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Importance of the work: The particle size of lignocellulosic material exerts a significant
impact on pretreatment and enzyme hydrolysis.

Objectives: To study the particle size impact of pretreated fibers on enzyme hydrolysis
and ethanol production using simultaneous saccharification and fermentation (SSF).
Materials & Methods: In this study, oil palm trunk (OPT) chips were pretreated using
a two-step pretreatment. The pretreated fibers of varied sizes (40 mesh, 40-60 mesh, 60
mesh and non-milled fibers) were used as substrates with different enzyme and substrate
feeding approaches for efficient ethanol production based on SSF.

Results: The 40 mesh particles produced elevated levels of: ethanol concentration (C,),
43.07 g/L; ethanol productivity (Q,), 0.47 g/L/hr; ethanol yield (Y,;), 0.47 g/g; and
ethanol theoretical yield, 90.26%. A further reduction in pretreated particle size from
40 mesh to 40—60 and 60 mesh significantly reduced the ethanol production and ethanol
productivity rate. The highest Q, rate in the log phase was observed with 40 mesh (0.994
g/L/hr), followed by non-milled fibers (0.809 g/L/hr). The optimized particle fibers (40
mesh) were further used for fed-batch SSF, which was carried out using four different
sets of experiments. Each set was based on a strategy of feeding enzymes (celluase and
B-glucosidase) and sterilized fibers.

Main finding: Out of studied sets of experiments, the strategy with enzymes fed at the
start-up of fed-batch SSF and the addition of fibers at 12 hr, 24 hr and 36 hr produced
a significantly higher ethanol concentration (41.65 g/L).
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Introduction

Oil palm trunk (OPT) is a valuable lignocellulosic material
that is readily available in Thailand, where oil palm plantations
cover up to 10.2 million rai (1,632,000 ha) (Center for Applied
Economic Research, 2017). The plantations are used for edible
palm oil production and are replanted after 25-30 yr to maintain
their economic life span and oil productivity (Woodham et al.,
2019). The process of oil palm replantation causes immense
agricultural waste that can be used for renewable energy and
value-added industrial products (Tareen et al., 2020a).

Biofuels are generated from oil palm biomass owing to
its higher cellulose content (Rezania et al., 2020). OPT, a
lignocellulosic material, has three main components: cellulose,
hemicelluloses and lignin that have a complicated arrangement
and are recalcitrant to breakdown. However, the complex
structure of the carbohydrates can be broken down into simpler
components using efficient pretreatment (Baig, 2020), which
improves the release of fermentable sugars (Wang et al., 2020).

Generally, there are limitations to pretreatment practices,
including high operational expenses, corrosiveness to the
appliances and toxicity. On the other hand, grinding and
milling as physical pretreatment procedures are comparatively
better than other types of pretreatments by primarily focusing
on the diminution of particle size for potential and effective
downstream processes, such as ethanol production (Rahmati
et al., 2020).

Size reduction of biomass may improve the interactions
between enzymes and cellulose, increase the avicel surface
area and average molecular weight (Holland et al., 2018),
which consequently improve the alteration of cellulose to
monomers. Velmurugan and Muthukumar (2012) studied the
influence of particle size of sugarcane bagasse for fermentable
sugar production and observed that a smaller particle size of
0.27 mm produced a higher sugar yield of 96.27% than the
average (0.91 mm) particle size. Yeh et al. (2010) observed
significant improvement in the glucose concentration (60%)
with a smaller particle size of 25.5 um. Likewise, Rijal
et al. (2014) reported that a smaller particle size (2 mm)
significantly improved the rate of ethanol production in the first
24-48 hr. Milling of lignocellulosic fibers in a unit operation
provides many advantages over non-milling fibers, including
effective enzymatic hydrolysis, high sugar yield and ethanol
concentrations (Yang et al., 2018). However, it can affect the
suspension properties of fibers by increasing surface viscosity
and mixing, thereby decreasing energy and mass transfers,

in conjunction with the alteration of cellulose into glucose
(Rahmati et al., 2020). Foremost, milling consumes a lot
of energy so it can increase the production cost of ethanol
(Talebnia et al., 2010).

Lignocellulosic ethanol can be produced using hydrolysis
and fermentation that convert hemicellulose and cellulose to
monomeric sugars followed by ethanol production (Wyman
et al., 2019). Simultaneous saccharification and fermentation
(SSF) involves both saccharification and fermentation in
a single step. Compared to separate saccharification and
fermentation (SHF), the SSF process has more benefits in
terms of inhibiting the end product of B-glucosidase and only
requiring a single reactor in the process. Furthermore, SSF is
recommended over SHF owing to the overall ethanol yield
requiring less time (Marulanda et al., 2019; Wilaithup et al.,
2022).

Processing problems can be more easily addressed in fed-
batch enzymatic hydrolysis by the gradual addition of enzyme
and/or substrate, in order to avoid high viscosity (Sugiharto
et al., 2016). Compared to conventional batch processes,
the fed-batch enzymatic saccharification approach has many
advantages in terms of reduced reactor volume and a minimum
requirement of enzyme, which helps in reducing the overall
investment cost (Jahnavi et al., 2017). Indeed, with a proper
enzyme and substrate feeding strategy, it is the most advanced
approach to achieve efficient ethanol concentration (Dey et al.,
2020).

The current study aimed to observe the impact of different
particle sizes of pretreated OPT fibers on enzyme hydrolysis
and ethanol production using the SSF process. The study
focused on the effects of different enzymes and substrate
feeding approaches for efficient bioethanol production through
an optimized SSF process.

Materials and Methods
Materials

Oil palm (Elaeis guineensis Jacq.) trunk (OPT) samples
were bought from Plai Phraya district, Krabi province in
southern Thailand. All chemicals were of analytical grade and
were procured from Sigma-Aldrich. The chemicals consisted
of: sodium hydroxide (98%); sulfuric acid (98%); sodium
carbonate; sodium chloride; acetic acid; cellobiose (99%);
ethanol (98%); glucose (99%); celluclast 1.5 L, cellulases and
B-glucosidase (Novozym 188), The equipment consisted of a
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steam explosion machine (Kumakai Nitto; Japan), sieves (425
pm and 250 pm), a vacuum pump (Eyela A-1000s; China),
crucible pores, an ultraviolet-spectrophotometer (UