decrease in cell wall deformation.

Figure 8b depicts the effect of AR on the radial von Mises 
stress (Pa) of the microalgal cells in the reactor. This study 
employed the radial von Mises stress to assess if the micro-
algal cell wall could sustain the applied turbulence flow 
forces. The von Mises stress exhibited a significant decrease 

Fig. 7  Effect of mass flow rate on (a) radial cell wall deformation (nm) and (b) von Mises stress (Pa) for a TLC reactor with a water depth of 
5.6 mm and AR = 180

 

Fig. 6  Effect of microalgal cell wall location on wall shear stress (Pa) 
for a TLC reactor with AR = 180 at a depth of 5.6 mm and a mass flow 
rate of 2.8 kg/s
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Conclusion

A numerical model based on FSI was employed to investi-
gate the effect of turbulence on microalgal cell wall dam-
age in a TLC reactor. The influence of water turbulence was 
simulated using the ALE numerical approach. This study 
examined how the hydrodynamic and geometric character-
istics of the reactor, such as channel width and depth, affect 
microalgal cell wall damage at four distinct locations within 
the reactor. Furthermore, it explored the impact of ARs and 
water depth mass flow rate on microalgal cell walls in terms 
of parameters such as wall shear stress, cell wall deforma-
tion and von Mises stress at the same four reactor locations.

Figure 9b depicts the effect of water depth on the von 
Mises stress (Pa) of microalgal cells. The von Mises stress 
magnitudes were significantly influenced by the culture 
depth. Increasing the water depth resulted in a decrease 
in von Mises stress because of small hydrodynamic fluid 
forces. Specifically, when the water depth increased from 
5.6  mm to 7.5  mm, the von Mises stress decreased by 
approximately 25%. Conversely, when the water depth 
decreased from 7.5  mm to 10  mm, the von Mises stress 
decreased by approximately 33%. These findings suggested 
that microalgal cells in shallow reactors are more suscep-
tible to damage due to significant cell wall deformations, 
which can adversely affect the microalgal culture and sub-
sequently reduce biomass productivity [16–18].

Fig. 9  Effect of water depth on (a) radial cell wall deformation (nm) and (b) von Mises stress (Pa) for a TLC reactor with AR = 180 and a mass 
flow rate of 2.8 kg/s

 

Fig. 8  Effect of AR on (a) radial cell wall deformation (nm) and (b) von Mises stress (Pa) for a TLC reactor with a water depth of 5.6 mm and a 
mass flow rate of 2.8 kg/s
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deformation in nonuniform capillaries: Effects of the endothelial 

	● The high cell wall shear stresses at locations B’ and A 
led to a decrease in the boundary layer around the cell 
surface, which increased the nutrient diffusivity rates to 
the microalgal cells at these locations.

	● Microalgal cells that encountered the water flow were 
considerably deformed, and their particle–particle in-
teractions reduced the impact of flow stresses on their 
cell wall structure. Von Mises stress exhibited an inverse 
relationship with cell wall deformation, whilst cell wall 
shear stress showed a direct correlation with cell wall 
deformation.

	● Microalgal cell wall deformation was important at loca-
tions B’ and A, indicating that algal production might 
be considerably reduced/affected in these reactor zones. 
The increase in AR reduced the microalgal cell wall de-
formation and von Mises stresses. TLC reactors with 
wide channels are thus suitable for algal cultivation due 
to minimum cell wall damage.

	● Increasing water depth led to a decrease in cell wall 
deformation and von Mises stresses, whereas shallow 
water depths resulted in increased microalgal cell wall 
damage. Meanwhile, increasing the mass flow rate con-
siderably increased the cell wall deformation and von 
Mises stress. To maximise algal production, the appro-
priate hydrodynamic and geometric parameters should 
be chosen to ensure effective turbulent mixing with 
minimal damage to the microalgal cell wall.
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Abstract
Purpose  This study experimentally developed and characterised dry-blended Polycaprolactone (PCL)/date palm fibre bio-
degradable composites for sustainable packaging applications. Date palm fibres are collected from date palm trees as by-
products or waste materials. They will be valorised in bio-composite application to promote fibre-based sustainable pack-
aging items over their non-biodegradable synthetic polymer based conventional packaging products. In the dry-blending 
process, fibre and polymer are mixed with a shear mixer, while, in a melt-blending process, an extruder is used to extrude 
fibre/polymer blends after applying heating and high shear pressure to melt and mix polymer with fibres. Dry-blending 
process offers many comparative advantages, such as less equipment, steps, cost, process degradation, energy consumption 
and hence, lower harmful environmental emissions; while, a proper fibre/polymer mixing is a challenge and it needs to be 
achieved properly in this process. Therefore, it is important to understand the effects of dry-blending process on manufac-
turing of PCL/date palm fibre bio-composites for packaging applications, before promoting the dry-blending as a suitable 
alternative to the melt-blending process.
Methods  Short chopped fibres were grinded as powders and dry-blended at a ratio of (0 − 10%) (w/w) with PCL polymer 
using hand and a shear mixer for 30 min, following a compression moulding process to produce bio-composite samples. 
Tensile, water contact angle, SEM, TGA, DSC and DMA tests and analysis were conducted. The dry-blended PCL/date palm 
fibre composites’ properties were compared with reported melt-blended samples’ results found in literature.
Results  Dry-blended samples showed an increase in tensile modulus values (up-to 20%) with fibre inclusion and these val-
ues were found close to the melt-blended samples in the literature. Tensile strength and strain values were reduced which 
could be related to the poor fibre/polymer interface. Fibre addition affected the thermal, thermo-mechanical and crystallisa-
tion processes in PCL polymer matrix.
Conclusion  Dry-blending is capable of producing bio-composites with a very comparable properties to melt-blended coun-
terparts, although a more details study is needed to conduct in future. The results of this study, could be used carefully to 
design dry-blended PCL/date palm fibre bio-composites for possible packaging applications. The irregular fibre distribution 
in dry-blended samples could be improved in different ways which should be investigated in future.
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Introduction

Synthetic fibres are typically derived from petroleum-based 
sources, which contribute to negative environmental impact 
and deplete non-renewable resources. In contrast, natural 
fibres a competitive alternative, especially those derived 
from plants ( flax, hemp, jute, date palm fibre), are renew-
able and biodegradable [1]. The processing of natural fibres 
has less impact on the environment compared to synthetic 
fibres [2]. Natural fibres may require a higher percentage in 
fibre reinforced composite applications compared to glass 
fibres, but this leads to a reduction in resin percentage, 
resulting in pollution reductions caused by non-biodegrad-
able polymers [3]. The low density of natural fibres leads to 
better specific efficiency, resulting in fewer emissions dur-
ing service life such as automotive applications [4]. Lower 
energy consumption in processing of natural fibre contrib-
utes to overall environmental sustainability and the natural 
fibres show superior environmental performance in various 
aspects when compared to synthetic fibres, such as glass 
fibres [3]. Natural fibres have additional advantages, includ-
ing low cost, good thermal and acoustical insulation charac-
teristics, energy recovery, reduced tool wear in machining 
operations, degradability, and reduced dermal and respira-
tory irritation. Despite these benefits, challenges hinder the 
widespread adoption of natural fibres in polymer matrix 

composites. High moisture absorption and poor adhesion 
present obstacles, limiting applications and requiring strate-
gies such as coupling agents, fibre property enhancement 
through various chemical treatments, and careful produc-
tion method selection [5]. Additionally, the irregularity in 
natural fibre shape poses difficulties in predicting mechani-
cal properties.

Composite materials have evolved by incorporating syn-
thetic fillers like carbon and glass fibres and into thermosets 
or thermoplastic polymer matrices such as epoxy, polyester, 
vinyl ester, polyethylene, polypropylene, polyethylene tere-
phthalate and polyamide. Nevertheless, the increasing need 
for environmentally-friendly products has led to a transition 
towards the creation of composites produced from biologi-
cal sources and are also capable of decomposing naturally 
[6]. Lignocellulosic fibres derived from plants have become 
increasingly popular as organic fillers in developing com-
posites. These fillers are commonly combined with bio-
degradable polymer matrices like polylactic acid (PLA), 
thermoplastic starch (TPS) and polycaprolactone (PCL), 
which can be produced from biomass or synthesized from 
petroleum [7]. These materials have the qualities of being 
biodegradable and/or recyclable, and in numerous instances, 
they are completely produced from biological sources. Fur-
thermore, these materials exhibit non-toxic characteristics, 
high tensile and flexural modulus, the ability to be processed 
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at lower temperatures, and adjustable properties for specific 
uses.

The increasing awareness of the need to conserve non-
renewable natural resources has led to the advancement of 
environmentally friendly applications of advanced poly-
meric materials, specifically bio-based composites derived 
from agricultural and industrial waste products. This move-
ment corresponds to the wider transition towards sustain-
able practices, propelled by environmental concerns and 
efforts to mitigate climate change. Agro-industrial wastes, 
which are produced during agricultural processes, and by-
products, which are generated from industrial activities, 
are acknowledged as inexpensive raw resources that have 
considerable promise to be valorised for the development 
of advanced sustainable materials. Various literature rec-
ognizes the economic and environmental benefits of using 
renewable sources, highlighting their ability to break down 
naturally and reduce waste [8]. Bio-based composites offer 
a viable alternative to conventional polymeric materials 
due to their renewable source and frequently biodegradable 
properties. This strategy not only helps conserve resources 
but also tackles concerns regarding trash disposal and envi-
ronmental effect. While biopolymers possess renewability 
and biodegradability, they frequently demonstrate dimin-
ished mechanical strength, permeability, and thermal stabil-
ity, restricting their applicability in certain contexts [9]. A 
prevalent approach to augment their overall performance 
and enhance commercial feasibility entails introducing rein-
forcing agents [10]. These additives, alternatively termed 
fillers or reinforcements, are integrated into biopolymers to 
enhance particular properties like strength, resilience, and 
thermal resistance. The potential of agricultural bio-waste as 
effective reinforcements in composite manufacture reported 
in various literatures [11]. Furthermore, bio-waste can be 
valorised and utilized in many formats to produce compos-
ite materials and their wide-ranging uses. The adaptability 
of bio-waste can be used at many stages and processes, lead-
ing to enhanced characteristics of composite materials.

Date palm fibres are sourced from date palm trees, 
mainly cultivated in hot and humid regions, such as Arab 
and North African countries. Although date palm trees are 
cultivated mainly for fruits, date palm fibres are collected as 
by-products or agricultural waste materials from yearly fruit 
harvesting activities, or maintenance and pruning actions of 
these tress to encourage their good growth. The production 
of date palm fruit on a global scale has consistently shown 
a steady increase, highlighting the growing significance of 
date palm trees. It is estimated that currently near about 
100 million date palm trees are present worldwide [18]. A 
single date palm tree produces at-least 26 Kg/year of agri-
cultural waste materials from different parts of its struc-
ture [12, 13] and from this, it can be easily understood the 

amount and availability of date palm fibre agricultural waste 
bio-mass across the world. It has been reported that only in 
MENA (Middle east and North Africa) regions, this agricul-
tural waste materials production can be varied from 2.6 to 
2.8 million tonnes annually [12].

Presently, a significant portion of date palm fibres is 
directed towards low-value products. Thus, finding sensible 
and innovative methods to utilize agricultural residues like 
date palm fibres is gaining attention from both researchers 
and industry. The goal is to move away from traditional 
low-value applications and explore new ways of incorporat-
ing these fibres into polymer composite reinforcements or 
other advanced applications, which could lead to enhanced 
resource utilization and value creation. This approach not 
only aligns with sustainability goals but also has the poten-
tial to offer economic benefits. Various research has been 
carried out using recyclable or virgin thermoplastics like 
High Density Polyethylene (HDPE) and polypropylene (PP) 
with virgin or recycled natural fibres [14] with keeping the 
sustainability goal in mind. Date palm wood flour mixed 
with recycled polypropylene exhibited increased tensile 
strength [15] and similar results are reported by reinforcing 
recycled high density polyethylene with date palm fillers 
[16].

Date palm fibres can be turned into as foam materials 
and utilised them for heat and sound insulation properties. 
Chemical blowing agents [17] can be mixed with fibres in 
a polymer matrix, which can be melted and create foaming 
bubbles in mixed fibre-polymer phases during the manu-
facturing process of fibre/polymer-based foam. For date 
palm fibre in polymer composites, Mousa et al. reported the 
date palm agricultural biomass mixed with PLA using melt 
blending technique showed higher elongation at break with 
the addition of plasticizer and shows potential in semi-struc-
tural packaging applications [18]. Films of PLA reinforced 
with date palm leaves fillers manufactured using extrusion 
blowing techniques are also reported to show enhanced ten-
sile properties [19]. The incorporation of date palm midrib 
powder as a reinforcing filler in the biodegradable polyvinyl 
alcohol (PVA) matrix led to a significant improvement in 
tensile strength [20]. Dhakal and co-authors [21] studied the 
mechanical properties of date palm fibre leaf sheath pow-
ders with biodegradable polycaprolactone (PCL) as matrix 
and reported that the tensile strength is highest at 20%wt 
and is comparable with other agricultural waste biomass 
like wheat bran [22]. Dhakal et al. further reported that 
using PCL as a matrix in date palm composites in compari-
son with other polymers like TPU, PLA and phenolic resin 
showed higher tensile strength and the plausible explanation 
of this is higher affinity of PCL at the interface of the ligno-
cellulose fibres.
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established industrial process to mix fibres in the polymer 
effectively and properly. In contrast, an extrusion process 
requires expensive equipment, initial investment in any 
industry, highly skilled manpower to operate the equipment, 
large space to accommodate equipment and the whole man-
ufacturing process and the most importantly, the extrusion 
process itself requires an extensive amount of energy con-
sumption for material processing. In addition, it has been 
reported that in the melt blending process, date palm fibre/
PP bio-composites face thermal degradation [17] which 
could be harmful for ultimate composites performances in 
a real-life environment. Unlike the melt extrusion process, 
in a dry-blending process, fibres are mixed with polymer 
by manually and/or with a high-speed shear mixer without 
applying any heating for the polymer melting. Although, a 
dry-blending is an easy process, requires no special equip-
ment/initial business investment/significant fibre and poly-
mer degradations, less process energy consumption and 
cost, this process has a lacking of proper fibre distribution 
in the polymer matrix. Considering the advantageous char-
acteristics of a dry-blending process, it is possible to use 
the dry-blending as an alternative to the melt blending pro-
cess and this needs an in-depth study on the performance 
analysis of any dry blended fibre/polymer bio-composites. 
The process optimisation and the removal of the extrusion 
process for the blending of fibre and polymers, will allow 
the cleaner production concept in this field, which will 
ultimately reduce process waste, energy and resource con-
sumption for the manufacturing of bio-composites, promote 
workers safety work environment and a quicker process 
leading to a lower production cost.

In this work, we added date palm fibre in PCL polymer 
matrix through a dry-blending process and the dry-blended 
fibre-polymers were used in a compression moulding tech-
nique to manufacture PCL/date palm fibre bio-composites 
for sustainable packaging applications. PCL is a cheap, 
hydrophobic, fossil-based biodegradable polymer, abun-
dantly available in the current market and low melting poly-
mer which have made the bio-composite manufacturing 
process easier in terms of energy and resource consumption. 
Date palm fibres were grinded into powder so that they could 
be mixed in a better way with PCL polymer pellet during the 
dry-blending process. The objectives of this study were to 
develop dry-blended PCL/date palm fibre bio-degradable 
composites at different fibre/polymer weight ratios and 
characterise their mechanical, water contact angle, thermal 
and thermo-mechanical properties. Also, these properties 
of dry-blended bio-composites were compared with melt 
blended PCL/date palm fibre samples, reported in literature 
so far, in order to understand the effects of dry-blending on 
PCL/date palm fibre composites’ properties so that they can 
be applied in sustainable packaging applications.

Conventional packaging derived from petroleum is 
widely utilized in various applications owing to its notable 
features such as impressive specific strength, durability, 
ease of processing, and cost-effectiveness. However, despite 
these merits, this type of packaging comes with a substan-
tial environmental downside as it requires several centuries 
to undergo complete decomposition [23]. The protracted 
decomposition period gives rise to significant environmen-
tal concerns, creating difficulties in waste management and 
sustainability efforts. Natural fibre based sustainable pack-
aging are gaining upmost importance in the recent time in 
order to limit the production of conventional petroleum-
based packaging materials. Utilizing composite materials 
composed of natural fibres is highly advantageous in pack-
aging applications, particularly as an alternative to synthetic 
materials derived from petroleum. A noteworthy example 
is - a company specializing in packaging material crafted 
from coconut fibre, and there are several attempts being 
made to produce food packaging utilizing cereal waste, 
such as straw [24, 25]. The utilization of date palm fibres 
and agricultural waste biomass in powdered form presents 
a substantial merit as a filler material in food packaging. 
From an environmental perspective, these materials pose no 
complications in terms of recycling or disposal after use.

Polycaprolactone (PCL) is a potential fossil-based bio-
degradable material for sustainable packaging applications 
and its various properties such as hydrophobicity, moisture 
or oxygen barrier performances, mechanical properties etc. 
are engineered and tailored through blending with other 
bio-polymers, such as PLA [26]. PCL is reported to exhibit 
lower tensile strength but when blended with another bio-
degradable polymer PLA, showed higher stiffness. In this 
regard, valorisation of agricultural biomass ( date palm 
fibres) as reinforcing agents in different bio-degradable 
polymers like PCL, has the potential to enhance the overall 
mechanical behaviour of fibre/polymer bio-composites for 
semi-structural or non-load bearing packaging applications 
[27]. There are two ways date palm fibres can be used in a 
polymer matrix – (1) for fibre reinforced composites, date 
palm fibres (long, short, chopped etc.) can be placed as layer 
by layer with polymer matrix, followed by a compression 
moulding or other fibre reinforced composite manufacturing 
technique and (2) fibres at a particular size can be blended 
with polymers and use this fibre/polymer blend in differ-
ent plastic moulding processes, such as injection, compres-
sion etc. to produce ultimate products. The fibre/polymer 
blending process can be done in two different ways- (1) melt 
blending through an extrusion process and (2) dry-blending 
process.

In an extrusion melt blending process, heating and higher 
shear force are used to melt polymer, so that the melted 
polymer can be mixed with fibres properly. This is an 
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Dry-Blending and Compression Moulding for PCL/
Date Palm Fibre Bio-Composite Manufacturing

Date palm fibre powders were blended with PCL polymer 
pellets at different ratios (Table 2) by the dry-blending pro-
cess using hand mixing followed by a shear mixing process. 
The dry blended PCL/date palm fibre mixtures were com-
pression moulded into 160 mm (l) × 160 mm (w) × 2 mm 
(t) moulded plaques using an electrically heated hydraulic 
press. The compression moulding process involved the 
heating of empty mould (both upper and lower parts of the 
mould) at 120° C for 20  min, the subsequent placing of 
polymer and fibre mixtures evenly on the lower part of the 
mould very quickly and closing the mould, followed by a 
heating stage of the mould with fibre/polymer mixture for 
10 min at 120° C without any pressure. After that, a 5 MPa 
pressure was used on the mould for 8 min at the same tem-
perature. with the following pressure release and normal air-
cooling stages for the temperature down to 20° C before the 
de-moulding of moulded bio-composites was taken place.

Tensile Testing

Tensile test was conducted on PCL/date palm fibre bio-com-
posite samples according to ISO 527 -2 test standard using a 
Universal testing equipment (Zwick/Roell Z010) with a load 
cell of 10 kN. ISO 527-2 5 A type test specimens were cut 
from moulded bio-composite panels with a cutting puncher 
and they were tested at a displacement rate of 50 mm/min 

Materials and Methods

Materials

PCL polymer was purchased from Easy Composites, UK 
as the Mouldphorm grade with a molecular weight (Mw) 
of 55,000 g/mol, MFI of 9 g/10 min (80° C, 2.16 Kg) and 
density of 1.145 ( g

/
cm3). Leaf sheath date palm fibres 

were collected from Saudi Arabia (Al-Ahsa, Eastern Prov-
ince) as long fibres in bundles. Date palm fibre physical and 
mechanical properties are given in Table 1 [1, 28, 29].

Date Palm Fibre Grinding Process

Long fibres were cleaned in hot water, dried in an open 
environment for 72 h, then chopped into 1 cm long fibres, 
followed by a further drying operation in an oven for two 
hours at 80  °C. The dried chopped fibres were grinded 
into powders using a powerful laboratory scale bench-top 
RETSCH Ultra Centrifugal Mill ZM 300 in a cryogenic 
grinding mode to avoid any fibre degradation during the 
grinding operation (Fig. 1). The grinding speed was up-to 
18,000 rpm and a stainless-steel ring sieve of 350 μm was 
used to produce the fibre powder with a range of particle 
size of 350–500 μm. In this mill the grinding operation is 
happened by impact and shearing effects between the rotor 
and the fixed ring sieve (Fig. 1).

Table 1  Date palm fibre details
Fibres Density (g/

cm3)
Breaking tensile 
strength (MPa)

Tensile 
modulus 
(GPa)

Elon-
gation 
(%)

Date palm 
fibres

0.9–1.2 [1, 
28, 29]

170–275 [1] 5–12 [1] 5–10 
[1]

Table 2  PCL/date palm fibre bio-composite samples details
Samples PCL (w/w %) Date palm fibre powder (w/w %)
100% PCL 100 ---
2.5% DPF-PCL 97.5 2.5
5% DPF-PCL 95 5
7.5% DPF-PCL 92.5 7.5
10% DPF-PCL 90 10

Fig. 1  Date palm fibres and PCL polymer pellets – (a) original long fibres, (b) fibres grinded as powder, (c) fibre powder and polymer pellet are 
placed side by side, just before the dry-blending process
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Xc (%) =
∆Hf

∆Hf0
× 100%

Thermogravimetric Analysis (TGA)

A TA Q 50 TGA equipment was used to investigate the Ther-
mal stability and degradation behaviours of bio-composites 
in an air atmosphere in the temperature range from 30 °C to 
700 °C at a heating rate of 20 °C/min.

Thermo-mechanical Analysis (DMA)

The thermo-mechanical properties of bio-composites were 
determined from 20° C to 45° C at a heating rate of 2° C/min, 
a 1 Hz oscillation frequency and a 20 μm strain amplitude, 
in a nitrogen gas atmosphere using a double cantilever mode 
DMA TA Q 800 equipment. From DMA experiments, both 
storage modulus (Eo ) and loss factor (tanδ) were measured.

Results and Discussion

Tensile Properties Analysis of Dry-Blended PCL/Date 
Palm Fibre Bio-Composites

Figure 2a provides typical tensile stress-strain curve up-to 
breaking points of dry-blended PCL/date palm fibre bio-
composites, while, Fig. 2b shows the tensile curves up-to 
20% strain of all tested bio-composites, so that the initial 
tensile test response of PCL/date palm fibre composites can 
be seen clearly. Average tensile properties data are presented 
in Table 3. From them, it can be seen that 100% PCL plastic 
samples have high strain value which was found to decrease 
significantly with the addition of date palm fibres in its 
matrix. Only a 2.5% (w/w) date palm fibre addition into the 
PCL matrix made a huge decline in the strain (%) values 
compared to the 100% PCL samples. A further continuous 
decrease was also noticed with the increase of date palm 
fibre percentage in the main polymer matrix; between them, 

until they became broken in tensile tests. Five specimens of 
each type of bio-composite samples were tested.

SEM Characterisation

Scanning Electron Microscopy (SEM) images of PCL/date 
palm fibre bio-composites’ broken surfaces with a 5 mm × 
5 mm dimension were taken using a Zeiss Evo ma10 equip-
ment at different magnification scales. A thin layer gold 
coating was applied for 40  s with a Quorum Q150R Plus 
sputter coater on specimens before taking SEM images. The 
images were investigated to understand the distribution of 
fibres within PCL polymer matrix.

Water Contact Angle Measurements

A KSV CAM-101 machine equipped with a CAM 2008 
software was used to measure the water contact angle of 
bio-composites’ surfaces for revealing information about 
their surface wettability. Water droplets were placed at dif-
ferent positions of the same sample and 10 measurements 
were taken for calculating an average water contact angle 
value of each sample.

Differential Scanning Calorimetry (DSC)

DSC analysis of manufacture PCL/date palm fibre bio-com-
posites were carried out in a TA Q 100 DSC equipment, using 
a heat-cool-heat method, wherein, the first heating cycle 
was started from − 60 °C to 80 °C, followed by a cooling 
cycle from 80 °C to -60 °C with a subsequent second heat-
ing cycle up-to 80 °C. For both heating and cooling cycles, 
the same heating or cooling rate of 10° C/min was used. The 
degree of crystallinity of samples was measured with the 
following equation, wherein, ∆Hf  and ∆Hf

◦  are the heat 
of fusion per gm of bio-composite samples and 100% PCL 
crystalline samples respectively. ∆Hf

◦  was considered as 
135.31 J/g for the degree of crystallinity calculation.

Degree of crystallinity, 

Fig. 2  (a) Tensile stress-strain 
curves of dry blended PCL/date 
palm fibre bio-composites (b) 
Tensile stress-strain curves up-to 
20% strain for all bio-composites
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data, a decline of strength values up-to 33% was determined 
for the 10% DPF-PCL samples compared to their 100% 
PCL bio-composite counterparts. From these tensile data, 
it is obvious that the fibre increases the resistance to tensile 
force in the PCL matrix at the start of tensile loading, result-
ing in an increase in the dry-blended composites’ modulus 
values, which was not continued for long to support an 
increase in the maximum strength values, because of the 
significant drop in the ductility properties of the PCL matrix 
as found in strain data of tested bio-composites.

SEM Images of Dry-Blended PCL/Date Palm Fibre 
Bio-Composites’ Fractured Surfaces

SEM image analysis was employed to understand the 
fracture surface morphology under tensile loading and 
fibre distribution in the dry blended PCL/date palm fibre 
bio-composites. All composite types were investigated, 
although images from only 2.5% DPF-PCL and 7.5% DPF-
PCL bio-composites are included in Fig.  3, since all bio-
composite types showed a similar result. Fracture surface 
features support the findings of tensile tests of bio-com-
posites in this work. From SEM, it is obvious that 2.5% 
DPF-PCL bio-composite has less fibre contents compared 
to 7.5% DPF-PCL samples, as expected. Fibre content has a 
direct impact on tensile properties [30], as observed in this 
work. Fibre powders were not found distributed through-
out the PCL matrix, instead, a fibre rich and fibre less areas 
were identified due to the agglomeration of fibre powders 
and this effect was more obvious with 7.5% DPF-PCL spec-
imens. The irregular distribution of fibre powders created 
a less adhesion at fibre powder-polymer interfaces [1, 31, 
32]. Also, their hydrophilic (fibres) – hydrophobic (PCL 
polymer) polarities were responsible for their less adhesion. 

the higher fibre percentage − 7.5% and 10% fibres (w/w) 
showed very similar strain values of dry-blended PCL/date 
palm fibre bio-composites. Based on this observation, it can 
be said that perhaps a further increase of fibre contents into 
the polymer matrix might not reduce the strain values very 
sharply, which needs to be confirmed with experimental 
work in a future research.

The observed strain value decrease is not unexpected, 
since the fibre addition in the polymer matrix creates inho-
mogeneous structure and a poor adhesion at fibre-polymer 
interfaces which brings brittleness or reduction in the strain 
values. In opposite, tensile modulus was seen to increase 
with the increase of fibre addition percentages. In this 
work, the 100% PCL sample modulus was found within 
the expected range. The 2.5% DPF-PCL bio-composites 
showed a tensile modulus of 176 MPa which was almost a 
20% increase compared to only PCL samples. The highest 
modulus (198 MPa) was found for the 10% DPF-PCL bio-
composites and this was very close to the modulus value of 
the 7.5% DPF-PCL bio-composites. For maximum strength 

Table 3  Tensile properties of dry blended PCL/date palm fibre bio-
composites

Tensile maximum 
strength

Tensile strain at 
break

Tensile 
modulus

Sample types (MPa) (%) (MPa)
100% PCL 14.431

(± 2.897)
1400
(± 244.644)

148.975
(± 0.487)

2.5% DPF-PCL 12.318
(± 1.593)

346.674
(± 336.644)

176.372
(± 12.668)

5% DPF-PCL 9.164
(± 1.819)

74.135
(± 43.663)

183.25
(± 20.179)

7.5% DPF-PCL 9.757
(± 2.316)

46.836
(± 15.026)

196.086
(± 20.466)

10% DPF-PCL 9.649
(± 0.917)

48.836
(± 14.409)

198.005
(± 19.630)

Fig. 3  SEM images of (A) 2.5% DPF-PCL and (B) 7.5% DPF-PCL 
bio-composites’ fracture surfaces. DPF and PCL matrix are shown 
where they are abundantly seen in images. (1–4) number markings 

provide different information, 1 = DPF fibre rich area; 2 = PCL matrix 
rich area; 3 = debonding of fibre/matrix interface; 4 = fibre pull out
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in manufacturing processes may increase surface rough-
ness and this might have decreased the water contact angle 
values of compression moulded 100% PCL samples in this 
work. The date palm fibre incorporation reduced contact 
angles proportionally with their relative contents in PCL 
matrix bi-composites. Date palm fibres are hydrophilic 
and it is expected that their addition in PCL matrix had 
increased the composite surface roughness and these rea-
sons were responsible to reduce the water contact angle of 
date palm fibre/PCL bio-composites. For 2.5% and 5% date 
palm fibre-based composites, similar contact angles were 
measured to only date palm fibre contact angle, reported 
at 66°±3° [36] in other works in the literature. The low-
est water contact angle was noticed for the 10% DPF-PCL 
composites wherein the highest fibre content was used.

Analysis of DSC Results

Figure 5 (a - b) shows heating and cooling cycles of DSC 
analysis for providing information on melting and non-iso-
thermal crystallisation behaviours of PCL/date palm fibre 
bio-composites respectively. The melting temperature of 
only PCL and 2.5% DPF-PCL composites were found very 
close to each other, while, 10% DPF-PCL samples showed 
a slightly lower melting temperature. This could be related 
to the significant reduction in the crystallinity percentage 
of 10% DPF-PCL sample. The crystallinity was also found 
to reduce for the 2.5% DPF-PCL bio-composites compared 

Brittle failure feature was seen in both Fig. 3 (a, b), since 
the fibres were found broken clearly and the PCL matrix 
surface showed very close to smooth failure surface. In 
Fig. 3b, the debonding between the fibre-polymer interface 
was noticed and also, fibre pull out was occurred under ten-
sile loading scenario. Based on these fracture surface fea-
tures, it is clear that fibres provided some support to the PCL 
matrix to increase the mechanical properties, such as tensile 
modulus with an increasing fibre content, but due to a poor 
fibre-matrix adhesion interface the brittleness was increased 
of produced bio-composites. This observation supports the 
determined tensile properties in the earlier section.

Water Contact Angle of PCL/Date Palm Fibre Bio-
Composites

Water contact angle measurements provide information 
on hydrophilic or hydrophobic nature of polymer material 
surfaces linking to the relative wettability of materials [33, 
34]. In our work, this was measured through placing water 
droplets on bio-composite surfaces and capturing the angle 
between water droplets and bio-composite surfaces.

From Fig. 4, it can be seen that only PCL moulded sam-
ples have 77° water contact angle which is found very simi-
lar, but slightly lower, to the values reported in literature 
[35] This could be due to the manufacturing of PCL based 
substrate through different manufacturing processes, such 
as compression moulding vs. solvent casting. Differences 

Fig. 4  Water contact angles of PCL/date palm fibre (DPF) bio-composites
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TGA Results Analysis

TGA curves show that the degradation in DPF-PCL bio-
composites starts earlier unlike only PCL samples. This 
was occurred due to the fibre incorporation in PCL matrix. 
The similar finding was also reported for flax fibre-based 
bio-composites [37] Date palm fibre generally shows ther-
mal degradation in three stages [40, 41] - the first stage is 
between room temperature to 110 °C relating to the mois-
ture loss within the fibre structure; the second stage happens 
at 280 °C linking to the low molecular weight hemicellulose 
degradation and finally, the third stage is for the cellulose 
degradation at 360 °C. In our work, 2.5% and 10% DPF-
PCL bio-composites showed similar degradation behav-
iours at 280° C and 360 °C for hemicellulose and cellulose 
degradation respectively, while, the moisture evaporation at 
around 100 °C was not found very obvious. Degradations 
at 280° C and 360 °C are also very vivid in DTG curves, 
wherein, at 280° C almost 10% weight loss or degrada-
tion was identified and at 360° the main degradation was 
occurred. 100% PCL samples showed only one degradation 
step at near about 360° C- 400° C (Fig. 6).

Dynamic Mechanical Thermal (DMA) Analysis

DMA graphs provide good information on stiffness and 
fibre-matrix interfacial adhesion of bio-composites [42, 43]. 
In Fig.  7 (a), date palm fibre addition in the PCL matrix 
increased the storage modulus according to their relative 
contents in both 2.5% and 10% DPF-PCL samples. This 
result also supports the tensile modulus increase of PCL/

to 100% PCL samples, but not as significant as 10% DPF-
PCL samples. Non-isothermal crystallisation analysis was 
carried out at only 10° C/min cooling rate to understand the 
crystallisation behaviour of developed bio-composites in 
this work. It is very obvious that the crystallisation on-set 
shifted towards higher temperatures with increasing fibre 
contents in PCL-DPF composites compared to only PCL 
samples. The crystallisation rate was also faster due to the 
incorporation of fibres into PCL matrix, which can be found 
from crystallisation half-time data (Table 4).

In this work, the crystallisation half-time was measured 
based on the time taken from the on-set of crystallisations 
to the peak of crystallisation of samples. The faster cryst-
allisation half-time, higher crystallisation on-set and peak 
temperatures were also found for other natural fibres, such 
as flax [37] or sisal fibre [38] based polymer bio-composites 
in previous works reported in the literature. Date palm fibre 
surfaces acts as nucleating sites in PCL matrix that acceler-
ates the crystalline growth, although date palm fibre incor-
poration didn’t increase the overall crystallinity compared 
to 100% PCL samples. Because, the fibre surface also com-
plicates the crystallization process at the same time with the 
promotion of a slow additional secondary crystallisation pro-
cess [39], which was quite obvious for 10% DPF-PCL bio-
composites from their second shoulder in the crystallisation 
peak temperature. Moreover, the overall crystallisation time 
was found higher for date palm fibre composites because of 
this secondary crystallisation, which basically was occurred 
to improve the crystalline order of bio-composites.

Table 4  DSC analysis data for melting and crystallisation behaviour of PCL/date palm fibre bio-composites
Samples Melting Crystallisation

Melting temperature
(Tm, °C)

Crystallinity (%) On-set temperature (T0, °C) Peak
temperature
(Tc, °C)

Crystallisation time (s)
Half time (t1/2) Full time

100% PCL 58.86 55.40 33.82 23.46 62.16 104.34
2.5% DPF-PCL 59.01 53.75 36.46 27.69 52.62 108.30
10% DPF-PCL 57.96 33.08 38.60 31.95 39.90 118.08

Fig. 5  DSC analysis of bio-com-
posites –heating cycle (a) and 
cooling cycle (crystallisation) (b)
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the molecular mobility of less crystalline PCL polymer 
in 10% DPF-PCL bio-composites also started to increase 
more, leading to a reduction in the storage modulus after 
30 °C. Based on storage modulus curves, it was expected 
that only PCL samples would exhibit higher loss modulus 
values compared to fibre incorporated composites which 
was found totally opposite in DMA tests. 10% DPF-PCL 
composites had higher loss modulus compared to 2.5% 
DPF-PCL or 100% PCL samples. The observed higher loss 
modulus in bio-composites could be due to the fibre incor-
poration in polymer matrix which has better capability to 
dissipate energy in irregular fibre distribution and weak 
fibre-polymer interface in bio-composites.

date palm fibre bio-composite, described earlier. Although 
10% DPF-PCL samples showed a higher storage modulus 
up-to 30 °C, they showed an opposite trend in the storage 
modulus value after 30° C compared to 2.5% DPF-PCL 
composites. In DSC results analysis, it was seen that the 
10% date fibre contents promoted the secondary crystal-
lisation in PCL matrix very obviously, which ultimately 
reduced the degree of crystallinity significantly compared 
to other date palm fibre-PCL bio-composites.

A higher fibre content in 10% DPF-PCL composites 
resisted more mechanical force initially and increased 
their elastic responses and hence, showed a higher storage 
modulus. But, with the increase of heating temperature, 

Fig. 7  DMA graphs of DPF-PCL bio-composites – (a) storage modulus and (b) loss modulus

 

Fig. 6  Thermogravimetric analysis of – (a) TGA and (b) DTG curves of DPF-PCL bio-composites
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Design Implications for Sustainable Packaging 
Applications

It is hoped that the findings of this work will be helpful 
to promote the use of dry-blending process as an alterna-
tive to melt-blending process for manufacturing of PCL/
date palm fibre bio-composites with good mechanical and 
thermal performances. The observed mechanical proper-
ties might be enough and could be used to carefully design 
PCL/date palm fibre bio-composites for sustainable packag-
ing applications, wherein, mechanical load bearing demand 
is not a likely scenario and also the ductility property of 
packaging products is not the utmost priority. The ther-
mal properties analysis also indicates that PCL/date palm 
fibre-based bio-composites can be easily used from a nor-
mal temperature to 40–45 °C. Considering both mechanical 
and thermal properties, some potential sustainable applica-
tions could be - disposable cutlery items, disposable plates, 
food container or tray mainly for cold, normal or slightly 
warm foods, packaging box for gift items or carrying veg-
etables/fruits/chocolates, small to medium size packaging 
trolleys or bags for storing or transferring components ( 
electrical or DIY tools etc.) carrying very small amount of 
mechanical loads etc. For sustainable packaging products, 
barrier properties to moisture, oxygen and other gases with 
required functionalities are very important. In this regard, 
the observed less water contact angle of dry-blended PCL/
date palm fibre composites is an indication of hydrophilic-
ity with increasing surface roughnesses which might affect 
the deposition of barrier coating layer on surfaces positively 
[33] and hence, influence ultimate barrier properties of bio-
composite packaging products. This warrants a detail inves-
tigation in future.

Conclusions

Dry-blended PCL/date palm fibre bio-composites were 
manufactured and their mechanical and thermal properties 
were investigated. Key findings are summarised as below-.

	● Tensile modulus values showed an increase up-to 20% 
for the 10% DPF-PCL bio-composites, while, tensile 
strength and strain values were reduced compared to 
100% PCL samples. The lower mechanical properties 
could be related to an irregular fibre distribution in dry-
blended composite samples.

	● The inclusion of date palm fibre affected the crystal-
lisation in PCL polymer matrix, reduced the degree of 
crystallinity and promoted a secondary crystallisation 
process.

Effects of Dry-Blending on Manufacturing of PCL/
Date Palm Fibre Bio-Composites and a Literature-
Based Comparison with Melt Blended PCL/Date 
Palm Fibre Bio-Composites

As discussed earlier, the dry-blending process removes an 
extra melt extrusion process from the compression mould-
ing or other moulding based bio-composite manufactur-
ing process. In our work, despite of having irregular fibre 
powders distribution in the polymer matrix due to the dry-
blending process, the manufactured PCL/date palm fibre 
bio-composites demonstrated a very comparable tensile 
properties to melt-blended PCL/date palm fibre counter-
parts, reported in the literature. Dhakal et al. manufactured 
date palm fibre /PCL bio-composites and characterised 
their tensile and low velocity impact properties [21]. For 
a 20% date palm fibre in PCL matrix, they reported a ten-
sile modulus of 284 MPa, strain of 21% and tensile strength 
of 24 MPa. In this work, tensile modulus, strain and ten-
sile strength values were achieved as 198 MPa, 48% strain 
and 9.6 MPa respectively with a 10% fibre-based PCL bio-
composites. Although, it is very difficult to compare directly 
these two different studies on PCL/DPF composites, it is 
expected that with the increase of date palm fibres up-to 
20% in the current dry-blended composites, the modulus 
values will be increased and could be comparable to a value 
of 284 MPa. The reduced tensile strength in this work com-
pared to the literature could be due to the differences in PCL 
polymer grade differences, since we used a very flexible 
PCL polymer grade for the bio-composite manufacturing. 
Therefore, based on this literature comparison, it can be said 
that the dry-blending process is capable of producing date 
palm fibre-PCL bio-composites with good mechanical prop-
erties through using less processing steps during blending 
and compression moulding processes. A further dry-blended 
compression moulding process optimisation could be inves-
tigated in future to improve a regular fibre distribution in 
polymer matrix by employing- (1) both polymer and fibres 
as powder materials at similar powder particle sizes for bet-
ter mixing and (2) placing the dry-blended powdered fibre 
and polymer on compression moulding moulds using a dis-
tribution tool to evenly distribute the dry-blend throughout 
the whole moulds. In these ways fibre distribution regulari-
ties could be achieved, leading to an improvement in ulti-
mate composites’ mechanical performances. Dry-blending 
of date palm fibre in the polymer matrix showed similar 
thermal performances to melt blended natural fibres into dif-
ferent polymers (flax fibre in PCL, bamboo fibre in PCL and 
sisal fibre in PP), such as an insignificant reduction in ther-
mal degradation resistance of bio-composites with reduced 
degree of crystallinity and the promotion of a slow second-
ary crystallisation in PCL polymer.
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Introduction

Levulinic acid (LA; 4-oxopentanoic acid, 
CH3C(O)CH2CH2CO2H) is among the top 12 biomass-
derived platform chemicals [1]. Its ketone carbonyl and 
carboxyl functional groups can be used for transforming it 
into other valuable products. LA-derived products include 
methyltetrahydrofuran (an industrial solvent), ethyl levu-
linate (a fuel oxygenate and lubricity enhancer), succinic 
acid, and many other useful chemicals [2–5]. LA can be 
made via acid-catalyzed hydrolysis of cellulose recovered 
from the inexpensive and plentiful lignocellulosic biomass, 
including agroindustrial wastes [5–10] such as oil palm 
empty fruit bunch (OPEFB).

Oil palm empty fruit bunch (OPEFB) is an unwanted 
byproduct of the palm oil industry, a major commercial sec-
tor in parts of southeast Asia, as palm oil is the most widely 
used plant oil worldwide. In southern Thailand alone nearly 
5000 tons of crude palm oil is produced daily [11]. Typi-
cally, palm oil factories buy the entire oil palm fruit bunch 
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Abstract
Levulinic acid (LA) was produced from oil palm empty fruit bunch (OPEFB) pretreated in two different ways: (1) a two-
step treatment with peracetic acid (PA) and alkaline peroxide (AP); and (2) an ammonia soak pretreatment. The pretreated 
material was subjected to acid hydrolysis (5% w/v sulfuric acid, 125 °C to 175 °C, 120 min) to produce LA. Compared 
to the ammonia treatment, the two-step PA–AP pretreatment was better in removing lignin from OPEFB, and resulted in 
a higher LA yield based on the mass of the pretreated OPEFB. On a mass basis, the LA yield was 31.1% on pretreated 
OPEFB, that had been pretreated using the PA–AP process, but only 16.7% from the biomass treated using the ammonia 
process. The kinetics of acid-catalyzed production of LA from the pretreated OPEFB were investigated to develop a math-
ematical model for predicting the conversion of cellulose to the intermediates (glucose, 5-hydroxymethylfurfural), and 
the final product, LA. The hydrolysis of cellulose to glucose was found to be the rate-controlling step in acid-catalyzed 
production of LA, confirming the importance of the delignification pretreatment in making cellulose more amenable to 
hydrolysis. During the two-stage acid hydrolysis, the reaction at 175 °C for 15 min in the first stage, followed by 125 °C 
for 105 min in the second stage, resulted in LA molar yield (based on cellulose) of ∼40%. This was comparable to the 
yield obtained if both steps were performed at 150 °C for a total of 120 min.
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from the farmer for extracting the oil, and the empty fruit 
bunch is discarded. OPEFB makes up nearly 25% of the oil 
palm fruit bunch. Absent other uses, OPEFB is often burnt 
for energy [11]. OPEFB contains cellulose (20–50%), hemi-
cellulose (23–36%), and lignin and other residues (22–51%) 
[12]. Cellulose and hemicellulose are natural polymers of 
sugars, and may be hydrolyzed to simple sugars such as glu-
cose and fructose, to serve as precursors for diverse high-
value chemicals including LA.

For producing LA from OPEFB, the lignocellulosic bio-
mass must first be delignified to recover relatively pure cel-
lulose for subsequent acid-catalyzed hydrolysis to LA. The 
processing scheme used is depicted in Fig. 1, although the 
specific delignification pretreatment and the conditions of 
subsequent acid-hydrolysis vary depending on the use and 
the nature of the biomass involved. During acid-catalyzed 
hydrolysis, the cellulose is first broken down to its mono-
meric sugar, glucose, and the latter isomerizes to fructose 
and further hydrolyzes to the major intermediate 5-hydroxy-
methylfurfural (HMF) that is rapidly transformed to LA 
[13], as illustrated in Fig. 1.

Many different physical, chemical, and combined physi-
cals–chemical pretreatments have been developed for del-
ignification of the diverse kinds of lignocellulosic biomass 
[14–17] for producing LA. The choice of pretreatment 
depends on its efficacy for the type of biomass being treated 
and the cost of processing. Pretreatments generally seek to 
delignify the biomass to make cellulose more readily acces-
sible for hydrolysis to sugars for conversion to products 
such as LA. Pretreatments also open-up the tightly packed 
structure of the cellulose itself, to make it more susceptible 
to subsequent treatments. A prior delignification greatly 
enhances the yield of LA from the biomass compared to if 
no delignification was used [6, 18, 19]. The yield enhancing 
effect of a pretreatment is proportional to its delignification 
efficacy. For example, compared to untreated rice straw, a 
5-fold higher concentration of LA was obtained in the reac-
tion mixture by using rice straw that had been pretreated [6]. 
Similarly, a 20% higher yield of LA was obtained from cel-
lulose that had been pretreated with a combination of phos-
phoric acid and hydrochloric acid [18].

Often multiple pretreatments may be used in combina-
tion for effective delignification. For example, depending 
on the biomass, an alkaline pretreatment alone may achieve 
20–80% delignification [20]. A particularly effective pre-
treatment developed specifically for OPEFB involved the 
use of peracetic acid (PA) in the first step and then further 
treatment with alkaline peroxide (AP) [21]. This PA–AP 
pretreatment achieved 98% delignification of OPEFB at 
room temperature and atmospheric pressure. Importantly, 
although nearly all lignin was removed, more than 85% of 
the cellulose originally present in the OPEFB was retained 

in the pretreated solids. A high retention of cellulose is 
important as this is the substrate wanted for subsequent con-
version to LA. Although the PA–AP pretreatment has not 
been evaluated in the context of producing LA, in principle 
it has the potential to enhance the yield of LA from the pre-
treated OPEFB.

In view of the demonstrated delignification efficacy of 
the PA–AP pretreatment for OPEFB, this treatment was 
compared in the present study with the alternative of simple 
soaking of OPEFB in aqueous ammonia at room tempera-
ture for delignification (Fig. 1). The aqueous ammonia pre-
treatment was used for comparison because of its simplicity, 
low cost, and widespread acceptance [22]. The delignified 
OPEFB from these two pretreatments was subsequently 
subjected to acid-catalyzed hydrolysis to produce LA. The 
reaction kinetics of production of LA from the pretreated 
OPEFB were examined. Different temperature–time regi-
mens were evaluated during acid-catalyzed hydrolysis of 
the pretreated biomass, in attempts to enhance the yield 
of LA as this strategy had been shown to be useful in pro-
ducing LA from some types of lignocellulosic biomass [8, 
23]. A higher temperature early during the acid-catalyzed 
hydrolysis had increased the yield of hydroxymethylfurfural 
(HMF), an intermediate that was rapidly converted to LA 
even if the reaction temperature in later stages of hydrolysis 
was reduced [10].

Materials and methods

OPEFB Composition and Morphology

OPEFB was obtained from Taksin Palm Co., Ltd (2521), 
Surat Thani province, Thailand. As received OPEFB was 
washed and dried to constant weight in an oven at 105 °C. 
The dried OPEFB was ground using a hammer mill (PX-
MFC 90D; Kinematica AG, Malters, Switzerland; www.
kinematica.ch) with a sieve diameter of 0.5 mm. The ground 
material was then sieved through a number 40 sieve (425 μm 
openings). The recovered OPEFB powder was stored in a 
sealed plastic container at room temperature (~ 27 °C). This 
material was used in all experiments.

The cellulose, hemicellulose, and lignin content of 
OPEFB were determined using an automated analyzer (Velp 
FIWE, VELP Scientifica Srl, Usmate, Italy; www.velp.
com). The morphology of the OPEFB particles was imaged 
using a scanning electron microscope (ZEISS MERLIN 
Compact; Carl Zeiss AG, Oberkochen, Germany; www.
zeiss.com).
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Fig. 1  Production scheme of levulinic acid (LA) from OPEFB as used in the present study: The two pretreatment options examined for delignifica-
tion of OPEFB and the two-stage temperature regimen of acid-catalyzed hydrolysis for obtaining LA from delignified cellulose are shown
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added to each g of OPEFB. This slurry was then neutralized 
with 6 M NaOH and the solids were recovered by filtration 
through a nylon mesh (45 μm openings). The solids were 
further washed with deionized water and dried in an oven 
(80 ° C, 48  h). In the second step, dry solids (2  g) were 
mixed with alkaline peroxide solution (34.8 mL; comprised 
of 80.0 g NaOH per L of water mixed with 5.2 mL of hydro-
gen peroxide (350.0 g H2O2 L− 1)) for 12 h at 40 °C. The sol-
ids were recovered on a nylon mesh, washed first with dilute 
HCl and then with deionized water until the pH of the wash 
became neutral. The solids were dried to a constant weight 
in an oven (105 °C) and kept for further use. The solid prod-
uct obtained was designated as the OPEFB pretreated by the 
PA–AP process. The lignin and the hemicellulose that were 
solubilized by the PA–AP treatment, were washed out.

Hydrolysis of the Pretreated OPEFB to LA

A stainless-steel pressure vessel coated inside with an inert 
protective layer of polytetrafluoroethylene (Fig. 2) was used 
for acid catalyzed hydrolysis of pretreated OPEFB to LA. 
The total volume of the reactor vessel was 100 mL and it 
contained 70 mL of the reaction mixture. The reaction mix-
ture comprised pretreated OPEFB (5% w/v), H2SO4 (2.5% 
w/v, or 5% w/v), and deionized water. The reaction tem-
perature was 125 °C, 150 °C, or 175 °C in different experi-
ments. The initial gauge pressure of the reactor was set at 
5 bar using pressurized nitrogen (Fig. 2) to prevent boiling. 

OPEFB Pretreatment

Two methods of OPEFB pretreatment were compared for 
delignification prior to conversion of the delignified cel-
lulose to LA. These pretreatment methods were: (1) an 
ammonia soak pretreatment; and (2) a two-step pretreat-
ment involving peracetic acid (PA) and then alkaline per-
oxide (AP).

Ammonia Pretreatment

The method used was adapted from Gozan et al. [24]. 
OPEFB was suspended in aqueous ammonia (13.13% w/w 
ammonia) for 14 h at room temperature such that the mass 
ratio of OPEFB to ammonia solution was 1:6. The OPEFB 
solids were then recovered, washed with deionized water 
until the pH became neutral, and dried to a constant weight 
in an oven at 105 °C. The recovered solid product was des-
ignated as the ammonia pretreated OPEFB. All material 
solubilized by the aqueous ammonia was washed out.

Two-Step Pretreatment with Peracetic Acid (PA) and 
Alkaline Peroxide (AP)

The method used was from Palamae et al. [21]. In the first 
step, the OPEFB powder was fully suspended for 9  h at 
35  °C in concentrated peracetic acid (PA; prepared as in 
Palamae et al. [21]) such that 20 mL of PA solution was 

Fig. 2  High-pressure stirred reac-
tor for acid-catalyzed hydrolysis 
of pretreated OPEFB

 

1 3

5774



Waste and Biomass Valorization (2024) 15:5771–5784

effectively contributed to delignification. Scanning electron 
micrographs (SEM) of the untreated and the variously pre-
treated OPEFB (Fig. 3) confirmed superior delignification 
by the PA–AP process. The untreated OPEFB fibers had a 
relatively smooth surface due to lignin and hemicellulose 
forming a protective layer that covered the cellulose fibers 
(Fig. 3a). The ammonia pretreatment clearly removed some 
of the lignin and hemicellulose, creating open spaces from 
where the material had been solubilized (Fig. 3b), but lignin 
and hemicellulose solubilization and consequent genera-
tion of void spaces was much greater in the PA–AP treated 
samples (Fig.  3c). By removing the protective lignin and 
hemicellulose, the PA–AP treatment better exposed the 
cellulose to the reagents in the next step of acid-catalyzed 
hydrolysis. The round nodule-like structures in Fig. 3c are 
the silica deposits, or silica bodies, commonly seen on the 
surfaces of biomass fibers once the covering of lignin and 
hemicellulose is dissolved away [21].

Yield Profiles of LA, GLC, and HMF in the Hydrolysis 
Reaction Mixture

The molar yields of LA, GLC, and HMF on cellulose were 
calculated using the following equation:

Yi (%) = CiVR

(
MW cellulose

ycelluloseWbiomass

)
× 100� (1)

where Yi was the yield (%, mol/mol) of component i (i.e., 
LA, GLC, or HMF), Ci was the measured concentration of 

The reactor had a sampling tube immersed in the work-
ing suspension and a valve that could be opened to draw a 
small sample without releasing too much pressure (Fig. 2). 
In addition, the reactor had a mechanical stirrer (Fig.  2) 
operated at a rotational speed of 100 rpm to ensure uniform 
mixing. The reactor liquid phase was sampled at 20, 40, 80, 
and 120 min after the start of the reaction, for analyses. The 
samples were measured for LA, HMF, and glucose (GLC), 
by liquid chromatography with a tandem mass spectrometry 
(LC-MS/MS), as described by Saengsen et al. [25]. The data 
reported are the averaged values and standard deviation of 
measurements on triplicate samples.

Results and Discussion

OPEFB Composition before and after Pretreatment

The compositions of the native and variously pretreated 
OPEFB samples are shown in Table  1. Both the deligni-
fication pretreatments reduced the lignin content of the 
residual solids, but the PA–AP treatment removed nearly 
95% of the original lignin whereas the ammonia treatment 
removed only around 45%. In both treatments, the lignin 
was removed by decomposition into smaller water-soluble 
molecules, and the hydrolysis of covalent linkages that 
bound lignin to xylan in hemicellulose. The PA–AP treat-
ment solubilized nearly 76% of the original hemicellulose 
whereas the ammonia treatment solubilized ~ 18%. Bet-
ter solubilization of hemicellulose by the PA–AP process 

Table 1  OPEFB solids compositions before and after pretreatment
Constituent Untreated OPEFBa OPEFB pretreated with ammoniab OPEFB pretreated by PA–AP processc

Cellulose (% w/w) 27.6 ± 3.6 51.7 ± 1.8 75.3 ± 0.8
Hemicellulose (% w/w) 28.5 ± 0.4 23.5 ± 0.8 6.9 ± 0.2
Lignin (% w/w) 29.3 ± 3.8 16.0 ± 2.6 1.5 ± 0.1
a Based on the total untreated OPEFB. The balance comprised everything else, including: ash; the extractable waxes; and the readily solubilized 
protein, starch, and other small molecules
b The balance comprised residual ash
c The balance comprised possible residual ash and insoluble derivative products of the reaction between acetic acid and cellulose [26], and acetic 
acid and lignin [27]

Fig. 3  SEM images of: (a) untreated OPEFB; (b) OPEFB pretreated by NH3; and (c) OPEFB pretreated by the two-step PA–AP process
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with the scheme in Fig. 1 where HMF was derived from 
GLC via fructose, suggesting that conversion of HMF to 
LA was faster than the decomposition of GLC to HMF 
[29]. After peaking at some point during the reaction, 
the concentrations of the two intermediates declined but 
this did not translate into a corresponding rapid increase 
in the yield of LA. This was explained by a possible 
degradation of LA to products such as 3-acetylpropa-
nol [30] especially at the higher reaction temperature of 
175 °C.

7.	 The above-mentioned peaks in the yield profiles of 
HMF and GLC were not noticeable under conditions 
of a slower reaction, e.g., a combination of the lower 
catalyst concentration (2.5% w/v H2SO4) and lower 
temperatures (125  °C and 150  °C) (Fig.  4c–f). This 
demonstrated that under these milder conditions, the 
LA formation reaction was slower than the reactions 
involved in the formation of the intermediates.

Based on the evidence (Fig.  4), HMF was an important 
intermediate in acid-catalyzed hydrolysis of OPEFB to LA. 
In principle, the hydrolysis reaction could be divided into 
two periods: first, during which the rate of production of 
HMF exceeded the rate of its conversion to LA, resulting 
in accumulation of HMF; and second, during which the 
rate of production of LA exceeded the rate of production 
of HMF, resulting in a decline in the concentration of the 
intermediate. The formation of LA is known to be favored 
by a lower reaction temperature compared to the formation 
of HMF [10]. Therefore, a dual temperature scheme involv-
ing a phase of a higher initial temperature followed by a 
second phase of reduced temperature may have the potential 
to reduce the energy requirements of producing LA from 
OPEFB without sacrificing the LA yield.

Yield of Levulinic Acid

In addition to the percent molar yield of LA on cellulose in 
OPEFB (Eq. 1), the percent mass yield of LA on the mass of 
pretreated OPEFB was also calculated. This yield is shown 
in Fig. 5 for the various process combinations used in this 
work (i.e., (1) the PA–AP pretreatment followed by acid 
hydrolysis (either 2.5%, or 5% w/v H2SO4) at three differ-
ent temperatures (125, 150, 175 °C); and (2) the ammonia 
pretreatment followed by acid hydrolysis at the three men-
tioned temperatures).

Irrespective of the temperature of the subsequent acid-
catalyzed hydrolysis, the ammonia pretreatment of OPEFB 
was the least effective for producing LA (Fig. 5). Irrespec-
tive of the pretreatment, whether PA–AP or ammonia, the 
yield of LA was enhanced both by using a higher tempera-
ture during acid-catalyzed conversion, and by using a higher 

the component i (mol L− 1), VR (L) was the reaction volume, 
ycellulose was the mass fraction of cellulose ((% w/w as in 
Table 1)/100) in OPEFB, Wbiomass (g) was the initial weight 
of the pretreated OPEFB, and MWcellulose was the molar 
mass of cellulose (162.1 g mol− 1).

The yield (%, mol/mol) profiles of LA, GLC, and HMF 
in the hydrolysis reaction mixture are shown in Fig.  4. 
The data are average values of triplicate samples. The data 
revealed the following:

1.	 For otherwise equivalent conditions, the LA yield at any 
instance was always higher from the OPEFB pretreated 
with the PA–AP process compared to the yield from the 
ammonia treated OPEFB (Fig. 4a, b).

2.	 Under the best conditions overall, the PA–AP pre-
treatment followed by acid hydrolysis with 5% (w/v) 
H2SO4 at 175  °C resulted in a LA yield of 57.4% at 
120 min whereas for the same conditions of acid-cat-
alyzed hydrolysis, the LA yield from ammonia pre-
treated OPEFB was ~ 45% (Fig. 4b). These differences 
were explained by the much greater delignification of 
OPEFB that was achieved with the PA–AP pretreatment 
compared to the ammonia treatment (Table 1).

3.	 The difference in LA yields from OPEFB pretreated by 
the two different methods was larger, if the subsequent 
acid hydrolysis was carried out using a lower concen-
tration (i.e., 2.5% w/v H2SO4) of the acid at 175  °C, 
but for a shorter period of 40 min: thus, the LA yield 
from the PA–AP treated OPEFB was 38.8% whereas it 
was only 18.2% from OPEFB that had been pretreated 
with ammonia (Fig.  4a). The cause of the poor yield 
from ammonia treated OPEFB was once again the large 
amount of residual lignin in the biomass that made the 
subsequent acid-catalyzed hydrolysis less effective 
[28].

4.	 Irrespective of the type of pretreatment, the yield of LA 
increased both with an increase in the temperature of 
acid hydrolysis and an increase in the concentration of 
H2SO4, the catalyst (Fig. 4a and b). At the most effec-
tive reaction temperature of 175  °C, the reaction had 
essentially reached equilibrium by 120 min as there was 
no further increase in LA yield (Fig. 4a and b).

5.	 Depending on the hydrolysis temperature, the concen-
trations and hence the yields of the two intermediates 
(i.e., GLC and HMF) initially rose as the reaction pro-
gressed and then declined as the intermediates were 
consumed to generate LA (Fig.  4c, d, e, and f). The 
peaking pattern of the yield profiles of GLC and HMF 
was consistent with their being intermediates in the con-
version of OPEFB cellulose to LA.

6.	 At any instance during the hydrolysis reaction, the yield 
of HMF was lower than the yield of GLC, consistent 
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have been reported [31]: 14.5% on sucrose; 24.4% on glu-
cose; and 25.1% on fructose. The relatively low yields were 
explained by the side reactions that converted some of the 
substrate to various other products [31]. The maximum the-
oretical yield of LA on cellulose is 71.6% (mol/mol) [23], 
or 51.2% w/w. LA yield in the range of 31–41% (w/w) have 
been reported using delignified rice straw, delignified corn 
stover, delignified sweet sorghum bagasse, and delignified 
Miscanthus [23]. The yields of LA based on the original 
untreated biomass were lower after the PA–AP pretreatment 
compared with the yields after the ammonia soak pretreat-
ment. This was because the PA–AP pretreatment resulted in 
a large loss (40%) of the original untreated biomass through 
near complete removal of the lignin and hemicellulose. In 
contrast, the ammonia soak pretreatment removed only a 
part of the original lignin and, consequently, less of the orig-
inal biomass (only 13%) was lost after this pretreatment. 
Thus, on a mass basis, the yield of LA on the untreated 

concentration of the acid catalyst in the reaction mixture 
(Fig. 5). A two-step PA–AP pretreatment followed by acid-
catalyzed hydrolysis using 5% w/v sulfuric acid at 175 °C 
for 120 min resulted in the highest yield of LA (31.1% w/w 
on pretreated OPEFB) (Fig. 5). In contrast, the best com-
bination of the ammonia pretreatment and acid-catalyzed 
hydrolysis achieved a LA yield of 16.7% (Fig.  5), barely 
54% of the yield afforded by the PA–AP process.

Compared with the literature data for 12 different types 
of lignocellulosic biomass samples, the PA–AP pretreat-
ment used in the present work enabled a higher yield of LA 
(Table 2). Thus, an effective delignification of the biomass 
was an important prerequisite for attaining a high yield of 
LA. For a great majority (> 83%) of the cases in Table 2, the 
LA yield was less than 25% w/w. LA can be made by diges-
tion of simple sugars with hydrochloric acid, but the yields 
are no better than some of the best results summarized in 
Table 2. For example, the following maximum yields (w/w) 

Fig. 4  The molar yield (% mol/
mol) profiles of LA, GLC, and 
HMF as functions of reaction 
time: (a) LA yield using 2.5 w/v 
H2SO4; (b) LA yield using 5 w/v 
H2SO4; (c) HMF yield using 2.5 
w/v H2SO4; (d) HMF yield using 
5 w/v H2SO4; (e) GLC yield 
using 2.5 w/v H2SO4; and (f) 
GLC yield using 5% w/v H2SO4. 
The solid lines are for the PA–
AP pretreated material and the 
dashed lines are for the ammonia 
pretreated material
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identical two-stage temperature–time regimen gave a LA 
yield of 27.4% from cellulose in the biomass that had been 
pretreated by the ammonia process (Fig. 6b). In the above-
mentioned two-stage scheme, the time-averaged processing 
temperature was 131.25 °C, but the yields of LA were quite 
comparable to the yields that were obtained earlier (section 
entitled Yield Profiles of LA, GLC, and HMF in the Hydro-
lysis Reaction Mixture) at a constant processing tempera-
ture of 150 °C for a reaction period of 120 min (Fig. 4c).

With a fixed total reaction period of 120 min, increasing 
the duration of the reaction at 175 °C to more than 15 min 
at the expense of the duration at 125 °C, did not increase 
the final yield of LA (Fig. 6a and b), possibly because the 
concentrations of the GLC and HMF intermediates began 
to decline after 15  min, as had occurred at ~ 40  min dur-
ing processing at the lower constant temperature of 150 °C 
(Fig. 4d and f).

biomass was in several cases higher for the ammonia pre-
treatment compared to the PA–AP pretreatement (asterisked 
data; Fig. 5).

The Two-Stage Acid Hydrolysis at Different 
Temperatures

The two-stage acid-catalyzed hydrolysis of the pretreated 
OPEFB was performed using 5% w/v H2SO4 with a total 
reaction time of 120 min. The temperature in Stage 1 was 
175 °C and in Stage 2 it was 125 °C. The holding times at 
the two temperatures varied, as shown in Fig. 6. The reac-
tion was timed only when the reactor was at the specified 
temperatures. Between Stage 1 and Stage 2, the reactor was 
cooled rapidly by immersion in cold water until the required 
temperature was reached. The effects of intermediate cool-
ing on the reaction were disregarded.

The data showed that a two-stage reaction with a temper-
ature of 175 °C for 15 min followed by 125 °C for 105 min, 
resulted in a final LA yield of 41.0% from cellulose in the 
OPEFB pretreated by the PA–AP process (Fig.  6a). An 

Fig. 5  LA yield (% w/w based on initial mass of pretreated OPEFB, 
shown on the y-axis) from OPEFB pretreated with the ammonia pro-
cess and the two-step PA–AP process. The asterisked data are the LA 
yields (% w/w) based on the original untreated biomass. The asterisked 
data are not related to the scale on the y-axis. The experimental con-
ditions were: either PA–AP pretreatment followed by reaction of the 

pretreated OPEFB with either 2.5% w/v H2SO4, or 5% w/v H2SO4, at 
one of the three temperatures specified underneath the bars; or aqueous 
ammonia pretreatment followed by reaction of the pretreated OPEFB 
with either 2.5% w/v H2SO4, or 5% w/v H2SO4, at one of the three 
temperatures specified underneath the bars. The reaction time was 
always 120 min
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d [LA]
dt

= kHMF [HMF]� (5)

where [CEL], [GLC], [HMF], and [LA] were the molar 
concentrations of cellulose, glucose, HMF, and LA, respec-
tively, at time t, and kGLN, kGLC1, kGLC2, and kHMF were rate 
constants associated with the reactions identified in Fig. 7.

Equations  (2)–(5) were used to obtain the following 
expressions for the concentrations of the components:

[CEL] = [CEL]0exp (−kGLNt)� (6)

[CEL] =
kGLN [CEL]0

(kGLC1 + kGLC2) − kGLN

(exp (−kGLNt) − exp (− (kGLC1 + kGLC2) t))
� (7)

Reaction Kinetics

The kinetics of the acid-catalyzed hydrolysis of OPEFB 
to LA were modeled using the reaction scheme shown in 
Fig.  7. The cellulose in OPEFB was assumed to initially 
decompose to glucose which was then dehydrated to HMF 
and the latter was hydrolyzed to LA, the final product. A 
part of the glucose was assumed to degrade to humins, as 
generally occurs in acid-catalyzed hydrolysis [42].

Based on mass balances of the components (CEL, GLC, 
HMF, LA), a kinetic model of the acid-catalyzed hydrolysis 
could be written as follows:

d [CEL]
dt

= −kGLN [CEL]� (2)

d [GLC]
dt

= kGLN [CEL] − (kGLC1 + kGLC2) [GLC]� (3)

d [HMF]
dt

= kGLC1 [GLC] − kHMF [HMF]� (4)

Table 2  Comparison of the LA yields from various biomass types and treatments
Biomass type Pretreatment Hydrolysis conditions LA yield 

(% w/w)
Reference

Catalyst Temperature 
(°C)

Time (h)

Wheat straw - H2SO4 (3.5%) 209.3 0.6 19.9a Chang et al. [32]
Water hyacinth H2SO4 H2SO4 (1 M) 175 0.5 35.0a, 9.0b Girisuta et al. 

[33]
Kenaf - Chromium chloride/HY 

zeolite
145.2 2.45 15.0a Ya’aini et al. 

[34]
Olive tree pruning - HCl (37%), microwave 

irradiation
200 0.25 20.1a Galletti et al. [7]

Poplar sawdust Thermal HCl (37%) 200 1 29.3a Galletti et al. [7]
Rice straw - [C3SO3HMIM] [HSO4] 180 0.5 29.3a Liu et al. [35]
Rice straw Steam explosion S2O8

2−/ZrO2–SiO2– 200 0.17 22.8a Chen et al. [36]
Rice straw - HCl (15%) 200 3 16.6a Kumar et al. [15]
Paddy straw - HCl (4.45%) 220 0.75 23.7a Yan et al. [37]
Bagasse - HCl (4.45%) 220 0.75 22.8a Yan et al. [37]
Cotton straw Steam H2SO4 (0.2 M) 120/180 0.3/1 9.5b Yang et al. [38]
Giant reed - HCl (37%) 180 1 23.3a Galletti et al. 

[39]
OPFc - [SMIM][FeCl4] 154.5 3.7 24.8a Ramli and Amin 

[40]
OPMFd - InCl3−[HMIM] [HSO4] 177 4.8 18.4a Tiong et al. [41]
OPEFB - InCl3−[HMIM] [HSO4] 177 4.8 17.7a Tiong et al. [41]
OPEFB - Chromium chloride/HY 

zeolite
145.2 2.45 15.5a Ya’aini et al. 

[34]
OPEFB PA–AP process H2SO4 (5%) 175/125 0.25/1.75 31.1a 

(12.3b)
This work

OPEFB Ammonia process H2SO4 (5%) 175/125 0.25/1.75 16.7a 
(14.5b)

This work

a Calculated as: (mass of LA produced/mass of the total pretreated biomass fed to the reactor) × 100%
b Calculated as: (mass of LA/initial mass of the untreated biomass) × 100%
c OPF = oil palm fronds
d OPMF = oil palm mesocarp fiber
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Fig. 7  The hydrolysis scheme of OPEFB cellulose to levulinic acid. The rate constants (kGLN, kGLC1, kGLC2, kHMF) for the various reactions are 
shown

 

Fig. 6  Yield of LA on pretreated OPEFB under different tempera-
ture–time regimens (175 °C for the specified time (Stage 1) followed 
by 125 °C for the remaining period (Stage 2); the total reaction time 

(Stage 1 + Stage 2) was always 120 min): (a) OPEFB pretreated with 
the PA–AP process; and (b) OPEFB pretreated using the ammonia pro-
cess. The data shown are averages of triplicate samples
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Excel was used to match the computed profiles to the exper-
imental data shown in Fig. 4.

The values of the different rate constants determined 
as above, at different constant reaction temperatures, were 
used in the modified Arrhenius equation to calculate the 
activation energies of the reactions. The equation used was 
the following:

k = A0[Acid]nexp−E/RT � (10)

where A0 was the preexponential factor, n was the reaction 
order based on the acid catalyst, E was the activation energy, 
[Acid] was the molar concentration of H2SO4, T was the 
absolute temperature of the reaction, and R (8.314  J⋅K− 1 
mol− 1) was the gas constant. The above analysis assumed 
the reactions to be pseudo first-order.

The calculated values of the various constants (i.e., kGLN, 
kGLC1, kGLC2, kHMF, A0, n, E) for the hydrolysis of pretreated 
OPEFB to LA are shown in Table 3, for the two pretreat-
ment methods. The yield of LA on cellulose calculated using 
Eq. (9) with the constants shown in Table 3 is compared in 
Fig.  8 with the experimentally measured yield at various 
times during the reaction. Irrespective of the pretreatment 
method, whether the PA–AP pretreatment, or soaking in 
ammonia solution, the experimentally measured yield was 
within ± 25% of the calculated yield (Eq. 9) for most of the 
data (Fig. 8) over the entire range of the reaction conditions 
(i.e., temperatures of 125–175 °C; H2SO4 concentrations of 
2.5 and 5.0%).

The values of the kinetic constants reported here (Table 3) 
were comparable to the data in the literature. For example, 
Lopes et al. [43] examined the production of LA from sug-
arcane bagasse, rice husk, and soybean straw, and reported 
the following values of the kinetic constants: the kGLN to be 
in the range of 3.03 × 10−3 to 3.88 × 10−2 min−1 (our values 
were (2.15–2.16)×10− 2 min− 1; Table 3); the kGLC1 to be in 
the range of 1.36 × 10−2 to 7.34 × 103 min−1; the kGLC2 to be 
in the range of 2.07 × 10−2 to 6.51 × 103 min−1 (our values 
for this ranged from 6.1 × 10−1 to 8.9 × 10−1 min−1; obtained 

[HMF] =
kGLNkGLC [CEL]0

(kGLC1 + kGLC2) − kGLN(
exp (−kGLNt)
kHMF − kGLN

− exp (− (kGLC1 + kGLC2) t)
kHMF − (kGLC1 + kGLC2)

)

+
kGLNkGLC [CEL]0exp (−kHMF t)

(kHMF − kGLN) (kHMF − (kGLC1 + kGLC2))

� (8)

[LA] =
kGLNkGLCkHMF [CEL0]
(kGLC1 + kGLC2) − kGLN(

exp (−kGLNt) − 1
kGLN (kGLN − kHMF )

− exp (− (kGLC1 + kGLC2) t) − 1
(kGLC1 + kGLC2) ((kGLC1 + kGLC2) − kHMF )

)

+
kGLNkGLC [CEL0] (exp (−kHMF t) − 1)

(kHMF − kGLN) ((kGLC1 + kGLC2) − kHMF )

� (9)

where [CEL]0 was the initial concentration of cellulose.
The concentration profiles modelled with Eqs.  (6)–(9) 

were fitted to the experimentally measured profiles (Fig. 4) 
to estimate the values of the rate constants kGLN, kGLC1, 
kGLC2, and kHMF. The initially assumed values of these con-
stants were adjusted until the computed profiles best fitted 
the experimental data. The Solver functionality of Microsoft 

Table 3  Kinetic parameters of hydrolysisa of pretreated OPEFB to levulinic acid
Rate constants A0 (min− 1) n E (kJ mol− 1)
OPEFB pretreated with the PA–AP process
kGLN (min− 1) 2.15 × 10− 2 2.278 × 108 0.137 85.657
kGLC1 (min− 1) 1.17 × 10− 1 4.058 × 106 0.963 62.263
(kGLC1 + kGLC2) (min− 1) 1.78 × 10− 1 1.209 × 1011 0.279 100.800
kHMF (min− 1) 1.44 3.351 × 105 0.594 44.532
OPEFB pretreated with NH3

kGLN (min− 1) 2.16 × 10− 2 1.002 × 104 0.119 47.682
kGLC1 (min− 1) 1.02 × 10− 1 3.592 × 1015 1.663 136.269
(kGLC1 + kGLC2) (min− 1) 1.91 × 10− 1 2.592 × 1011 0.944 100.051
kHMF (min− 1) 5.14 × 10− 1 4.646 × 105 0.048 50.980
a Hydrolysis was performed at 175 °C using 5% w/v sulfuric acid

Fig. 8  A parity plot comparing the measured yield (%, w/w) of LA 
on cellulose and the yield predicted using Eq. (9). The diagonal line 
(y = x) represents an exact agreement between the measured and the 
calculated values
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Conclusion

The PA–AP pretreatment in combination with a suitable 
temperature–time regimen during acid hydrolysis (either 
175 °C for 15 min followed by 125 °C for 105 min, or a 
constant 150 °C for 120 min) of OPEFB proved to be most 
effective for converting OPEFB to levulinic acid. The best 
acid hydrolysis treatment required 5% (w/v) sulfuric acid 
and 5% (w/v) pretreated OPEFB solids in the reaction mix-
ture for a total treatment time of 120 min. The optimal com-
bination of PA–AP process and the acid catalyzed hydrolysis 
resulted in a levulinic acid yield of 31% (w/w) on pretreated 
OPEFB (12% w/w based on the original untreated biomass). 
Compared to the ammonia pretreatment, the PA–AP pre-
treatment was better in removing lignin from OPEFB and a 
good delignification assured a higher yield of LA during the 
subsequent acid hydrolysis. The achieved yield was nearly 
75% greater than the highest yield previously reported in 
the literature for LA production from OPEFB (Table 2). A 
kinetic analysis of the acid-catalyzed production of LA acid 
from the pretreated OPEFB cellulose revealed the rate limit-
ing step to be the hydrolysis of cellulose to glucose.
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sitive to temperature than the other reactions in Fig. 7. This 
supported the adoption of the two-stage strategy for the 
hydrolysis reaction, that is, a higher temperature in the first 
stage and a lower temperature in the subsequent stage. The 
value of kGLC2 (the rate constant for humin formation from 
glucose; Fig. 7) for the OPEFB that had been pretreated with 
the PA–AP was ∼30% lower than that for the OPEFB that 
had been pretreated with ammonia, suggesting less humin 
formation during LA production from the PA–AP pretreated 
OPEFB.

The kHMF for the reaction that used the better delignified 
OPEFB, i.e., OPEFB pretreated by the PA–AP process, was 
nearly 2.8-fold greater compared to the kHMF of the process 
that used the ammonia-pretreated OPEFB (Table  3), sug-
gesting that glucose was more readily produced from the 
PA–AP pretreated OPEFB, and therefore more LA could be 
produced from this biomass.

In addition, the activation energy of the GLC → HMF 
reaction step (Fig. 7) of acid-catalyzed hydrolysis of ammo-
nia pretreated OPEFB was higher than of the PA–AP pre-
treated OPEFB (Table  3). Therefore, to generate a given 
quantity of LA, the ammonia pretreated biomass would 
have required a higher reaction temperature and a higher 
concentration of the acid catalyst, than the biomass pre-
treated by the PA–AP process.
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Abstract 
As one of the leading countries in the agro-industrial sector, Indonesia has a wealth of biomass that can be converted into 
value-added commodities. The processing of this biomass generates waste containing cellulose, hemicellulose, and lignin, 
varying with biomass type. Valorizing this biomass presents an opportunity to enhance the profitability of agro-industries 
while simultaneously producing valuable chemicals like ferulic acid. Ferulic acid is a promising platform chemical that has 
numerous applications and significant derivative potential. This study conducts a techno-economic and profitability analysis 
for ferulic acid production using ferulic acid esterase (FAE) enzyme secreted from Aspergillus niger. We utilized SuperPro 
Designer v13.0 software to simulate the process, considering four scenarios: Oil palm empty fruit bunch (OPEFB), corn 
stover, sugarcane (SC) bagasse, and rice straw as raw materials. The results indicate that SC bagasse is the most optimal 
raw material, yielding 24.31% ferulic acid. This scenario offers a gross margin of 63.17%, a return on investment (ROI) of 
36.27%, and a payback period of 2.76 years at an internal rate of return (IRR) of 27.47%, outperforming other scenarios. 
Therefore, using SC bagasse as the substrate shows the best overall assessment and simulation results. Our findings not only 
provide practical insights for the economic viability and sustainability of using different biomass types for high-value bio-
chemical production but also pave the way for further exploration into the efficient utilization of regional biomass resources.
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Fig. 1   Representative chemical structure of ferulic acid

Statement of Novelty

At the forefront of Indonesia's agro-industrial landscape, this 
study introduces an innovative approach to biomass utiliza-
tion, emphasizing a comprehensive techno-economic and 
profitability analysis for ferulic acid production. The analy-
sis utilizes the ferulic acid esterase (FAE) enzyme secreted 
from Aspergillus niger. By employing SuperPro Designer 
v13.0 software, this work advances the field by simulating 
the process, taking into account four distinct biomass wastes: 
oil palm empty fruit bunch (OPEFB), corn stover, sugarcane 
(SC) bagasse, and rice straw as raw materials. This study not 
only explores the economic potential of producing ferulic 
acid but also highlights the diverse utilization of different 
biomass types. It introduces a fresh perspective on sustain-
able agro-industrial practices by encouraging resource-effi-
cient approaches in the industry.

Introduction

Indonesia is the largest palm oil-producing country in the 
world. Based on data published by Index Mundi [1], the 
total production is estimated at 46,000,000 metric tons (MT) 
in 2022. This also means that waste production from palm 
oil processing facilities is the largest. In palm oil biomass 

waste, especially oil palm empty fruit bunch (OPEFB), there 
are cellulose, hemicellulose, and lignin [2, 3], which can 
be processed into precursors or products that can provide 
added value because of their benefits. In this research, the 
composition of OPEFB based on the study conducted by 
Zainudin [4] which contains 12.39% lignin, 45.06% cellu-
lose, 28.51% hemicellulose, and 14.04% ash was employed 
as the initial raw material composition by weight for process 
simulation input.

In 2020, Indonesia's corn (Zea mays) production was esti-
mated to have reached 24,050,000 MT [5]. Not only that, but 
corn cultivation also produces biomass waste in the form of 
corn stover, which is rich in cellulose, hemicellulose, and 
lignin [6]. By weight, corn stover is mostly made up of ~ 38% 
cellulose, ~ 30% hemicellulose, and ~ 20% lignin along with 
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small fractions of ash and extractives [7]. Because hemicel-
lulose is abundant in corn stover, it is a promising substrate 
to produce ferulic acid, a hydrolysis product of hemicel-
lulose [8, 9].

Apart from oil palm and corn, sugarcane (Saccharum 
officinarum) is also a popular source of lignocellulosic bio-
mass [10]. Based on data published by Badan Pusat Statistik 
[11], the Indonesian sugarcane plantation sector is projected 
to grow in 2021 relative to 2020 by 2,700 hectares (4.76%) 
from the original 56,860 hectares to 59,380 hectares. The 
massive production scale of sugarcane in Indonesia resulted 
in great output of a side product called bagasse, which is a 
common biomass waste generated by its washing, process-
ing, and separation of the juice [12]. In comparison to other 
substrates, sugarcane bagasse consists of around 23% lignin, 
46% cellulose, 27% hemicellulose, and traces of ash [13].

In Indonesia, rice (Oryza sativa) is also another form of 
field crops that is extensively grown. Rice production out-
put in Indonesia is anticipated to 54.42 million metric tons 
in 2021 (BPS, 2022). Additionally, rice farming yields rice 
straw, a biomass residue product that is high in cellulose, 
hemicellulose, and lignin [14]. Since hemicellulose makes 
up 28.45% of the weight of rice straw, it is a potential sub-
stance for producing ferulic acid, a lignocellulosic materials 
breakdown result [15].

In this study, ferulic acid is chosen as the subject because 
it is known as an active pharmaceutical ingredient [16]. 
Ferulic acid is chemical class of the phenolic acid group 
frequently present in plant tissues with the IUPAC name 
(2E)-3-(4-hydroxy-3-methoxyphenyl)prop-2-enoic acid 
(Fig. 1). Phenolic acids are secondary metabolites with 
diverse chemical structures and biological characteristics. In 

the plants, primarily exist in a bound state, either as esters or 
glycosides, lignin components, and hydrolysis tannins [17, 
18]. Ferulic acid is a prevalent derivative of cinnamic acid, 
along with caffeic, p-coumaric, synapine, syryte, and vanil-
lin acids [17]. Ferulic acid exhibits superior bioavailability 
and extended plasma retention compared to other phenolic 
acids, moreover, often regarded as a highly effective anti-
oxidant [19]. Ferulic acid has numerous physiological func-
tions, including anti-inflammatory [20, 21], antimicrobial 
[22], anticancer [23], anti-thrombotic [24], hypocholester-
olemic activity [25], immunostimulant, and [21] cardiovas-
cular protection. It’s used in sports supplements, pharma-
ceutics, food, and skin care as a photoprotective agent and 
brightening component [26].

Since ferulic acid can be produced from hydrolysis of 
hemicellulose, this study explores the economic advan-
tages of agro-industrial biomass as a raw material of crude 
ferulic acid production through process simulation using 
SuperPro Designer software. The simulation provides a 
quick calculation and estimation of the production process 
results from the feed to the final product. After simulation, 
techno-economic assessments are conducted to gain insight 
into whether agro-industrial biomass can be economically 
advantageous compared to other biomass sources of ferulic 
acid such as corn stover and sugarcane bagasse.

To develop the general flow of the production process and 
to identify the best substrate for optimum process scenario 
through mathematical calculation, the process simulation of 
ferulic acid production with SuperPro Designer followed by 
techno-economic assessment can be considered. The process 
starts with washing of the biomass followed by drying and 
grinding. Then, the biomass grounds are delignified in an 

Fig. 2   Block flow diagram of 
ferulic acid production
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alkaline pretreatment using 1M NaOH [27] , which is filtered 
to remove the dissolved lignin. The biomass is then fed into 
a bioreactor along with the fungal cell culture, and fermenta-
tion occurs for the fungi to grow and express the ferulic acid 
esterase (FAE) enzyme. This same enzyme acts as a catalyst 
for water molecules in hydrolysis to break down arabinoxy-
lan within the biomass and release ferulic acid [28]. At the 
end of the process, the result of fermentation is introduced 
into a freeze-dryer to disrupt the cells and separate water 
contents to obtain ferulic acid and residual FAE. After the 
overall process simulation is complete, a techno-economic 
assessment can be conducted to calculate the total cost of 
the facility construction project, production materials, and 
operational expenses, as well as provide insight into its prof-
itability, sensitivity, and return on investment based on the 
global market price of ferulic acid.

Materials and Methods

This research begins with a literature study of journals, 
reviews, articles, and scientific works related to ferulic acid 
production from agro-industrial wastes using enzymatic 
hydrolysis. Then, the data and parameters obtained from 
the literature study are inputted into the SuperPro Designer 
v13.0 software for computation and process simulation to 
obtain an overview of the production process and the stoi-
chiometric mass balance calculation results. This process 
simulation is divided into four scenarios, namely Scenario 
A, which uses OPEFB. Scenario B uses corn stover, Sce-
nario C uses sugarcane bagasse, and Scenario D uses rice 
straw.

After the stoichiometric mass balance calculation results 
are obtained, the prices for materials, industrial microor-
ganism culture, equipment, utilities, and operator salaries 
are adjusted according to the provincial minimum wage 
of Riau province, the largest palm oil-producing region 
in Indonesia, to conduct a study of the required economic 
parameters, namely Net present value (NPV), Internal rate of 
return (IRR), gross margin, and payback period (PBP). The 
assumed location of the plant is in Riau province, Indonesia. 
The data were collected in the form of reports and execu-
tive summaries exported from the SuperPro Designer v13.0 
and analyzed to synthesize the conclusions and suggestions 
regarding the research.

Fig. 3   Complete process flow diagram of ferulic acid production using Aspergillus niger 

Table 1   Post-washing composition of the scenario A feed

Component Flowrate (kg/batch) Mass 
composi-
tion (%)

Ash 0.016 0.0016
Cellulose 523.343 50.889
Hemicellulose 331.125 32.198
Lignin 143.901 13.992
Water 30.000 2.917
Total 1028.385 100
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Process Mass Balance Evaluation

Preparation of Materials

The production process of ferulic acid from agro-industrial 
biomass is modeled after the processes described in studies 
published by Converti et al. [29], Sharma et al. [30], and Ou 
et al. [31] with some modifications to adapt to the SuperPro 
Designer software. The process is conducted in a batch with 
the starting number of biomass materials at 1000 kg per 
batch (Fig. 2).

First, the biomass is washed to remove any debris and other 
physical impurities. Then, the biomass is put into a machine 
dryer to remove any moisture. After the biomass is dried, it 
can be processed in a grinder to turn it into ground, allow-
ing for a smaller surface area, which allows easier processing. 
The biomass grounds are then used as the carbon source and 
substrate for fermentation using Aspergillus niger to produce 
ferulic acid. Aspergillus niger was previously reported to have 
the ability to secrete enzymes for delignification, such as lignin 

Table 2   Composition of the scenario A product

Component Flowrate
(kg/batch)

Mass composition
(%)

Carbohydrates 0.454 0.100
Cell 33.437 7.386
Cellulose 5.233 1.156
FAE 16.096 3.555
Ferulic Acid 298.193 65.865
Hemicellulose 3.304 0.729
Laccase 26.827 5.925
Lignin Peroxidase 20.388 4.503
Potassium 0.019 0.004
Proteins 0.099 0.022
Sulfur 0.013 0.003
Water 48.667 10.7496
Total 452.734 100

Table 3   Post-washing composition of the scenario B feed

Component Flowrate
(kg/batch)

Mass 
composi-
tion
(%)

Ash 1.050 0.113
Cellulose 380.800 41.121
Hemicellulose 307.200 33.173
Lignin 207.000 22.353
Water 30.000 3.240
Total 926.050 100

Table 4   Composition of the scenario B product

Component Flowrate
(kg/batch)

Mass 
composi-
tion
(%)

Carbohydrates 0.454 0.114
Cell 24.355 6.095
Cellulose 3.808 0.953
FAE 11.712 2.931
Ferulic Acid 276.776 69.267
Hemicellulose 3.067 0.768
Laccase 19.520 4.885
Lignin Peroxidase 14.835 3.713
Potassium 0.020 0.005
Proteins 0.100 0.025
Sulfur 0.013 0.003
Water 44.916 11.241
Total 399.576 100

Table 5   Post-washing composition of the scenario C feed

Component Flowrate
(kg/batch)

Mass 
composi-
tion
(%)

Ash 0.400 0.040
Cellulose 460.000 46.446
Hemicellulose 270.000 27.262
Lignin 230.000 23.223
Water 30.000 3.029
Total 990.400 100

Table 6   Composition of the scenario C product

Component Flowrate
(kg/batch)

Mass 
composi-
tion
(%)

Carbohydrates 0.454 0.118
Cell 29.401 7.676
Cellulose 4.600 1.201
FAE 14.148 3.694
Ferulic Acid 243.107 63.468
Hemicellulose 2.694 0.703
Laccase 23.580 6.156
Lignin Peroxidase 17.921 4.679
Potassium 0.020 0.005
Proteins 0.100 0.026
Sulfur 0.013 0.003
Water 47.001 12.271
Total 383.039 100
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peroxidase and laccase [32] and ferulic acid esterase [33] to 
produce ferulic acid. Before the fermentation, an inoculum 
of Aspergillus niger is prepared during a seeding process and 
nourished with water, minerals, and flour-based medium until 
the culture weight of 1.23 kg is achieved. The post-seeding 
culture is introduced into a 200L fermenter along with the 
delignified biomass. During the 48 h of fermentation, the bio-
mass is hydrolyzed with the help of ferulic acid esterase (FAE) 
enzyme catalyst secreted by the Aspergillus niger, releasing 
ferulic acid as the product. The complete process flow diagram 
and the equipment employed in the proposed production facil-
ity can be seen in Fig. 3

Results and Discussion

Material Balance Analysis

The material balance of each scenario is conducted to deter-
mine the yield of the ferulic acid production from each sce-
nario. The calculation starts from the initial composition of 
lignocellulosic biomass post-washing and the final composi-
tion of the product. The mass flow of ferulic acid, the mass 
flow of hemicellulose residue in the product, and the initial 
mass flow of hemicellulose are the parameters of ferulic acid 
yield calculation. In this production process, the hemicellulose 
of the agro-industrial biomass is the material that is broken 
down to release ferulic acid. The yield of ferulic acid against 
the initial mass of biomass raw materials production (YP/S) 
from each scenario is calculated using Eq. 1 [34].

Material Balance of Scenario A

Scenario A employs the utilization of 1000 kg OPEFB as 
the raw material of ferulic acid production, with the use of 
a machine dryer to remove moisture. In this scenario, the 
primary composition of the feed per batch consists of 523 kg 

YP∕S(%) =
Mass of Ferulic Acid

InitialMass of Biomass
× 100%

of cellulose, 331.12 kg of hemicellulose, and 143.90 kg of 
lignin (Table 1). After the raw material is pretreated and 
processed, the product contains 298.19 kg of ferulic acid, 
16.096 kg of ferulic acid esterase, and 3.30 kg of residual 
hemicellulose (Table 2). Based on the calculation using 
Eq. 1, the yield of ferulic acid from OPEFB is 26.83%.

Material Balance of Scenario B

Scenario B employs the utilization of 1000 kg corn stover as 
the raw material of ferulic acid production, with the use of a 
machine dryer to remove moisture. In this scenario, the pri-
mary composition of the feed per batch consists of 380.8 kg 
of cellulose, 307.2 kg of hemicellulose, and 207 kg of lignin 

Table 7   Post-washing composition of the scenario D feed

Component Flowrate
(kg/batch)

Mass 
composi-
tion
(%)

Ash 1.938 0.231
Cellulose 341.000 40.685
Hemicellulose 284.000 33.885
Lignin 181.200 21.619
Water 30.000 3.579
Total 838.138 100

Table 8   Composition of the scenario D product

Component Flowrate
(kg/batch)

Mass 
composi-
tion
(%)

Carbohydrates 0.454 0.123
Cell 21.819 5.902
Cellulose 3.410 0.923
FAE 10.488 2.837
Ferulic Acid 255.887 69.222
Hemicellulose 2.835 0.767
Laccase 17.480 4.729
Lignin Peroxidase 13.285 3.594
Potassium 0.020 0.005
Proteins 0.100 0.027
Sulfur 0.013 0.004
Water 43.869 11.867
Total 369.660 100

Table 9   Direct capital cost of biomass facility project

No Project item Cost (US$)

1 Equipment purchase 110,000
2 Installation 51,000
3 Piping 39,000
4 Instrumentation 44,000
5 Insulation 3,000
6 Electrical 11,000
7 Buildings 50,000
8 Yard improvement 17,000
9 Auxiliary facilities 44,000
10 Engineering 92,000
11 Construction 129,000
12 Contractor’s fee 30,000
13 Contingency 59,000
Direct Fixed Capital Cost 679,000
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Table 10   Raw material cost of 
scenario A (OPEFB)

Bulk Material Unit
Cost (US$)

Annual
Amount

Unit Annual
Cost (US$)

Cost
(US$/ton MP)

Cost distri-
bution (%)

A. niger 2.52 450.00 g 1,134.00 50.47 2.62
Sterile Air 0.00 43,961.00 kg 0.00 0.00 0.00
EFB 21.95 30.00 ton 653.00 29.08 1.51
Mineral Solution 26.00 156.00 L 4,061.00 180.75 9.38
NaOH 29.03 1,274.00 ton 36,989.00 1646.31 85.41
Water 0.00 12,285.00 kg 10.00 0.44 0.02
Wheat Flour 1.02 288.00 kg 294.00 13.07 0.68
Total 43,141.00 1,920.13 100.00

Table 11   Raw material cost of 
scenario B (corn stover)

Bulk Material Unit
Cost (US$)

Annual
Amount

Unit Annual
Cost (US$)

Cost
(US$/ton MP)

Cost distri-
bution (%)

A. niger 2.52 450.00 g 1,134.00 46.60 2.63
Sterile Air 0.00 46,082.00 kg 0.00 0.00 0.00
Corn Stover 34.59 30.00 ton 1,029.00 0.00 0.00
Mineral Solution 26.00 156.00 L(STP) 4,061.00 166.88 9.43
NaOH 29.03 1,288.00 ton 37,389.00 1536.45 86.84
Water 0.00 12,285.00 kg 10.00 0.41 0.02
Wheat Flour 1.02 288.00 kg 294.00 12.07 0.68
Total 30,274.00 2,925.13 100.00

Table 12   Raw material cost of 
scenario C (sugarcane bagasse)

Bulk Material Unit
Cost (US$)

Annual
Amount

Unit Annual
Cost (US$)

Cost
(US$/ton MP)

Cost distri-
bution (%)

A. niger 2.52 325.00 g 819.00 82.22 2.69
Sterile Air 0.00 27,204.00 kg 0.00 0.00 0.00
Mineral Solution 26.00 113.00 L 2,933.00 294.44 9.63
NaOH 29.03 881.00 ton 25,573.00 2,567.28 84.00
Sugarcane Bagasse 36.26 21.00 ton 779.00 78.25 2.56
Water 0.00 8,873.00 kg 7.00 0.72 0.02
Wheat Flour 1.02 208.00 kg 212.00 21.30 0.70
Total 30,324.00 3,044.20 100.00

Table 13   Raw material cost of 
scenario D (rice straw)

Bulk Material Unit
Cost (US$)

Annual
Amount

Unit Annual
Cost (US$)

Cost
(US$/ton MP)

Cost distri-
bution (%)

A. niger 2.52 450.00 g 1,134.00 82.22 2.69
Air 0.00 33,227.00 kg 0.00 0.00 0.00
Mineral Solution 26.00 156.00 L 4.061.00 294.44 9.63
NaOH 29.03 1,167.00 ton 33,892.00 2,567.28 84.00
Rice Straw 0.03 27.00 ton 918.00 78.25 2.56
Water 0.00 12,285.00 kg 10.00 0.72 0.02
Wheat Flour 1.02 288.00 kg 294.00 21.30 0.70
Total 40,308 3,044.20 100.00
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(Table 3). After the raw material is pretreated and processed 
into the product, the product contains 276.77 kg of feru-
lic acid, 11.71 kg of ferulic acid esterase, and 3.067 kg of 
residual hemicellulose (Table 4). Based on the calculation 
using Eq. 1, the yield of ferulic acid from corn stover is 
around 27.68%.

Material Balance of Scenario C

Scenario C employs the utilization of 1000 kg sugarcane 
bagasse as the raw material of ferulic acid production, with 
the use of a machine dryer to remove moisture. In this sce-
nario, the primary composition of the feed per batch consists 
of 460 kg of cellulose, 270 kg of hemicellulose, and 230 kg 
of lignin (Table 5). After the raw material is pretreated and 
processed into the product, the product contains 243.11 kg 
of ferulic acid, 14.15 kg of ferulic acid esterase, and 2.69 kg 
of residual hemicellulose (Table 6). Based on the calculation 
using Eq. 1, the yield of ferulic acid from sugarcane bagasse 
is around 24.31%.

Material Balance of Scenario D

Scenario D uses 1000 kg of rice straw as the raw material 
for the manufacture of ferulic acid. In this case, the main 
components of the feed in each batch are 181.2 kg of lignin, 
284 kg of hemicellulose, and 102 kg of cellulose (Table 7). 
The finished product comprises 341 kg of leftover hemicel-
lulose and 255.89 kg of ferulic acid after the feedstock has 
been pretreated and handled into it. It also contains 10.49 kg 
of ferulic acid esterase (Table 8). The production of ferulic 
acid from rice straw is approximately 25.59%, according to 
the estimate made with Eq. 1.

Economic Analysis

Economic evaluation is conducted to measure and determine 
the profitability of each scenario employed in this research. 
There are four scenarios provided in the process simulation 
and techno-economic analysis. The parameters for techno-
economic analysis are based on the previous studies pub-
lished by Hidayatullah et al. [35] and Harahap et al. [36], 
which include capital expenditure (CAPEX), operational 
expenditure (OPEX), revenues, production capacity, produc-
tion cost, gross margin, return of investment (ROI), payback 
period (PBP), internal rate of return (IRR), and net present 
value (NPV) of the project scenarios. The parameters then 
subjected to sensitivity analysis to measure the impact of 
external factors such as changes in product price, raw mate-
rials, and labor cost against the economic simulation results.

Project Cost

Since the facility needs to be constructed before the pro-
duction process can start, the project cost is the first to be 
determined at the early stages. The data from the Table 9 is 
obtained from the economic simulation results of the Super-
Pro Designer program and it shows that the factors affect-
ing the disparity in project capital cost primarily came from 
equipment purchase, installation, buildings, engineering, and 
construction. In this case, the cost in the following table is 

Table 14   Equipment specification

Code Type Units Capacity Material of 
construction

WSH-101 Biomass Washer 1 600 kg/h CS
TDR-101 Machine Dryer 1 11.28 m2 SS316
GR-101 Grinder 1 257.88 kg/h CS
SFR-101 Shaker Incubator 1 4.00 L CS
SFR-102 Seed Fermenter 1 1.46 L SS316
FR-101 Fermenter 2 155.97 L SS316
FDR-101 Freeze-Dryer 1 118.93 kg SS316
FSP-101 Flow Splitter 1 2.09 kg/h CS

Table 15   List of equipment cost

Code Type Units Unit Cost (US$) Cost (US$)

WSH-101 Biomass Washer 1 6,000 6,000
TDR-101 Machine Dryer 1 4,000 4,000
GR-101 Grinder 1 4,000 4,000
SFR-101 Shaker Incubator 1 8,000 8,000
SFR-102 Seed Fermenter 1 30,000 30,000
FR-101 Fermenter 2 70,000 140,000
FDR-101 Freeze-Dryer 1 10,000 10,000
Unlisted Equipment 50,000
Total 251,000

Table 16   List of labour costs of each scenario

Labor Type Scenario Unit Cost 
(US$/h)

Annual
Amount (h)

Annual
Cost (US$)

Operator A 2.71 24,950 70,429
B 2.71 19,021 51,623
C 2.71 18,768 50,937
D 2.71 25,907 70,313
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the expected number needed for the project to be completed 
on time.

Raw Materials Cost

Raw material cost is an important part of techno-economic 
analysis because the process involves agro-industrial 
biomass of different types; oil palm empty fruit bunch 
(OPEFB), corn stover, and sugarcane bagasse. Conse-
quently, the scenarios have different raw material costs as 
well (Table 10, 11, 12, 13). The materials’ cost estimate 
is based on the price of the reagents and materials in the 
online marketplace such as Alibaba, which is inputted into 
the SuperPro Designer program as the estimate.

Process Equipment

Equipment Specification

SuperPro Designer used a designer mode to generate the 
specifications from every piece of equipment throughout this 

modeling. All equipment was estimated based on throughput 
into the piece of equipment. Optimum sizing and calcula-
tions determine the most suitable equipment specification for 
the whole process. The complete specification of the equip-
ment is described in Table 14. This specification applies to 
all scenarios.

Equipment Cost

Equipment cost is also important in techno-economic analy-
sis because every industrial processor needs equipment to 
process the raw materials into the precursors or the final 
product. The equipment cost input is based on the market 
price of bioprocess equipment by the vendor (Bailun Bio-
technology, China) and this cost assessment was calculated 
using the SuperPro Designer software (Table 15). Around 
US$251,000.00 is required to procure all the necessary pro-
cess equipment and its supporting elements to construct the 
facility.

Table 17   Utility cost 
comparison

Scenario Utility Unit Cost 
(US$/h)

Annual Amount Unit Annual Cost
(US$)

Total 
Utility Cost
(US$/year)

A Power 0.10 10,599 kWh 1,060 1,553
Steam 12.00 24 MT 292
Chilled Water 0.40 503 MT 201

B Power 0.10 7,575 kWh 758 1,087
Steam 12.00 16 MT 190
Chilled Water 0.40 348 MT 139

C Power 0.10 7,691 kWh 769 1,127
Steam 12.00 18 MT 213
Chilled Water 0.40 361 MT 144

D Power 0.10 9,607 kWh 961 1,378
Steam 12.00 20 MT 242
Chilled Water 0.40 439 MT 176

Table 18   Waste disposal cost 
comparison

Scenario Type of Waste Annual Amount Unit Annual Cost
(US$)

Total Cost
(US$/year)

A NaOH + Lignin 5,596 Kg 1,007 4,193
Cells + Water 11 m3 3,185

B NaOH + Lignin 5,749 Kg 1,035 3,095
Cells + Water 7 m3 2,063

C NaOH + Lignin 6,110 Kg 1,100 3,442
Cells + Water 8 m3 2,342

D NaOH + Lignin 7,143 Kg 1,286 3,901
Cells + Water 9 m3 2,615
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Labor Cost

The labor costs in the following table were calculated uti-
lizing the starting price out from the minimum labor wage 
of Riau province for the year 2023 (Gubernur [37]). An 
industrial worker is entitled to receive at least US$ 207.11 
per month, which translates to US$1.18 per hour for this 
modeling. Several variables were added to the starting cost 
to accommodate for the benefits factor of 0.4, operational 
consumables factor of 0.1, supervisory factor of 0.2, and 
administrative of 0.6. The final unit cost generated after the 
SuperPro is US$2.71 per hour of labor (Table 16). After 
the process scheduling is complete, the SuperPro economic 
analysis feature calculates the total labor cost per annum of 
each scenario. From the following table, Scenario A has the 
highest annual labor cost, meanwhile Scenario C has the 
lowest labor cost due to the shortest time of manual work 
needed in the whole manufacturing process compared to 
another scenario.

Utility Cost

The economics of the power is based on the calculation of 
electricity prices based on the Perusahaan Listrik Negara 
(PLN) tariff for class B-2/TR of US$0.1/kWh in accord-
ance to the Minister of Energy and Mineral Resources of 
the Republic of Indonesia Regulation No. 28 of Year 2016 
[38]. Meanwhile, the cost of steam and chilled water utili-
ties is based on the estimations of the SuperPro Designer 
software. Based on comparing utility costs for each sce-
nario, it is known that Scenario A was the scenario with 
the highest consumption, and Scenario B was the lowest, 
so it is cost-effective for utility use. Utility usage was influ-
enced by the composition of materials and the needs of 
each means of production. The difference in utility usage 
had no significant effect on yield. The comparison of each 
scenario’s utility cost can be seen in Table 17. Based on the 
following table, electric power is the utility with the largest 
usage because it is an important workforce of the process 
equipment. Water and steam is utilized for the cleaning and 

Table 19   Annual operating cost data

Cost Item Cost (US$)

A B C D

Raw Materials 42,000 30,000 30,000 40,000
Labor-dependent 70,000 52,000 51,000 70,000
Facility-dependent 128,000 128,000 128,000 128,000
Laboratory QC / QA 11,000 8,000 8,000 11,000
Consumables 400 257 267 321
Waste Disposal 4,000 3,000 3,000 4,000
Utilities 2,000 1,000 1,000 1,000
Total 257,400 222,257 221,267 255,321

Table 20   Economic parameters 
of ferulic acid production using 
Aspergillus niger 

Parameter Unit Scenario

A B C D

Capital Expenditure (CAPEX) US$ 1,593,000 1,594,000 1,594,000 1,593,000
Operational Expenditure (OPEX) US$/year 410,000 411,000 412,000 409,000
Revenues US$/year 917,000 993,000 1,041,000 897,000
Raw Materials Cost US$/year 43,000 44,000 45,000 43,000
Ferulic Acid Production Capacity ton MP/year 22.47 24.33 25.51 21.98
Ferulic Acid Price US$/kg 45.00 45.00 45.00 45.00
Unit Production Cost US$/ton MP 18,242.63 16,871.84 16,144.18 18,605.40
Unit Production Revenue US$/ton MP 40,823.31 40,823.31 40,823.31 40,823.31
Gross Margin % 55.31 58.67 63.17 54.42
ROI % 28.09 30.93 32.69 27.38
PBP years 3.56 3.23 2.76 3.65
IRR % 20.86 23.20 27.47 20.23
NPV US$ 1,589,000 1,915,000 2,116,000 1,508,000

N
PV

(x
10

3
U
SD

)

Deviation

Fig. 4   Sensitivity analysis of product price, raw materials, and labor 
cost toward net present value (NPV)
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sterilization-in-place of the equipment to maintain its clean-
liness as part of the good manufacturing practices.

Waste Disposal

The plant utilized third-party waste disposal and treatment 
services. The waste generated in the processes are catego-
rized into chemical waste and biological waste. Both types 
need special treatment to reduce its environmental risk 
before disposal. Statista [39] states that the typical phar-
maceutical production waste treatment service cost is 0.17 
euros per m3, equivalent to US$0.18 per m3. Based on the 
data in the following table (Table 18), it can be known 

that Scenario A had the largest waste output compared to 
other scenarios; with Scenario B, the scenario was the least 
(Table 18). The cost of waste treatment increased along with 
the rise in waste output. Scenario B is an environmentally 
friendly alternative to all other processes because it offers 
both economic and environmental advantages.

Operational Cost

The calculation of the economics of the power is based on 
the following factors: raw materials cost, labor costs, facil-
ity-dependent costs (equipment, maintenance, etc.), labora-
tory equipment uses, consumable items, waste output and 
use of disposal services, and total utilities. Based on the 
data shown in Table 19, it is shown that Scenario A has 
the highest operational cost of US$257,400. Meanwhile, 
Scenario C has the lowest operational cost of US$221,267. 
This could be affected by substrate-related factors such as 
substrate density.

Profitability Analysis

After the stoichiometric mass balance calculation results 
are obtained, the prices for materials, industrial microor-
ganism culture, equipment, utilities, and operator salaries are 
adjusted according to the provincial minimum wage of Riau 
province as the largest palm oil-producing region in Indo-
nesia to conduct a study of the required economic param-
eters, namely NPV, IRR, gross margin, and payback period 
(PBP) without sensitivity analysis (Table 20). The data is 
collected as reports and executive summaries exported from 
the SuperPro Designer software. They are used to synthesize 
the conclusions and suggestions regarding the research.

According to the economic study conducted in SuperPro 
Designer, all scenarios provide a Gross Margin of over 50% 
and a payback period of 3–4 years. This suggests that the 
biomass included in the simulation experiment have great 
potential for industrial-scale utilization. However, when 
evaluated in terms of NPV, IRR, ROI, and other economic 
indicators, scenario C exhibits the highest level of profitabil-
ity. After the economic parameters are specified for sensi-
tivity analysis, the sensitivity graph is generated and shown 
below in Figs. 4, 5 and 6.

The results showed that deviations in raw materials and 
labor costs are less influential in affecting the economic 
parameters of this study. However, an increase in both 
parameters will generate dropped NPV and slower IRR 
due to an escalated annual cost resulting in a longer pay-
back period of the production facility. Conversely, if there 
is a decrease in raw material and labor costs, the NPV will 
increase and boost the IRR, eventually resulting in a faster 
payback period. The deviations in raw materials and labor 
costs are relatively stable and do not cause many changes in 

IR
R

Deviation

Fig. 5   Sensitivity analysis of product price, raw materials, and labour 
cost toward internal rate of return (IRR)

PB
P

Deviation

Fig. 6   Sensitivity analysis of product price, raw materials, and labor 
cost toward payback period (PBP)

Table 21   Yields of ferulic acid versus raw material mass

Scenario Biomass Yield (%)

A OPEFB 26.97
B Corn Stover 29.09
C Sugarcane Bagasse 24.31
D Rice Straw 26.89
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the parameters. However, based on the graphs above, ferulic 
acid price as the product is the most sensitive factor that can 
economically affect the parameters. Even a slight increase 
of 5% in ferulic acid price can boost the IRR to 22.11% and 
shorten the payback period from 3.56 years to 3.38 years. 
The sensitivity analysis results show that better profitability 
can be gained by maintaining relatively constant raw mate-
rial costs and labor costs, while slightly increasing the prod-
uct selling price.

Based on this in silico study of the bioproduction of 
ferulic acid from three different types of agro-industrial 
biomass, it can be concluded that each biomass type can 
produce ferulic acid with different yields. The yield of 
ferulic acid versus initial raw material mass can be seen in 
Table 21, where the ferulic acid from OPEFB has a yield of 
26.97%, meanwhile, the ferulic acid from corn stover has a 
yield of 29.09%, then 25.54% from sugarcane bagasse, and 
26.89% from rice straw as well. When comparing the eco-
nomic assessment results, it is discovered that the revenue 
of unit production of all scenarios is similar, most likely 
due to the same selling price of ferulic acid at US$45.00 
per kg. However, the profitability results of each scenario 
are different because they all have different values of prod-
uct yield as well as material and operational costs. If the 
yield is greater and combined with a lower operational cost 
(OPEX), profitability can be considered optimum. A com-
parison between the OPEX results showed that Scenario D 
has the most affordable operational expenditure at a rate 
of US$409,000 / year, followed by Scenario A which costs 
US$410,000 / year, and Scenario C which is the high-
est at US$412,000 / year. When it comes to the PBP, it 
was discovered that the duration for Scenario C to achieve 
it only needs 2.76 years which is the shortest among all 
Scenarios. In this factor, Scenario D has the longest PBP 
at 3.65 years. On the other hand, the PBP duration for 
Scenario A is 3.56 years. This can be further explained by 
comparing the ROI results where an increase in ROI coin-
cides with a shorter PBP in every scenario. Scenario C has 

the greatest ROI at 32.69%, meanwhile Scenario D has the 
least value at 27.38%. The ROI value of Scenario A itself 
stands at 28.09%. The same also applies to the IRR where 
Scenario C has the best IRR value at 27.47% and the IRR 
of Scenario D is 20.23%, which is the lowest. Scenario A 
is positioned between these at 20.86% IRR. Lastly, in the 
NPV results, Scenario D as the NPV of US$1,508,000, fol-
lowed by Scenario A at US$1,589,000, then Scenario B at 
US$1,915,000, and Scenario C at US$2,116,000. Based on 
the data of the results, it can be taken into conclusion that 
Scenario D is the least profitable scenario because it has 
the lowest NPV, IRR, ROI, and the slowest PBP among all 
scenarios, despite it having the best advantage in terms of 
operational cost. From the results also, Scenario C can be 
considered as the most economically profitable scenario. 
However, in terms of the product yield, it is not as high 
as the yield of Scenario A, where the ferulic acid yield of 
26.97% from OPEFB is greater than 25.54% yield from 
sugarcane bagasse (Table 21). Therefore, Scenario A can 
be considered the most optimum scenario in consideration 
of both the technical and economic aspects.

When compared with previous studies conducted by Kari-
mah et al. [40] as shown in the Table 22 which utilizes the 
same substrate, OPEFB, and an almost identical hydrolysis-
based process, the comparison shown that the IRR of this 
study is not as high as in the previous studies by Karimah 
et al. [40] which consequently has a faster payback period 
of initial investment in just 1.75 years, whereas in this study 
the IRR is 20.86% and the payback period is more than twice 
longer than the latter. One of the most possible factors that 
can explain this phenomenon could be the difference in the 
desired product market size. According to a study published 
by Grand View Research [41], the market size of furfural is 
calculated up to US$556,740,000 in the year 2022. On the 
other hand, the market size of ferulic acid in the same year 
is estimated to have reached the number of US$68,610,000 
[42]. This means that in the global market, furfural has a 
higher demand than ferulic acid. However, this study has 

Table 22   Previous studies regarding techno-economic analysis of biomass processing using SuperPro Designer

Research Substrate Process Product IRR NPV PBP

Karimah et al. [40] OPEFB Acid hydrolysis Furfural 49.77% US$ 39,210,000 1.75 years
Safaat & Wulan[43] Napier Grass Fermentation and Anaerobic digestion Bioethanol

and Biogas
11.32%, US$ 23,382,883.03 7.2 years

Taiwo et al. [45] Glucose Fermentation Cellulase
Enzyme

36.95% US$140,328,000 1.88 years

Fredsgaard et al. [44] Salicornia sp. Hydrogenation, hydrodeoxygenation, 
hydrocracking, and isomerization

Jet Fuel 10% US$150,000,000 7 years

This research OPEFB
Corn Stover
SC Baggase
Rice Straw

Fermentation and enzymatic hydrolysis Ferulic Acid 20.86%
23.20%
27.47%
20.23%

US$1,589,000
US$1,915,000
US$2,116,000
US$1,508,000

3.56 years
3.23 years
2.76 years
3.65 years
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a better IRR and faster payback period when compared 
with the result of the studies by Safaat & Wulan [43] and 
Fredsgaard et al. [44]. Despite the popularity of bioethanol 
and jet fuel in the current trend of global market, the factor 
could be the utilization of Napier grass and Salicornia sp. 
as a substrate is not as widespread as OPEFB and mostly 
experimental.

Therefore, the production of furfural could be more prof-
itable than ferulic acid. In order to enhance the profitability 
of ferulic acid bioproduction, further research and develop-
ment is needed to explore the potential use of ferulic acid 
in industries other than cosmeceuticals in order to increase 
its market demands, or by optimizing the production pro-
cess through the use of a more affordable industrial microbe 
strain and reducing the usage of materials and energy in the 
production facility while keeping attention to the bounda-
ries so that it would not negatively affect the yield nor the 
product output.

From the results of the techno-economic analysis of each 
scenario in this study, Scenario C, which utilizes SC Bag-
gase, is the most profitable with a gross margin of 63.17%, 
and 36.27% ROI with the expected return in 2.76 years at 
IRR of 27.47%. Although ferulic acid from OPEFB has a 
lower yield than ferulic acid from corn stover, the profitabil-
ity is influenced by the affordability of raw materials, differ-
ent operating conditions, utilities and energy use, operating 
costs, and annual revenues.

Conclusions

This paper successfully conducted techno-economic analysis 
on the ferulic acid production using enzymes from Aspergil-
lus niger culture. Based on the results of the study, difference 
in ferulic acid yields based on agro-industrial biomass type 
is affected by its hemicellulose content, especially arabi-
noxylan. In this case, it is discovered that the corn stover has 
the highest yield at 29.09% of ferulic acid in their product 
compared to OPEFB and sugarcane bagasse. Moreover, this 
research provided proof that utilization of SC Baggase as 
the raw material is the most optimum scenario with a gross 
margin of 63.17%, and 32.69% ROI with a payback period 
of 2.76 years at IRR of 27.47%. Regarding the economic 
sensitivity of the ferulic acid production process, better prof-
itability can be gained by maintaining relatively constant raw 
material costs and labor costs, while slightly increasing the 
product selling price. In the future, validation is needed to 
confirm the process simulation results and product quality. 
In addition, economic aspects of cleanroom, energy use in 
laminar airflow systems, sterile equipment, and protective 
personnel equipment should also be considered, as every 
cosmeceutical manufacturing industry must comply with 

the principles of good manufacturing practices or GMP 
standards.

Funding  This research was partly supported by Q2 Scheme Research 
Grant (Hibah Publikasi Artikel di Jurnal Internasional Kuartil Q2) 
No. NKB-678/UN2.RST/HKP.05.00/2022 from Directorate Research 
and Development Universitas Indonesia awarded to Apriliana Cahya 
Khayrani, Ph.D.

Data Availability  Enquiries about data availability should be directed 
to the authors.

Declarations 

Competing Interests  The authors have not disclosed any competing 
interests.

References

	 1.	 Index Mundi (2023). Indonesia Palm Oil Production by Year. 
March 20, 2023. https://​www.​index​mundi.​com/​agric​ultur​e/?​
commo​dity=​palm-​oil&​count​ry=​id&​graph=​produ​ction

	 2.	 Harsono, H., Putra, A.S., Maryana, R., Rizaluddin, A.T., H’ng, 
Y. Y., Nakagawa-izumi, A., & Ohi, H.: Preparation of dissolv-
ing pulp from oil palm empty fruit bunch by prehydrolysis soda-
anthraquinone cooking method. J. Wood Sci. 62(1), 65–73 (2015)

	 3.	 Rathamat, Z., Choorit, W., Chisti, Y., Prasertsan, P.: Two-step 
isolation of hemicellulose from oil palm empty fruit bunch fibers 
and its use in production of xylooligosaccharide prebiotic. Ind. 
Crops Prod. 160, 113124 (2021)

	 4.	 Zainudin, M.H., Abdul Rahman, N.A., Abd-Aziz, S., Funaoka, 
M., Shinano, T., Shirai, Y., Wakisaka, M., Hassan, M.: Utili-
zation of glucose recovered by phase separation system from 
acid-hydrolysed oil palm empty fruit bunch for bioethanol pro-
duction. Pertanika J. Trop. Agric. Sci. 35, 117–126 (2012)

	 5.	 ASEAN Statistical Yearbook. (2021). ASEAN Statistical Year-
book 2021. The Asian Secretariat. https://​www.​asean​stats.​org/​
wp-​conte​nt/​uploa​ds/​2021/​12/​ASYB_​2021_​All_​Final.​pdf

	 6.	 Mourtzinis, S., Cantrell, K.B., Arriaga, F.J., Balkcom, K.S., 
Novak, J.M., Frederick, J.R., Karlen, D.L.: Carbohydrate and 
nutrient composition of corn stover from three southeastern 
USA locations. Biomass Bioenerg. 85, 153–158 (2016)

	 7.	 Vincent, M., Pometto, A., III., Van Leeuwen, H.: Simultaneous 
Saccharification and Fermentation of Ground Corn Stover for the 
Production of Fuel Ethanol Using Phanerochaete chrysosporium, 
Gloeophyllum trabeum, Saccharomyces cerevisiae, and Escheri-
chia coli K011. J. Microbiol. Biotechnol. 21, 703–710 (2011)

	 8.	 Valério, R., Crespo, J.G., Galinha, C.F., Brazinha, C.: Effect of 
Ultrafiltration Operating Conditions for Separation of Ferulic 
Acid from Arabinoxylans in Corn Fibre Alkaline Extract. Sus-
tainability 13(9), 4682 (2021)

	 9.	 Valério, R., Serra, A.T., Baixinho, J., Cardeira, M., Fernández, 
N., Bronze, M.R., Brazinha, C.: Combined hydrothermal pre-
treatment and enzymatic hydrolysis of corn fibre: Production of 
ferulic acid extracts and assessment of their antioxidant and anti-
proliferative properties. Ind. Crops Prod. 170, 113731 (2021)

	10.	 Huang, J., Khan, M.T., Perecin, D., Coelho, S.T., Zhang, M.: Sug-
arcane for bioethanol production: Potential of bagasse in Chinese 
perspective. Renew. Sustain. Energy Rev. 133, 110296 (2020)

	11.	 Badan Pusat Statistik. (2022). Statistik Tebu Indonesia 2021. 
December 7, 2022. https://​www.​bps.​go.​id/​publi​cation/​2022/​11/​

https://www.indexmundi.com/agriculture/?commodity=palm-oil&country=id&graph=production
https://www.indexmundi.com/agriculture/?commodity=palm-oil&country=id&graph=production
https://www.aseanstats.org/wp-content/uploads/2021/12/ASYB_2021_All_Final.pdf
https://www.aseanstats.org/wp-content/uploads/2021/12/ASYB_2021_All_Final.pdf
https://www.bps.go.id/publication/2022/11/30/6392bf8e4265949485d85e72/statistik-tebu-indonesia-2021.html


5768	 Waste and Biomass Valorization (2024) 15:5755–5769

30/​6392b​f8e42​65949​485d8​5e72/​stati​stik-​tebu-​indon​esia-​2021.​
html

	12.	 Rabelo, S.C., da Costa, A.C., Vaz Rossel, C.E.: Industrial Waste 
Recovery. In: Santos, C., Caldas, C., Borem, A. (eds.) Sugarcane, 
pp. 365–381. Academic Press, Cambridge (2015)

	13.	 Alonso-Pippo, W., Luengo, C.A., Felfli, F.F., Garzone, P., Cor-
nacchia, G.: Energy recovery from sugarcane biomass residues: 
Challenges and opportunities of bio-oil production in the light of 
second-generation biofuels. Journal of Renewable and Sustainable 
Energy 1(6), 063102 (2009)

	14.	 Shoaib, A.M., El-Adly, R.A., Hassanean, M.H.M., Youssry, A., 
Bhran, A.A.: Developing a free-fall reactor for rice straw fast 
pyrolysis to produce bio-products. Egypt. J. Pet. 27(2018), 1305–
1311 (2018)

	15.	 Sindhu, R., Binod, P., Janu, K.U., Sukumaran, R.K., Pandey, 
A.: Organosolvent pretreatment and enzymatic hydrolysis of 
rice straw for the production of bioethanol. World J. Microbiol. 
Biotechnol. 28(2), 473–483 (2011). https://​doi.​org/​10.​1007/​
s11274-​011-​0838-8

	16.	 Xiao, T., Lai, R., Liu, Z., Xiong, S., Li, X., Zeng, Y., Jiao, S., 
Tang, Y., Lu, Y., Zu, Y.: Active pharmaceutical ingredient-
ionic liquids assisted follicular co-delivery of ferulic acid and 
finasteride for enhancing targeted anti-alopecia. Int. J. Pharm. 
648(December), 123642 (2023)

	17.	 Bezerra, G.S.N., Pereira, M.A.V., Ostrosky, E.A., Barbosa, E.G., 
de Moura, M., de F. V., Ferrari, M., Aragão, C. F. S., & Gomes, 
A. P. B.: Compatibility study between ferulic acid and excipients 
used in cosmetic formulations by TG/DTG, DSC and FTIR. J. 
Therm. Anal. Calorim. 127(2), 1683–1691 (2017)

	18.	 Zduńska, K., Dana, A., Kolodziejczak, A., Rotsztejn, H.: Antioxi-
dant Properties of Ferulic Acid and Its Possible Application. Skin 
Pharmacology and Physiology 31, 332–336 (2018)

	19.	 Yang, J., Chen, J., Hao, Y., Liu, Y.: Identification of the DPPH 
radical scavenging reaction adducts of ferulic acid and sinapic 
acid and their structure-antioxidant activity relationship. Lwt 
146(March), 111411 (2021)

	20.	 Sun, X., Sun, P., Liu, L., Jiang, P., Li, Y.: Ferulic acid attenuates 
microglia-mediated neuroinflammation in retinal degeneration. 
BMC Ophthalmol. 21(1), 1–9 (2021)

	21.	 Li, D., Rui, Y., Guo, S., Luan, F., Liu, R., Zeng, N.: Ferulic acid: 
A review of its pharmacology, pharmacokinetics, and derivatives. 
Life Sci. 284, 119921 (2021)

	22.	 Borges, A., Ferreira, C., Saavedra, M.J., Simões, M.: Antibacte-
rial activity and mode of action of ferulic and gallic acids against 
pathogenic bacteria. Microb. Drug Resist. 19(4), 256–265 (2013)

	23.	 Panwar, R., Sharma, A.K., Kaloti, M., Dutt, D., Pruthi, V.: Charac-
terization and anticancer potential of ferulic acid-loaded chitosan 
nanoparticles against ME-180 human cervical cancer cell lines. 
Applied Nanoscience (Switzerland) 6(6), 803–813 (2016)

	24.	 Choi, J.H., Park, J.K., Kim, K.M., Lee, H.J., Kim, S.: In vitro and 
in vivo antithrombotic and cytotoxicity effects of ferulic acid. J. 
Biochem. Mol. Toxicol. 32(1), e22004 (2018)

	25.	 Luo, Z., Li, M., Yang, J., Li, J., Zhang, Y., Liu, F., El-Omar, E., 
Han, L., Bian, J., Gong, L., Wang, M.: Ferulic acid attenuates 
high-fat diet-induced hypercholesterolemia by activating classic 
bile acid synthesis pathway. Front. Nutr. 9, 976638 (2022)

	26.	 Zhang, L.W., Al-Suwayeh, S.A., Hsieh, P.W., Fang, J.Y.: A com-
parison of skin delivery of ferulic acid and its derivatives: Evalu-
ation of their efficacy and safety. Int. J. Pharm. 399(1–2), 44–51 
(2010)

	27.	 Saadon, S.Z.A.H., Osman, N.B., Yusup, S.: Pretreatment of 
fiber-based biomass material for lignin extraction. In: Yusup, S., 
Rashidi, N.A. (eds.) Value-Chain of Biofuels, pp. 105–135. Else-
vier, Amsterdam (2022)

	28.	 Pazo-Cepeda, M.V., Guadalupe, S.,  Aspromonte & 
Alonso, E.: Extraction of ferulic acid and feruloylated 

arab-inoxylo-oligosaccharides from wheat bran using hot water. 
Food Biosci. 44, 101374 (2021)

	29.	 Converti, A., Aliakbarian, B., Domínguez, J.M., Vázquez, G.B., 
Perego, P.: Microbial production of biovanillin. Bra-zilian Journal 
of Microbiology 41(3), 519–530 (2010)

	30.	 Sharma, A., Sharma, A., Singh, J., Sharma, P., Tomar, G.S., 
Singh, S., Nain, L.: A biorefinery approach for the prduction of 
ferulic acid from agroresidues through ferulic acid esterase of 
lactic acid bacteria. 3 Biotech. 10(8), 1 (2020)

	31.	 Ou, S., Zhang, J., Wang, Y., Zhang, N.: Production of Feruloyl 
Esterase from Aspergillus niger by Solid-State Fermen-tation on 
Different Carbon Sources. Enzyme Res. 2011, 1–4 (2011)

	32.	 Wang, X., Yao, B., Su, X.: Linking Enzymatic Oxidative Degrada-
tion of Lignin to Organics Detoxification. Int. J. Mol. Sci. 19(11), 
3373 (2018)

	33.	 Brézillon, C., Kroon, P.A., Faulds, C.B., Brett, G.M., Williamson, 
G.: Novel ferulic acid esterases are induced by growth of Aspergil-
lus niger on sugar-beet pulp. Appl. Microbiol. Biotechnol. 45(3), 
371–376 (1996)

	34.	 Doran, P.: Bioprocess Engineering Principles. Academic Press 
Limited, London (1995)

	35.	 Hidayatullah, I.M., Arbianti, R., Utami, T.S., Suci, M., Sahlan, M., 
Wijanarko, A., Gozan, M., Hermansyah, H.: Techno-economic 
analysis of lipase enzyme production from agro-industry waste 
with solid state fermentation method. IOP Conf. Ser. 316, 012064 
(2018)

	36.	 Harahap, A.F.P., Panjaitan, J.R.H., Curie, C.A., Ramadhan, 
M.Y.A., Srinophakun, P., Gozan, M.: Techno-economic Evalu-
ation of Hand Sanitiser Production using Oil Palm Empty Fruit 
Bunch-Based Bioethanol by Simultaneous Saccharification and 
Fermentation (SSF) Process. Appl. Sci. 2020(10), 5987 (2020)

	37.	 Gubernur Riau. (2022). Surat Keputusan Gubernur Riau No. 
KPTS 1783/XII/2022 tentang Upah Minimum Kabupaten/ Kota 
Riau 2023. July 15, 2023. https://​disko​minfo.​pelal​awank​ab.​go.​id/​
asset/​files/​UPAH_​MINIM​UM_​KABUP​ATEN_​KOTA_​RIAU_​
TAHUN_​2023.​pdf

	38.	 PLN (2023). Peraturan Menteri Energi dan Sumber Daya Mineral 
Republik Indonesia No. 28 Tahun 2016. July 20, 2023. https://​
web.​pln.​co.​id/​pelan​ggan/​tarif-​tenaga-​listr​ik

	39.	 Statista. (2015). Cost of wastewater treatment to reduce phar-
maceutical residues in 2015, by technology (in euros per cubic 
meter). Energy & Environment: Water & Wastewater.

	40.	 Karimah, I., Suyuditomo, G., Harahap, A.F.P., Ramadhan, 
M.Y.A., Panjaitan, J.R.H., Sahlan, M., Hermansyah, H., Gozan, 
M.: Techno-economic analysis of furfural production with vari-
ous pretreatment of oil palm empty fruit bunches using SuperPro 
Designer. IOP Conference Series: Earth and Environmental Sci-
ence 749(1), 012042 (2021)

	41.	 Grand View Research. (2023). Furfural Market Size, Share & 
Trends Analysis Report By Process (Quaker Batch Process), By 
Raw Material (Corn Cob), By Application (Furfuryl Alcohol), 
By End-use, By Region, And Segment Forecasts, 2023 – 2030. 
Report ID: 978–1–68038–301–0. September 7, 2023. https://​
www.​grand​viewr​esear​ch.​com/​indus​try-​analy​sis/​furfu​ral-​market

	42.	 Precedence Research (2023). Ferulic Acid Market (By Type: 
Synthesis, Natural; By Application: Cosmetic, Pharmaceutical 
Intermediates, Others; By Packaging: Interior Packaging, Exte-
rior Packaging) - Global Industry Analysis, Size, Share, Growth, 
Trends, Regional Outlook, and Forecast 2023–2032. https://​www.​
prece​dence​resea​rch.​com/​ferul​ic-​acid-​market/​amp

	43.	 Safaat, M., Wulan, P.P.D.K.: Technoeconomic Analysis of Inte-
grated Bioethanol from Elephant Grass (Pennisetum purpureum) 
with Utilization of Its Residue and Lignin. Industria: Jurnal 
Teknologi dan Manajemen Agroindustri 11(1), 64–80 (2022)

	44.	 Fredsgaard, M., Hulkko, L.S.S., Chaturvedi, T., Thomsen, M.H.: 
Process simulation and techno-economic assessment of Salicornia 

https://www.bps.go.id/publication/2022/11/30/6392bf8e4265949485d85e72/statistik-tebu-indonesia-2021.html
https://www.bps.go.id/publication/2022/11/30/6392bf8e4265949485d85e72/statistik-tebu-indonesia-2021.html
https://doi.org/10.1007/s11274-011-0838-8
https://doi.org/10.1007/s11274-011-0838-8
https://diskominfo.pelalawankab.go.id/asset/files/UPAH_MINIMUM_KABUPATEN_KOTA_RIAU_TAHUN_2023.pdf
https://diskominfo.pelalawankab.go.id/asset/files/UPAH_MINIMUM_KABUPATEN_KOTA_RIAU_TAHUN_2023.pdf
https://diskominfo.pelalawankab.go.id/asset/files/UPAH_MINIMUM_KABUPATEN_KOTA_RIAU_TAHUN_2023.pdf
https://web.pln.co.id/pelanggan/tarif-tenaga-listrik
https://web.pln.co.id/pelanggan/tarif-tenaga-listrik
https://www.grandviewresearch.com/industry-analysis/furfural-market
https://www.grandviewresearch.com/industry-analysis/furfural-market
https://www.precedenceresearch.com/ferulic-acid-market/amp
https://www.precedenceresearch.com/ferulic-acid-market/amp


5769Waste and Biomass Valorization (2024) 15:5755–5769	

sp.-based jet fuel refinery through Hermetia illucens sugars-to-
lipids conversion and HEFA route. Biomass Bioenergy 150, 10 
(2021)

	45.	 Taiwo, A.E., Tom-James, A., Falowo, O.A., Okoji, A., Adeyi, 
O., Olalere, A.O., Eloka-Eboka, A.: Techno-economic analysis 
of cellulase production by Trichoderma Reesei in submerged fer-
mentation processes using a process simulator. S. Afr. J. Chem. 
Eng. 42, 98–105 (2022)

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.



Reproduced with permission of copyright owner. Further reproduction
prohibited without permission.



Vol.:(0123456789)

Waste and Biomass Valorization (2024) 15:5785–5804 
https://doi.org/10.1007/s12649-023-02395-y

ORIGINAL PAPER

Coupled Production of Fatty Acid Alkyl Esters as Biodiesel 
and Fermentative Xylitol from Indian Palm (Elaeis guineensis Jacq.) 
Kernal Oil in a Biorefinery Loom

Jayacumar Sanjana1 · S. P. Jeevan Kumar2 · P. Naveen Kumar2,4 · K. Ramachandrudu3 · Samuel Jacob1 

Received: 12 September 2023 / Accepted: 18 December 2023 / Published online: 25 January 2024 
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract
Palm kernel oil (PKO) is a non-edible oil which is enriched with saturated fatty acids that can be used as a raw material for 
many industrial applications. Indian PKO (IPKO) was chosen in this study which has been explored sporadically in indus-
tries. IPKO was characterized and utilized for the synthesis of fatty acid alkyl esters through transesterification (solvolysis) 
using methanol and ethanol solvents coupled with alkali catalysts such as sodium hydroxide (NaOH) and potassium hydrox-
ide (KOH). Upon comparison, methanol and NaOH resulted in the maximum biodiesel (esters) yield of 67.77% as compared 
to ethanol-based solvolysis. Compositional analysis of fatty acid methyl esters (FAMEs) through GC–MS elucidated the 
presence of long chain (C12:0 to C18:1) esters, which can be utilized as biodiesel. Therefore, IPKO FAME has been tested 
as diesel blend in engines without any modification, where, B5 (5% v/v) blend showed at-par fuel characteristics and engine 
efficiency as compared to non-blended diesel with minimal emissions. To induct a waste circular reprocessing startegy, 
crude glycerol resulted from transesterification  of IPKO was supplemented to Candida tropicalis NCIM3118 for xylitol (a 
sweetener) synthesis. The results indicated that upon supplemention of IPKO crude glycerol as co-substrate, enhancement in 
xylitol production of about 0.93 gxylitol/gtotal organic carbon as compared to only xylose as ‘C’ source (0.81 gxylitol/gtotal organic carbon) 
was observed with efficiency improvement in overall  growth kinetic behavior. This study demonstrates the circular economy 
approach in which that the IPKO can be utilized for biodiesel production, while, the by-product (crude glycerol) generated 
could be deployed for xylitol production.
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Statement of Novelty

Indian palm kernel oil (IPKO) was chosen in this study 
which has been explored sporadically in industries. This is 
the first study to establish the bioprocessing aspects of this 
widely available bioresource for economical advantage of 
the oil processing units. The biodiesel obtained from the sol-
volysis of IPKO seems to be at par with the convetional fuel 
with low emission characteristics. Another important aspect 
of this study is by-product (glycerol) valorization to xylitol 
(a sugar alcohol) through microbial fermentation thereby 
establishing a circular biorefinery. This paves the way for 
sustainable utilization of IPKO as a potential industrial raw 
material that could solve the energy crisis as well as industri-
ally important xylitol synthesis.

Introduction

Energy is a key indicator for the sustainable growth and 
development of a society. The indispensable role of energy 
in economic progress of a country through technological 
developments leads to social upliftment and improvement 

in the quality of life as being addressed through UN sustain-
able development goals (SDGs). To address the issues of 
increasing fuel demand, global climate change and decreas-
ing conventional fuel resources, deployment of renewable 
energy resources as an alternative to fossil fuels are highly 
solicited. Given the ongoing fuel scarcity problems and 
worldwide rise in petroleum costs, huge investment in agro-
wastes (biomass) based fuel is essential [1]. Amongst liq-
uid biofuels, biodiesel finds a prominent position that has 
significant application in transportation and agricultural 
machinery. Biodiesel is a mixture of fatty acid alkyl esters 
(FAAEs) derived from animal fats or edible/non-edible plant 
oil through catalyst/enzyme-assisted solvolysis (methanol 
predominantly) otherwise termed as transesterification. It is 
a clean renewable fuel with less sulfur and aromatic content, 
eco-friendly, non-toxic, biodegradable and can be used to 
run any compression ignition engine without any modifica-
tions [2, 3]. FAAE is proportionally similar to the regular 
fossil fuel-based diesel in terms of its physico-chemical 
composition and functional properties [4]. Biodiesel can 
be produced from vegetable oils owing to its similar char-
acteristics of higher flash points and cetane number with 
petroleum-based diesel [5]. Plants are an excellent renew-
able resource of natural oil/lipids serving the demand of 
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both edible and non-edible industrial applications. Though, 
there exist a cross-over in application of majorly available 
edible oils (soyabean, rapeseed and sunflower oil) for non-
food purposes especially biodiesel, considering the food vs. 
fuel implications in developing countries (South East Asian 
Countries) exploitation of non-edible oils for green chemi-
cals synthesis deemed to be a better alternative.

It is known that direct application of vegetable oil is not 
recommended for diesel engines due to high viscosity that 
leads to deposition of carbon, piston ring adhesion, and 
incomplete combustion [6]. However, after converting the 
triglycerides of oil into esters the viscosity is reduced that 
can be utilized as fuel based on its compliance of Ameri-
can society for testing and materials (ASTM) standards. 
The principle behind transesterification is solvolysis, more 
precisely the alcoholysis reaction where one alcohol dis-
places another alcohol from an ester present in fatty acid 
chain [7]. It is the process of conversion of triglycerides 
into diglycerides in the first step, followed by the diglycer-
ides into monoglycerides in the second step, and finally the 
conversion of monoglycerides to glycerol in the third step, 
one ester molecule is produced from each glyceride at each 

stage of the reaction [8]. The industrial manufacturing of 
biodiesel must make use of oil seeds that are non-edible 
and animal fats [9]. Till date various plant oils have been 
utilized commercially to produce biodiesel which includes 
palm oil, castor oil, rapeseed oil and sunflower oil [10–14].

Among vegetable oils, palm is cultivated widely which 
accounts for a productivity of 4.4 MT per hectare annually 
with oil production of 69.30 MT securing first position 
[14, 15]. According to the United States Department of 
Agriculture (USDA) estimates, 75% of the global palm oil 
consumption in refined forms are used for edible purposes 
and food industries, while ~ 22% is for non-food purposes 
like cosmetics and marginal quantity is used for biodiesel. 
By-products such as palm stearin, palm fatty acid distil-
late and refined palm kernel oil are employed in some 
industrial application [14]. Palm oil is extracted from the 
fruit bunch after the removal of the kernel. Palm kernels 
discarded as waste makes up to 46–48% of palm fruit by 
weight and oil content in the kernel ranges between 45 
and 60% which is rich in saturated triglycerides [16]. The 
industrial process of extraction of palm kernel oil (PKO) 
is shown in Fig. 1.

Fig. 1   Process flow of processing palm fruit processing and its oil derivatives
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 PKO  from oil extraction industries is an important 
source for oleochemicals because of its rich source of short 
(C8–C10), medium chain (C12–C14) fatty acids that have 
been widely used in the industries [17]. Apart from con-
ventional use, recent applications of PKO as fuel have trig-
gered a great interest to explore  owing to its lipid com-
position. Why et al. [18] demonstrated that the PKO at a 
ratio of 20% (v/v) coupled with bio-jet fuel, blended in Jet 
A-1 fuel showed promising efficiency. In another study, sta-
bilization of PKO with methanol showed greater stability 
like tetrahydrofuran [15]. In the last five years the acreage 
of palm (Elaeis guineensis Jacq.) cultivation in India has 
been growing at a rate of 21% compound annual growth rate 
(CAGR). The oil palm development programme (OPDP) is 
being implemented by the relevant state governments with 
the help of horticulture and agriculture departments [19]. 
Though the major usage of Indian palm oil due to its ver-
satile applications is in the food industry, PKO which does 
not meet the food-grade application is gaining importance 
in the fuel and industrially important chemicals production.

Ejeromedoghene [20] reported a study on PKO which 
was transesterified using methanol and acid catalyst (ace-
tic acid) to produce biodiesel and characterized using 
ASTM protocols. Similarly, optimization study of PKO 
was performed using adaptive neuro-fuzzy inference sys-
tem (ANFIS), artificial neural network (ANN) and response 
surface methodology (RSM) for improved biodiesel yield of 
99.5% at oil/solvent ratio of 0.48 v/v, 0.86% (w/w) catalyst 
concentration and reaction time of 71.50 min [21]. To the 
best of the authors’ knowledge, transesterification of Indian 
PKO (IPKO) for synthesis of FAAE is not found elsewhere. 
Moreover, valorization of crude glycerol for xylitol (a sugar 
alcohol) production has been envisaged through microbial 
fermentation as a means of circular economy.

Sugar alcohols are type of polyols obtained from mono-
saccharides (hexose and pentose) generally utilized as sweet-
eners and thickeners in the food industries to replace table 
sugar i.e., sucrose, mostly with other artificial sweeteners to 
compensate the poor sweetness. Because of its sweetness 
being similar to sucrose, xylitol is probably the most popular 
among sugar alcohols [22]. The global market demand of 
xylitol has been projected between 20000 to 40000 tons [23].

Currently, the industrial production of xylitol can be pro-
duced by hydrogenation of xylose (a pentose sugar) derived 
from plant-based xylan with nickel as catalyst under a tem-
perature of 150 °C and 25 bars of pressure. As the process of 
xylose production and purification is cost intensive, conse-
quently, it makes the xylitol more expensive [24, 25]. Some 
yeasts like Candida, Rhodosporidium and Yarrowia (Yar-
rowia lipolytica, Candida guilliermondii, Candida zeyla-
noides, Candida tropicalis and Rhodosporidium toruloides) 
have the ability to produce the xylitol with inexpensive 
carbon sources derived from lignocellulosic hydrolysates 

[26, 27]. Studies have reported that to enhance the xylitol 
production, co-substrates like glycerol, glucose, mannose 
were supplemented in the growth medium to modulate the 
metabolism of the producer organisms. Arruda and Felipe 
[28] studied the glycerol supplementation on xylitol produc-
tion using xylose as substrate by Candida guilliermondii and 
reported a yield of 0.78 g/g and productivity was 1.13 g/L/h 
when media contains 53 g/L of xylose and 6.5 g/L of glyc-
erol. Similarly, we have employed a fermentative strategy of 
replacing the 50% of xylose with the glycerol derived from 
IPKO transesterification and compared with the efficiency 
of the process with only xylose substrate and pure glycerol 
as co-substrate using Candida tropicalis NCIM3118 as a 
producer organism. The purpose of comparison between 
IPKO-derived and pure glycerol is to get an insight on the 
effect of impurities in IPKO glycerol on fermentation after 
transesterification.

 IPKO is less explored as inexpensive feedstocks with 
significant triglycerides, hence, in this study, standardization 
of IPKO transesterification has been carried out for biodiesel 
production along with a microbial valorization of the by-
product crude glycerol for xylitol production by fermenta-
tive means. This paves the way for sustainable utilization of 
IPKO as a potential industrial raw material that could solve 
the energy crisis as well as industrially important xylitol 
synthesis.

Materials and Methods

Physico‑Chemical Characterization of IPKO

The IPKO extracted from an improved palm variety Elaeis 
guineensis Jacq. was procured from the Indian Council 
of Agricultural Research (ICAR)-Indian Institute of Oil 
Palm Research, Pedavegi, West Godavari District, Andhra 
Pradesh. The obtained IPKO was characterized as described 
in the subsequent sections. All the chemicals utilized for 
the study such as methanol (96%), ethanol (99%), sodium 
hydroxide (NaOH), potassium hydroxide (KOH), sulphu-
ric acid (H2SO4, 96%), hydrochloric acid (HCl, 36%) are of 
analytical grade.

Determination of Density and Specific Gravity

An empty tube was weighed and the weight was noted as 
W1. About 5 mL of IPKO oil was measured and poured into 
the empty tube and weight was taken again and noted as W2. 
The density of the IPKO was calculated by using the Eq. 1. 
The specific gravity denotes the ratio between the density of 
the oil to density of the water as given in Eq. 2.
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Estimation of Acid Value and Free Fatty Acid (FFA) Content

The acid value and FFA content of the IPKO was estimated 
using the standard method reported [29]. The acid value is a 
measure of the quantity of triacylglycerol that breaks down 
into FFAs. It also indicates that the amount of KOH required 
to neutralize the FFA present per gram of oil. Volumetric ratio 
of oil:ethanol (1:10) suspension was taken in a 100 mL conical 
flask and heated in a boiling water bath for 10 min. After cool 
down to room temperature, 2 to 3 drops of phenolphthalein 
indicator were added. The mixture was titrated against 0.1 N 
KOH till the pink color appeared (end point). The titre volume 
was noted and the acid value and FFA content were calculated 
using the Eqs. 3 and 4, respectively.

Estimation of Saponification Value and Ester Value

Saponification value indicates the quantity of KOH required to 
saponify one gram of the oil. When the saponification number 
is lower, the molecular weight of the triacylglycerol that is 
present in the oil tends to be higher [30]. To one gram of oil, 
5 ml of ethanol was added followed by the addition of 25 mL 
of 0.5 N alcoholic KOH and heated for 10 min in a hot water 
bath. After cooling, 3 to 4 drops of phenolphthalein indicator 
were added. The mixture was titrated against 0.5 N HCl until 
the endpoint reaches colourless. The saponification value was 
calculated as given in Eq. 5.

Ester value is obtained by the difference between saponifi-
cation value and acid value (Eq. 6). Higher ester value results 
in a high number of esters and low molecular weight fatty 
acid content.

(1)Density(g∕ml) =
Mass of the oil (W2 −W1)(g)

Volume of oil taken (mL)

(2)Specific gravity =
Density of the oil (g∕mL)

Density of water (g∕mL)

(3)Acid value

(

mg
KOH

g

)

=
Titre value × 5.6

Weight of the oil taken (g)

(4)Free fatty acid

(

mg
KOH

g

)

=
Acid value

2

(5)

Saponification value (mg
KOH

g
) =

Titre value × 28.05

Weight of the oil taken (g)

(6)

Ester value

(

mg
KOH

g

)

= Saponification value − Acid value

Solvolysis of IPKO to Synthesize FAAE

For an efficient transesterification through solvolysis there 
is a prerequisite to reduce the FFA content in order to 
prevent soap formation [31]. Therefore, a two-step pro-
cess that consists of esterification of the oil using an acid 
catalyst followed by transesterification of the esterified oil 
using an alkali catalyst was adapted as discussed in the 
subsequent sections.

Esterification for Reduction of Acid Value

The IPKO esterification process was performed as reported 
by Hayyan et al. [32] with the following conditions: oil to 
methanol molar ratio of 1:6 at 60 °C for 60 min with 1% 
(w/w) of sulphuric acid (catalyst). After the reaction, the 
suspension was transferred to a separating funnel to obtain 
a biphasic solution. The top layer that consists of esterified 
oil was carefully separated and utilized for transesterifi-
cation. The acid value was determined in order to find 
the FFA level of esterified IPKO, which was found to be 
within the acceptable limit.

Transesterification

The efficiency of the transesterification reaction is depend-
ent on the type of solvent used towards the chosen oil 
and the reaction operating conditions (time and tempera-
ture). In general, alcoholic solvents are more preferred for 
FAAE (biodiesel) synthesis due to its availability and ease 
in separation of glycerol from the ester mixtures. In this 
study, ethanol and methanol were employed as a solvent 
for transesterification IPKO. The reaction time (60 min) 
and temperature (60 °C) was fixed based on the previous 
report [33]. Addition of catalyst favors the forward reac-
tion under the given conditions. Alkali catalysts (1% w/w) 
such as NaOH and KOH have been proven to enhance 
the FAAE yield and were employed to obtain maximum 
FAAE yield.

Following the completion of each process, the resultant 
mixture was put in a separating funnel in order to frac-
tionate the FAAE (the upper layer) and the glycerol. Fur-
ther, the yield of FAAE was calculated using the Eq. 7. 
The obtained FAAE was analyzed for fatty acid compo-
sition through Gas Chromatography-Mass spectrometer 
(GC–MS).

The following denotation are used for convenience 
throughout the discussion.

(7)Yield(%) =
Weight of the produced FAAE(g)

Weight of the oil taken (g)
× 100
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•	 Fatty acid alkyl ester from Methanol-NaOH-Fatty Acid 
Methyl Ester (FAME) (Na)

•	 Fatty acid alkyl ester from Methanol-KOH-FAME (K)
•	 Fatty acid alkyl ester from Ethanol-NaOH-Fatty Acid 

Ethyl Ester FAEE (Na)
•	 Fatty acid alkyl ester from Ethanol-KOH-FAEE (K)

A radar plot was constructed using Microsoft Excel Office 
Suite 365 to signify the role of parameters such as type of 
solvent (methanol and ethanol) and catalysts (NaOH and 
KOH) to FAAE and glycerol yields.

Compositional Analysis of FAAE Derived from IPKO Through 
GC–MS

The analysis for fatty acid composition was carried out by 
GC–MS (Shimadzu, QP2010 Plus). Helium gas was used as 
the carrier gas at a flow rate of 1 ml/min. The initial temper-
ature was kept at 70 °C for holding time of 2 min and final 
temperature was kept at 300 °C with holding time of 5 min 
at a ramp of 5 °C/min. The temperature of the injector was 
set to 280 °C and ion source temperature of 200 °C [34, 35].

Biodiesel Characterization for Fuel Application

Different blends of IPKO derived biodiesel and diesel fuel 
(BX where, X refers to percentage of volume of biodiesel 
(X = 5, 10, 20)) were prepared. Pure diesel is considered as 
a control. Fuel properties like density (Hydrometer), kine-
matic viscosity at 40 °C (Red wood viscometer), cloud point 
and pour point (Cleveland open-cup apparatus), flash point 
and fire point (EIE-PTLT-104NR4, EIE Instruments) cetane 
number (biodiesel analyzer software), calorific value (bomb 
calorimeter) were determined.

Engine Performance Testing

The blending of biodiesel with other fuels can result in a 
more homogeneous fuel mixture that can improve combus-
tion efficiency and increase brake thermal efficiency (BTE). 
However, the blend ratio should be carefully selected to 
ensure optimal performance and to avoid adverse effects 
on engine performance and emissions. To test the engine 
performance with the fuel blends, a high-speed engine with 
eddy current dynamometer was used. The performance of 
the engine depends on inter-relationship between power 
developed, speed and the specific fuel consumption at each 
operating condition within a useful range of speed and load. 

The BTE and brake specific fuel consumption of the various 
blends of IPKO biodiesel at different loads were measured.

Partial Purification of Glycerol

For the purification of glycerol, the protocol reported by 
Miyuranga et al. [36] with slight modification was followed. 
The glycerol layer was obtained and upon gentle mixing the 
glycerol was acidified (pH 1) using phosphoric acid (H3PO4) 
on a hot plate until the formation of three different layers. 
The top layer consists of fatty acids, the middle layer of 
glycerol and the bottom layer of inorganic salts. The glycerol 
was carefully extracted and was neutralized using NaOH 
followed by evaporation at 100 °C. Further, the glycerol 
was purified using syringe filter (0.44 µm), where further 
inorganic salts were eliminated. The IPKO glycerol pH was 
adjusted to 4.5 inorder to add as a co-substrate for Can-
dida tropicalis NCIM3118 growth. Fig. S5 (supplementary 
material) depicts the three-layer separation of the purified 
glycerol.

Characterization of Glycerol

Fourier‑Transform Infrared Spectroscopy (FTIR)

The crude glycerol obtained after transesterification was 
analyzed with FTIR spectrophotometer (Shimadzu, IRTracer 
100) and compared with the pure glycerol to detect any 
alterations in the functional groups. The scan spectrum 
range from 4000 to 400 cm−1 at a resolution of 4 cm−1 was 
employed for the analysis.

Gas Chromatography Mass Spectrometry (GC–MS)

To determine the composition of crude glycerol, GC–MS 
(Shimadzu, QP2010 Plus) was carried out. He (helium) gas 
was employed as the carrier gas at a rate of flow of 3 ml/min. 
The initial temperature was kept at 50 °C with holding time 
of 2 min and final temperature was kept at 300 °C for 5 min 
at a ramp rating of 5 °C/min. The temperature of the injector 
was set at 280 °C and ion source temperature of 200 °C [37].

Xylitol Production Through Fermentation

Inoculum Preparation for Fermentation

Candida tropicalis NCIM3118 was cultured in a 250 ml 
Erlenmeyer flask containing 100 ml of YEPX broth (yeast 
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extract—10 g/l, peptone—20 g/l, xylose—20 g/l) incubated 
at 32 °C in a rotary shaker set at 120 rpm. After incubation 
for 24 h, 5% (v/v) of the mother inoculum with optical den-
sity at 600 nm of about 1.0 was added to the fermentation 
medium.

Shake Flask Fermentation with Different Proportion of IPKO 
Glycerol and Xylose

Xylitol production was performed through shake flask fer-
mentation in a 250 ml Erlenmeyer flask containing 100 ml 
of minimal salt media (MSM) which consist of yeast 
extract—15 g/l, MgSO4.7H2O—0.2 g/l, KH2PO4—5 g/l, 
Urea—10 g/l and xylose—25 g/l. The fermentation was 
carried at 32 ± 2 °C under constant agitation of 120 rpm for 
7 days.

To enhance xylitol production, batch fermentation was 
carried out in three different strategies with varied initial 
level of carbon source.

•	 Strategy 1: Xylose (25 g/L)
•	 Strategy 2: 50% Xylose (12.5 g/l) and 50% pure glycerol 

(12.5 g/l)
•	 Strategy 3: 50% Xylose (12.5 g/l) and 50% IPKO glycerol 

(12.5 g/L)

Total Organic Carbon (TOC)

As the carbon source is provided as mixture of xylose and 
glycerol that have different chemical nature, in order to 
determine the substrate consumption, TOC reduction was 
used as a parameter that was measured at regular time inter-
vals during the fermentation. Soil Organic Carbon Walkley 
Black Method, [38] method (titrimetric) was employed with 
slight modifications. To 0.5 ml of sample collected during 
fermentation (after removal of solids) 1 ml of 1N K2Cr2O7 
was added and swirled gently. To this 2 ml of concentrated 
H2SO4 was added and the solution was mixed vigorously and 
kept aside for 30 min. After incubation, 20 ml of distilled 
water was added to the solution. About 2 to 3 drops of fer-
roin indicator was added to the solution. The solution was 
titrated against 0.5N FeSO4 until the colour changes from 
dark green to maroon red. The TOC content in the sample 
was calculated as given in Eq. 8.

where, 1.33 is a correction factor and 0.003 is the carbon 
oxidized.

(8)TOC(g∕L) =

(

Volume of FeSO4(Blank) − Volume of FeSO4(Sample)
)

× Normality of FeSO4 × 0.003 × 1.33 × 1000

Amount of sample (ml)taken

Cell Mass, Xylose, and Xylitol Estimation

About 4 ml of the culture was collected at every 24 h interval 
for 7 days and the growth of microorganism was estimated 
by measuring the absorbance at 600 nm followed cell bio-
mass weight determination by centrifugation at 10000 rpm 
at 4 °C for 10 min. The pellet obtained was air-dried in a 
pre-weighed tube until it reaches a consistent weight and 
the concentration of the final cell biomass is represented 
as grams dry cell weight (DCW)/l. The obtained superna-
tant after centrifugation was stored for the further analy-
sis. Xylitol was estimated using the protocol reported by 
Sánchez [39] to calculate the specific product yield coef-
ficient (YP/S) as given in Eq. 9.

Kinetic Modeling

To examine the effects of different level of carbon sources 
used for cell growth and substrate consumption of Candida 
tropicalis NCIM3118 using hybrid-Logistic Monod kinetic 
model for substrate utilization; first-order and Luedeking-
Piret equation for cell growth kinetics [40, 41]. These mod-
els can elucidate the near to real-time observations (global 
optima) by considering multi-level biochemical reactions 
and hetero-fermentations.

In order to solve the model equation a non-linear regres-
sion equation was fit with the experiment data to determine 
the kinetic parameters. The obtained data were solved using 
Solver toolkit (Levenberg–Marquardt algorithm) in MS 
Office Excel 2019 software to reduce the RMSE (residual 
sum of squares of errors). As reported by Xu [42], when 
Monod model which is based on limited substrate is incor-
porated with Logistic model based on limiting nutrients 
and growth inhibitors there might be a probability of under-
standing the physiology of cell when altered nutrient source 

(9)
YP∕S =

Final concentration of xylitol − Intial concentration of xylitol

Intial concentration of TOC − final concentration of TOC
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provided. In this study, Candida tropicalis NCIM3118 uti-
lize the crude glycerol as growth medium and there might be 
presence of inorganic salts, fatty acids and etc. which could 
act as growth inhibitors. The kinetic parameter associated 
with the C. tropicalis growth (X0, Xmax and µmax) were esti-
mated using the Eq. 10.

where, X (g/L)—concentration of cell biomass; X0 and Xmax 
(g/L)—Initial and maximum concentration of cell biomass; 
µmax (h−1)—maximum specific growth rate and t (h)—fer-
mentation time.

The kinetic parameters for the substrate utilization using 
Luedeking-Piret model (S0, α and β) were estimated using 
as given in Eq. 11.

With the kinetic parameters acquired through the model, 
the production of xylitol supplemented with crude glycerol 
was determined from Eqs. 12 and 13.

where, S0—initial concentration of the substrate; YX/S (gram 
of biomass produced/gram of TOC utilized)—yield coef-
ficient for biomass; YP/S (gram of xylitol produced/gram 
of TOC utilized)—yield coefficient for xylitol; Ke—main-
tenance coefficient; α—growth associated factor; β—non-
growth associated factor; If α > β—growth associated factor; 
α < β—non-growth associated product.

(10)X =
Xo × Xmaxe

μmaxt

Xmax − Xo + Xoe
μmaxt

(11)

S =So −

[

n
Yp

s
+ ke

]

Xmax

�max
[(

�maxt + ln
(

Xo

Xt

))]

−
[

1
Yx∕s

+ m
Yp∕s

]

(

Xt − X0
)

(12)� =
1

Y
X∕S

+
m

Y
P∕S

(13)� =
n

Y
P∕S

+ K
e

If xylitol production by C. tropicalis NCIM3118 is a 
growth-associated product under aerobic condition then 
the product (xylitol) yield is proportional to the substrate 
(TOC) which can be expected to follow the first-order kinet-
ics (Eq. 14).

where, M (g/L)—Variable of [Product, xylitol], [Substrate, 
TOC], [Biomass, DCW]; Mo (g/L)—initial concentrations of 
variables; k—Rate of change (( +) indicates production, (−) 
indicates consumption); t (h)—fermentation time.

Result and Discussion

Physico‑Chemical Characterization of IPKO

The physico-chemical characterization (density, specific 
gravity, acid value, free fatty acid, saponification value and 
ester value) of IPKO were tabulated in Table 1. From the 
results, it has been observed that the density and specific 
gravity were found to be 0.843 g/mL and 0.85 respectively 
which is in accordance with the reported PKO characteriza-
tion [35]. Estimation of FFA and the corresponding acid 
value is a paramount step before proceeding to transesteri-
fication. It has been reported that FFA > 1% leads to soap 
formation through saponification with alkali catalyst. In 
IPKO, the FFA was found to be 1.92 ± 0.23 mg equivalent 
KOH/g of oil which is higher than the critical limit (1%) that 
correlates with the saponification value of 247.61 ± 4.76 mg 
equivalent KOH/g of oil which is in line with the report on 
PKO [43]. Due to this reason, IPKO prerequisite the reduc-
tion of FFA through acid treatment thereby enhancing the 
ester value.

FAAE Yield from Solvolysis

Under the conditions of 60 °C for 90 min with a molar ratio 
of 1:6 (oil:methanol) and catalyst concentration (NaOH 
and KOH) of 1% (w/w), the FAME yield was observed to 

(14)M = M
o
.e±kt

Table 1   Comparison of 
physicochemical properties of 
IPKO with the PKO from other 
origin

a Betiku et al. [21]
b Jitputti et al. [35]

Physicochemical properties Indian PKO (This study) Nigerian PKOa Thailand PKOb

Density (g/ml) 0.843 ± n.d – 0.908
Specific gravity 0.85 ± n.d 0.98 –
Acid value (mg equivalent KOH/g) 3.84 ± 0.46 22 ± 0.1 –
Free fatty acids (mg equivalent KOH/g) 1.92 ± 0.23 7.83 1.05
Saponification value (mg equivalent KOH/g) 247.61 ± 4.76 230 –
Ester value (mg equivalent KOH/g) 239.77 ± 4.67 – –
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be 67.77% and 60.95% respectively (Fig. 2). It has been 
observed from the radar plot that the selection of solvent 
played a crucial role in transesterification to FAAE as 
compared to the catalyst. Methanol seems to be better for 
solvolysis of IPKO with both the catalyst NaOH and KOH 
when compared to ethanol. However, if glycerol is the prod-
uct targetted than the FAAE, then ethanolysis acts as the 
better candidate. A study reported the biodiesel production 
from Nigerian PKO by transesterification with methanol in 
the presence of NaOH and KOH as catalyst have obtained 
FAME yield of 60–62% [44]. Under same condition and 
only the change of solvent from methanol to ethanol yielded 
FAEE of 49.55–54.13% (Fig. 2).

Silva et al. [45] have reported a similar study on soybean 
oil using ethanol and NaOH where ethyl esters yield of 49% 
was obtained. For biodiesel production though methanol 
and ethanol are frequently employed for transesterification, 
methanol is comparatively preferred due to its physical and 
chemical properties that compliments the alkali catalyst. 
Additionally, methanol content in the FAME employed as 
fuel blend reduces the temperature in the commercial cham-
ber due to decline in latent heat of evaporation of methanol 
during vaporization. Upon comparing the efficiency of ester 
yield between NaOH and KOH through solvolysis, it has 

been observed that NaOH resulted in significant increase 
of FAME and FAEE. The reason for the varied reactivity 
between the catalyst is that the difference in density of elec-
tronegative exchangeable cations which undergoes Lewis 
and Brønsted reaction with the IPKO [46, 47].

Composition Analysis of FAAE Derived from IPKO

The knowledge on the fatty acid composition of the FAAE 
is of prime importance to know the amount of saturated and 
unsaturated fatty acid present. Röttig et al. [48] reported that 
the resultant FAAE from transesterification depends on the 
plant species and the role of process parameters set. It has 
been reported that common FAAEs from the vegetable oil 
are linolenic acid (C18:3), linoleic acid (C18:2), oleic acid 
(C18:1), stearic acid (C18:0) and palmitic acid (C16:0) in 
varied porportions which aligns with the composition as 
given in Fig. 3. Higher amount of saturated fatty acids in 
fuel improves the oxidative stability and combustion as com-
pared to the unsaturated fatty acids [49]. GC–MS analysis 
was used to study the fatty acids composition of the syn-
thesized FAAE and represented in Fig. 3 and the respective 
chromatograms were provided in Figs. S1, S2, S3, S4 (Sup-
plementary information).

Fig. 2   Radar plot of FAAE and glycerol yield for IPKO using different solvents and catalysts
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FAME (Na) obtained contains lauric acid (21.46%), 
myristic acid (10.55%), palmitic acid (10%), oleic acid 
(33.31%) and linoleic acid (12.2%) in a significant amount. 
In parallel to a study by Allami et al. [33] reported simi-
lar composition of fatty acids. In FAME (K), lauric acid 
(43.91%), myristic acid (13.06%) and oleic acid (15.45%) 
are obtained at higher amounts which is in accordance to the 
report by Betiku et al. [43] as shown in (Fig. 3a). In Fig. 3b, 
as we can see palmitic acid (15.15%), stearic acid (9.03%), 
oleic acid (32.24%), linoleic acid (32.1%) were obtained in 
a significant amount for FAEE (Na) and the result is found 
to be in agreement with previous study reported by Anasto-
poulos et al. [7] with used frying oil. Palmitic acid (15.15%), 
stearic acid (9.03%), oleic acid (21.34%), linoleic acid 
(31.9%) and linolenic acid (12.33%) were found in higher 
amounts which is in-line with the observation made by Sam-
uel et al. [50] using rubber seed oil. Nevertheless, the most 
frequent compounds detected are palmitic acid, stearic acid, 
oleic acid and linoleic acid where these acids are responsible 
for the formation of FAAE [51]. These acids are significantly 
used as emulsifiers and lubricants in cosmetic creams, soaps 
and tooth paste manufacturing [52]. Stearic acid is reported 
to be present in about 2465 cosmetic products and oleic acid 
is applied in 424 cosmetics formulations that are commer-
cially available as listed by food and drug administration 

(FDA). Lauric acid, palmitic acid, myristic acid, stearic acid 
and oleic acid are regarded as safe for human consumption 
in the form of food additives (either directly or modified). 
Amongst these mentioned fatty acids, oleic and stearic acid 
are permitted to directly use in food application [53].

In view of fuel application as a blend (biodiesel) there 
is a pre-requisite to have higher composition of saturated 
and monounsaturated fatty acids in the obtained FAAE. 
On the other hand, the presence of polyunsaturated fatty 
acid might lead to higher viscous biodiesel that limits its 
fuel blend application. In our study, among the FAAE, 
FAME contains higher amount of saturated fatty acid and 
monounsaturated fatty acids of around 80–86% and FAEE 
as solvent 48–60% of saturated fatty acid and monounsatu-
rated fatty acids were observed (Supplementary material 
Table S1). Therefore, methanol is considered as an effec-
tive solvent for transesterification of IPKO. The volumetric 
yield of saturated fatty acids and monounsaturated fatty 
acids resulted to about 55.51% for FAME (Na) and 53.07% 
of saturated fatty acid and monounsaturated fatty acids 
was obtained FAME (K) was used for transesterification 
of IPKO. In accordance with the above results, FAAEs 
transesterified using methanol and NaOH was used for 
further fuel studies.

In order to use FAAE as biodiesel or fuel blends cer-
tain characteristics such as degree of saturation, fatty acid 

Fig. 3   Compositional analysis of alkyl esters based on GC–MS analysis a for FAME (Na) and FAME (K); b for FAEE (Na) and FAEE (K); c 
structures of fatty acids
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moiety, hydrocarbon chain length and its branching are 
to be considered [54]. The properties are dependent on 
the solvent used for transesterification of oil wherein the 
chain length (C1–C5) and the branching of alcohol moiety 
could significantly affect the cloud point and pour point as 
evident from this study [55]. Though higher chain esters 
(butyl and propyl) seems to have superior fuel properties, 
considering the cost and techno-economic feasibility low 
chain alcohols are employed in large scale [54]. Therefore, 
in our study methanol and ethanol only employed than 
other solvents. The results indicated that the ASTM stand-
ards of FAME blends with conventional diesel seems to 
be promising fuel alternatives as discussed in subsequent 
section.

IPKO FAME as a Potent Fuel Based 
on the Physcio‑Chemical Properties

Density

The physical characterization of IPKO derived biodiesel 
blended with normal diesel at different ratios is mentioned 
in Table 2. The average density of the diesel and IPKO 
biodiesel blends were determined and the value of IPKO 
biodiesel was 856 g/cm3 and for diesel it was 841 g/cm3. 
The IPKO biodiesel density is found to be 1.8% higher than 
the diesel. All the blended samples have similar density to 
that of the diesel which could increase the atomization and 
reduce the viscosity.

Kinematic Viscosity

Kinematic viscosity is the measurement of resistance of 
a fluid to flow. Higher the viscosity lesser the flow of liq-
uid. The kinematic viscosity at 40 °C for the IPKO bio-
diesel (4.53 mm2/s) was higher than that of normal diesel 
(2.51 mm2/s). The IPKO blended biodiesel was 25 to 35 per-
cent higher than the diesel. However, the values fall within 
the standard range of ASTM indicating that these blended 
samples can be used in diesel engines. The viscosity is an 

important factor for biodiesel as it impacts the functioning 
of fuel injection machinery, especially at low temperatures 
[56]. Higher viscosity fuels may result in inefficient fuel 
combustion that results in the development of deposits 
that lead to greater motor oil dilution with fuel [57].

Flash and Fire Point

The flash point is the temperature at which a liquid sample 
produces enough vapor to cause an instantaneous flash of 
combustion when exposed to a typical source of ignition. 
Fire point is the temperature at which a particular fuel 
vapor will sustain to fire for at least five seconds after 
being ignited by an open flame. As observed from Table 2, 
the flash and the fire point of IPKO biodiesel is higher than 
that of diesel by 46.5% and 41.9% respectively. Lesser 
the flash point and fire point are a sign that the alcohol 
has not been eliminated from the biodiesel, according to 
research [58]. From a safety point of view, IPKO biodiesel 
is a better option when compared with the diesel and PKO 
blended biodiesel.

Cloud and Pour Point

The biodiesel cold flow temperatures are an important 
criterion for quality because fuel that has frozen can clog 
filters and lines, starving the motor for fuel. The cloud 
point is the temperature at which the quantity of wax in 
the fuel is adequate to solidify it, making it the lowest 
temperature at which the fuel can flow. The fuel pour point 
is the temperature at which it has accumulated  many par-
ticles that it resembles a gel and can no longer flow [59]. 
Similar to other properties the cloud and the pour point is 
higher for the IPKO biodiesel than that of normal diesel. 
The cloud and the pour point of the IPKO biodiesel, diesel 
and IPKO blended biodiesel are determined and the values 
are mentioned in Table 2 and confine to ASTM standards. 
A biodiesel characterized by higher amounts of saturated 
fatty acids results in higher cloud and pour point which 

Table 2   Characterization of 
diesel-PKO biodiesel blends 
and diesel

Characteristics Unit Biodiesel Diesel B5 B10 B20 Standard 
range 
ASTM

Density g/cm3 856 841 844 849 851 680–970
Kinematic viscos-

ity at 40 °C
mm2/s 4.53 2.51 3.38 3.51 3.83 1.9–6.0

Flash point °C 101 54 62 74 88 60–190
Fire point °C 105 61 69 81 93 –
Cloud point °C 4.1 1.0 1.8 2.4 3.0 –
Pour point °C 2.7 0.2 0.9 1.6 2.1 − 15–6
Calorific value MJ/kg 37.2 46.1 42.7 41.1 40.4 –
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is not favorable for usage in countries which are low in 
temperature [60].

Calorific Value

The calorific value is a significant thermal property of fuels 
which implies the amount of heat energy generated during 
full combustion. The calorific value of IPKO biodiesel, die-
sel and PKO blended biodiesel is given in Table 2. The esti-
mated calorific value of IPKO is 37.2 MJ/kg, whereas, for 
the normal diesel 46.1 MJ/kg. The calorific value of IPKO 
biodiesel is 19.31% less than the diesel which indicates that 
the amount of IPKO biodiesel usage should be higher to 
attain the same power as normal diesel.

Engine Performance Testing

Brake Thermal Efficiency (BTE)

Brake thermal efficiency of all tested samples is interpreted 
in Fig. 4a. BTE can be calculated using the brake power 
output and by the energy of the combustion fuel, which is 
one of the most significant variables in determining how 
quickly thermal energy is converted into useful work [61]. 
There was a gradual increase in BTE with respect to load. 
As shown in Fig. 4a, the maximum BTE was recorded for 
diesel and the lowest was recorded for the IPKO biodiesel. 
This is because of the higher viscosity (4.53 mm2/s), lesser 
heating content [56]. The B5 fuel showed a similar BTE as 
that of the normal diesel.

Brake Specific Fuel Consumption (BSFC)

Brake specific fuel consumption is the mass rate of fuel 
consumption per unit brake power, which is proportionally 
reciprocal to BTE. The profiles of IPKO biodiesel, diesel 
and IPKO blended biodiesel BSFC at constant engine speed 
and at various load conditions is shown in the Fig. 4b. There 
is a decrease in BSFC with increase in load irrespective of 
the fuel types [62]. The IPKO biodiesel showed a higher 
BSFC when compared to pure diesel, this may be due to 
higher viscosity and low calorific value [63]. Higher kin-
ematic viscosity favors fuel evaporation which results in 
lower fuel atomization thereby leading to poorer combus-
tion and thermal efficiency. The oxygenated nature of the 
biodiesel causes negative impacts to the combustion process. 
Similar results were obtained by Karabektas [64] where, the 
BSFC of the biodiesel was higher than the pure diesel. How-
ever, the B5 fuel is almost close to the diesel sample.

Fig. 4   a Brake thermal efficiency; b Brake specific fuel consumption of diesel and its blend with IPKO biodiesel at different engine loads

Table 3   Characterization of IPKO glycerol and pure glycerol

*British standard (BS) values

Parameters Standard values* Pure glycerol IPKO derived 
crude glycerol

pH 6.48–7.56 7.2 6.7
Ash content (%)  < 1.0 1.14 ± 0.07 2.41 ± 0.28
Volatile solids (%)  > 99 98.86 ± 0.07 97..59 ± 0.28
Moisture content 

(%)
– 0.03 ± 0.001 2.38 ± 0.045

Density (g/cm3) 1.26 1.28 ± 0.05 1.19 ± 0.004
Colour Clear Clear White
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Further, to improve the efficiency of the biodiesel few 
additives are added which provide valuable benefits like 
reduction of oxidation stability, injector deposit formation, 
long-term storage corrosion and microbial contamination. 
Additives are a type of chemical compound that are added 
to various types of fuel, including diesel, biodiesel, gasoline, 
and aviation oil, with the goal of improving their perfor-
mance and efficiency. By enhancing the properties of the 
fuel, additives can help to optimize engine performance 
and meet environmental emission control standards. When 
selecting additives for biodiesel fuel, factors such as fuel 
blending properties, economic feasibility, additive solubility, 
toxicity, fuel blend viscosity, flash point, and water solubil-
ity and partitioning must be taken into consideration [65]. 
Variety of additives such as metal-based, oxygenated addi-
tives, antioxidants, cold flow improver additives and cetane 
improvers, are profound to enhance various properties of 
biodiesel fuel [66].

Characterization of IPKO Glycerol

IPKO derived glycerol had a lower pH of 6.7, which is 
close to the pure glycerol of 7.2 (Table 3). This is because 
of the removal of alkali residues in the purification step. The 
density of the IPKO glycerol is found to be 1.19 ± 0.004 g/
cm3, which is slightly lower than the pure glycerol (1.28 g/
cm3). This is due the presence of some impurities like fatty 
acids, FAME and water. In the study of Hu et al. [37] the 
pH values of three different crude glycerol samples from 
three different soybean oil (based on region) varied from 6.9 
to 10. In the same study, the density of crude glycerol was 
varied from 1.2 to 1.31 g/cm3 which is similar to the IPKO 
glycerol obtained in this study (1.19 g/cm3). The ash con-
tent and moisture content of IPKO glycerol was observed to 
be 2.41 ± 0.28% and 2.38 ± 0.045% respectively, which was 
higher than pure glycerol (1.14 ± 0.07% and 0.03 ± 0.003%)). 
The observation made was attributed to the aqueous nature 
of the by-product obtained post-transesterification.

Fourier‑Transform Infrared Spectroscopy (FTIR)

The crude glycerol presence was confirmed using FTIR 
analysis (Supplementary material Fig. S5) through valida-
tion of functional groups related with glycerol. Large peak 
at 3371 cm−1 indicates the presence of –OH group and at 
sharp peaks at 2924 cm−1 and 2856 cm−1 represents the C–H 
stretching linked with the polyalcohol, mainly glycerol. Peak 
at 1456 cm−1 indicates C–O–H stretching related with poly-
alcohol. The presence of glycerol was confirmed by the peak 
observed at 1035 cm−1 which represents the C–O group. 
In crude glycerol sample, peak at 1741 cm−1 was observed 
which indicates the presence of impurities like soaps, fatty 
acids and salts and C=O bonds related to carboxylic acid or 

esters. The catalyst involved in the transesterification is pre-
sent in the crude glycerol which was confirmed by the band 
observed at 1168 cm−1 that correspondes to COO– group 
[26].

Qualitative Analysis of Glycerol Through GC–MS

The crude glycerol obatined from biodiesel process can be 
possibly derivatized from the PKO. The impurities present 
in the crude glycerol was determined using GC–MS analy-
sis (Supplementary material Fig. S6). At a retention time 
of 25.79 min the most prominent peak with an area per-
centage of 40.07% was found to be glycerol based on NIST 
library. Many fatty acids such as decanoic acid (2.88%), 
octanoic acid (6.71%), dodecanoic acid (9.69%), tetradeca-
noic acid (3.84%), hexadecenoic acid (6.64%), pentadeca-
noic acid (1.85%), butanedioic acid (0.89%), tetracasanoic 
acid (1.1%), octadecanoic acid (2.4%) were also present 
along with the glycerol which might influence the fermen-
tative behaviour of the organism when supplemented as a 
co-substrate. In a study reported by Janajreh et al. [67], the 
waste cooking oil was transesterified and the crude glycerol 
obtained after transesterification was subjected to GC–MS 
analysis. Hexanoic acid (0.34%), octanoic acid (1.45%), 
decanoic acid (1.54%), dodecanoic acid (11.81%), doecanoic 
acid (0.43%), hexadecenoic acid (1.14%), hexadecoic acid 
(0.67%), heptadecanoic acid (0.41%), octadecanoic (0.63%) 
where detected in the crude glycerol with the glycerol area of 
30.25% which is similar to the qualitative analysis of IPKO.

Production of Xylitol from Xylose as Substrate by C. 
tropicalis NCIM 3118 (Strategy 1)

The media containing xylose was used for the fermentation 
of C. tropicalis to produce xylitol. The maximum xylitol 
production was 6.75 ± 0.02 g/l after 7 days (Fig. 5a) with 
an initial xylose concentration of 25 g/l in the MSM media 
and the yield was found to be 0.52 gxylitol/gTOC (Table 4). 
Delfín-Ruíz et al. [68] worked upon C. tropicalis wherein 
sugarcane bagasse hydrolysate was used as substrate which 
contained 27.95 g/l of xylose and obtained 5.5 g/l of xylitol 
with a yield of 0.39 g/g. Ko et al. [69] reported that C. 
tropicalis has resulted in the highest xylitol yield of 0.41 g 
xylitol/g xylose at 60 h which is similar to the outcome 
of this study. It has been reported that the initial concen-
tration of xylose has a great impact towards its fermenta-
tion. If the initial concentration of xylose is too high then 
it leads to substrate inhibition of the xylitol synthesis. A 
study has been reported that gradual increase of xylose has 
resulted in improved xylitol production [70]. As observed 
in this study, the xylose is not completely utilized for the 
conversion of xylitol and the residual TOC was found to 
be 11.9 ± 0.2 g/l. The reason behind this observation might 
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be the lack of coenzyme-Nicotinamide adenine dinucleo-
tide phosphate (NADPH) for xylose reducatse that converts 
xylose to xylitol. Therefore, to have continuous xylitol pro-
duction, an efficient xylose consumption can be increased 
by adding a co-substrate in the fermentation media which 
helps to regenerate NADPH [71]. The molecular mecha-
nism of NAD + precursors homeostasis and regulation 
of NAD + metabolism are sporadically studied and still 
unclear which is due to the dynamic flexibility of precur-
sors that a cell utilize to generate NAD + . However, it has 
been reported by Kato and Lin [72] that in eukaryotes like 
yeast the intracellular compartmentalization of significant 
metabolic reactions could lead to regulation of certain enzy-
matic functions by either acting as sink (sequestration) or 
tank (concentration) of specific metabolites which might 
be the plausible reason for the lack of coenzyme towards 
action of xylose reductase. Such interloping mechanism 
of interacting signaling pathways when co-substrate like 

glycerol supplemented along with xylose might establish 
metabolic flexibility that contribute to genomic stability 
and maintaining cell fitness as evident from the compara-
tive kinetic parameters of strategy 1–3. These data indicate 
that xylitol production did not depend on cell growth, and 
that xylose metabolism could be tightly regulated by certain 
carbohydrates.

Effect of Pure and IPKO Glycerol as Co‑substrate 
on C. tropicalis NCIM 3118 (Strategy 2 and 3)

Candida tropicalis, an oleaginous yeast which could adapt to 
fats, oils and fatty acids in the fermentation medium makes 
it unique organism to produce value-added chemicals [26]. 
Hence, a strategy of addition of glycerol as co-substrate 
was attempted. Also, there might be an influential factor for 
fermentation by the presence of impurities in glycerol post-
transesterification, hence a comparison is drawn by addition 

Fig. 5   Growth profile of Candida tropicalis NCIM3118 with a 
Xylose, b Xylose + Pure Glycerol, c Xylose + IPKO Glycerol, 
Hybrid-Monod kinetic profile d Xylose, e Xylose + Pure Glyc-

erol; f Xylose + IPKO Glycerol and Substrate consumption pat-
tern with Luedeking-Piret and First order kinetic profile g Xylose, h 
Xylose + Pure Glycerol; i Xylose + IPKO Glycerol
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of pure and IPKO derived glycerol into the fermentative 
medium. The maximum xylitol production in pure glycerol 
addition was 9.25 ± 0.02 g/l (Fig. 5b) while the set with 
IPKO glycerol as co-substrate resulted in 8.81 ± 0.07 g/l 
(Fig. 5c). The product yield was estimated to be 0.48 gxylitol/
gTOC for both pure glycerol and crude glycerol (Table 4). 
When a co-substrate such as glycerol is used, it regenerates 
NADPH to produce xylitol from substrate (xylose) by the 
enzyme xylitol reductase as reported by Ahmad et al. [73] 
when using C. tropicalis BSXDH-3 with 50 g/l of xylose and 
20 g/l glycerol was supplemneted in the medium.

The rationale for the observation is when glycerol enters 
into cytoplasm it gets converted to dihydroxyacetone phos-
phate (DHAP) by glycerol metabolism. Under the glucose 
starvation condition the DHAP undergoes gluconeogenesis 
and gets converted to glucose-6-phosphate. This glucose-
6-phosphate undergoes pentose phosphate pathway and 
produces excess amount of NADPH. The excess amount 
of NADPH will be utilized by xylose to get converted to 
xylitol and results in enhanced xylitol production. The crude 
glycerol derived from PKO transesterification can be uti-
lized for enhanced production of xylitol. Zhang et al. [74] 
have utilized crude glycerol for vitamin K2 synthesis by B. 
subtilis Z-15 and denoted that crude glycerol could be used 
instead of pure glycerin for vitamin K2 production. The 
crude glycerol derived from PKO transesterification can be 
utilized for enhanced production of xylitol.

Kinetic Modeling of Fermentative Strategies

Kinetic models especially in bioprocessing sector aid in the 
formulation of upstream and downstream process by con-
sidering the complex biochemistry of cells. Through math-
ematical analysis, it can be used to understand, precisely 
predict, and appraise the effects of different components of 
a fermentation process [75]. Further, models are formulated 
to describe the kinetics of microbial growth, substrate con-
sumption, and product synthesis which play a fundamental 
role in process optimization and control by providing a basis 
for process design, control and scale-up [76]. Many industri-
ally important products have been commercialized by mak-
ing use of these models to increase the yield and productiv-
ity also minimize the formation of unwanted by-products 
thereby resulting the high quality product [75].

In this study, three different models have been employed 
to estimate the kinetic constants which would provide a clear 
understanding on the fermentative behavior of the organism 
when glycerol is supplemented as co-substrate. The kinetic 
analysis of C. tropicalis was done using hybrid Logistic-
Monod model to understand the biomass production pattern 
as it plays role in xylitol synthesis with altered ‘C’ source 
(Fig. 5d–f), Luedeking-Piret model and first-order kinet-
ics were employed for the substrate consumption behav-
ior, rate of uptake and the product yield (Fig. 5g–i). These 
models were found to fit well with the experimental values 
with a significant regression coefficient (R2) > 0.95 and the 
obtained kinetic constants were tabulated in Table 4. The 
prediction of the kinetic modeling for X0 and Xmax of C. 

Table 4   The kinetic parameters 
acquired through modeling

Parameters Xylose Xylose/glycerol Xylose/IPKO glycerol

Hybrid logistic-monod model
 µmax (h−1) 0.059 0.048 0.064
 X0 (g/L) 0.8 1.05 1.0
 Xmax (g/L) 20.55 23.16 14.21
 R2 0.99 0.9 0.98
 Luedeking-Piret model
 S0 (g/L) 23.84 17.45 21.08
 α 0.8002 0.4362 1.29
 β 0.0113 0.005 0.012
 YX/S (gDCW/gTOC) 1.48 4.23 0.77

1.71 (observed) 1.98 (observed) 1.33 (observed)
 YP/S (gxylitol/gTOC) 0.81 0.71 1.42

0.52 (observed) 0.48 (observed) 0.48 (observed)
 ke 0.0066 0.005 0.0118
 R2 1 0.98 0.98

First-order kinetics
 rx (h−1) 0.025 0.025 0.03
 rs (h−1) 0.004 0.009 0.009
 rp (h−1) 0.039 0.034 0.034
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tropicalis until the growth phase was observed to be con-
stant with the experiment data as shown in Fig. 6a–c. The 
maximum specific growth rate (µmax) was found to be higher 
when IPKO glycerol was used as co-substrate (0.064 h−1) 
followed by 0.059 h−1 and 0.048 h−1 for xylose as substrate 
and pure glycerol as co-substrate respectively. Zhang et al. 
[71] reported a similar study where the maximum specific 
growth rate was observed to be 0.35 h−1.

From Table 4, it was observed that the maximum cell bio-
mass (23.16 g/l) produced was higher when xylose and pure 
glycerol (strategy 2) was used as the substrate followed by 
20.55 g/l and 14.21 g/l when xylose (strategy 1) as substrate 
and IPKO glycerol as co-substrate (strategy 3) respectively. 
The decrease of biomass concentration in IPKO glycerol 
might be due to the limitations posed by the inhibitors. Con-
sidering the product yield coefficient (Yp/s), though there 
is a significant difference in the predicated yield coefficient 
between varied substrates (Strategy 3 > Strategy 1 > Strategy 
2) while comparing the experimental yield coefficient, glyc-
erol (pure and IPKO) supplemented media showed 0.48 g/g 
which is near comparable to the only xylose medium 
(0.52 g/g). Prabhu et al. [77] reported a yield of about 53.2 g 
of xylitol/l when pure glycerol and xylose was provided as a 
‘C’ source for Yarrowia lipolytica with a bioconversion yield 
of 0.97 g/g. Similar results were obtained when pure glyc-
erol was substituted with crude glycerol from the biodiesel 
industry (titer: 50.5 g/l; yield: 0.92 g/g). Glycerol offers an 
advantage of higher degree of reducation than carbohydrates 
(sugars) thus capable of bio-manufacturing of ethanol, pro-
pionate, succinate and xylitol with higher yields than those 
obtained by using sugars. In addition, glycerol serves as a 
cheap and abundant resource for microbial fermentation 

thereby increasing the techno-economic viability of the 
overall process. The comparative analysis of the xylose and 
glycerol supplementation for xylitol production by Candida 
tropicalis NCIM3118 corroborates with the observation 
made by Prabhu et al. [77].

The kinetic modeling prediction of C. tropicalis growth 
phase was observed to be consistent with the experimen-
tal data (Fig. 5d–f). When pure glycerol was given as 
co-substrate, C. tropicalis was able to utilize maximum 
substrate which corresponds to the YX/S of 4.23 which 
was higher when compared to other substrates. The model 
prediction shows that the consumption of substrate by C. 
tropicalis depend on the growth based on the α > β from 
Luedeking-Piret Model predications (Fig. 5 g–i). Zhang 
et al. [74] reported that non-purified crude glycerol and 
pure glycerol exerted the similar effect on vitamin K2 pro-
duction by B. subtilis Z-15 that corrobrated the results 
obtained in this study. Additionally, it is further demon-
strated the feasibility of solvolysis-derived glycerol as a 
suitable alternative to pure glycerol in microbial fermenta-
tion thereby proving a cost effective stretegy. The high cost 
involved in the purification of crude glycerol that contains 
salts, solvents and other impurities makes it economically 
unviable, consequently resulting in a drastic reduction in 
the price of crude glycerol, which prompts to consider it 
as an industrial waste without much value. This created 
a scope for a new pollution source from oil processing 
units, thereby making the biodiesel production industries 
a cost intensive with low economic benefits. Application 
biotechnology to utilize crude glycerol as a fementative 
substrate to bio-manufacture high-value products posses 
a feasible startegy.

Fig. 6   Probable mechanism 
of enhanced xylitol produc-
tion through co-utilization of 
D-xylose and glycerol by Can-
dida tropicalis NCIM3118
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The rate of substrate consumption, biomass and prod-
uct production was given by first-order kinetics. The rate 
of biomass (rx) produced is almost equal for all the condi-
tions ranging from 0.025 to 0.03 h−1 that shows the robust-
ness of the producer organism to modulate the metabolism 
when varied substrates are administered. The rate of sub-
strate utilization (rs) was higher when pure glycerol and 
IPKO glycerol (0.009 h−1) was given as co-substrate when 
xylose alone was given as substrate. The rate of product 
production (rp) was about 0.034 h−1 when glycerol and IPKO 
glycerol was given as co-substrate and for xylose contain-
ing medium about 0.039 h−1 was observed. The mechanism 
behind the enhanced xylitol production is that, the regenera-
tion of NADPH by glycerol for the conversion of xylose to 
xylitol using an enzyme called xylitol reductase (Fig. 6). In 
the context of waste route for sustainable lipid production, 
the source of xylose can be obtained from the hemicellu-
losic (xylan) fraction that serve as a cheap courbon source 
along with IPKO derived glycerol as a co-substrate. This 
production model becomes a complete biorefinery with 
waste valorization for sustinable production of microbial 
oleochemicals.

Conclusion

Utilization of non-conventional agrowaste-based feedstocks 
as a resource for high value products is deemed to befit for 
the techno-economic feasibility and viable option for biore-
fineries. This study for the first time demonstrated the simul-
taneous valorization of IPKO and transesterfication-derived 
glycerol to biodiesel and xylitol respectively. It also explored 
the FAME from IPKO as superior fuel alternative for die-
sel engines without any modification with limited emission 
characteristics. Further, the effect of different solvent on 
alkyl ester synthesis and hetergeneous catalysis of the IPKO 
could further widen the scope of its application in industries. 
The formulated strategy through this study could pave a way 
for sustainable valorization of IPKO as an effective biore-
source for biodiesel as well as fermentative production of 
xylitol instead of cost incurring chemical route.
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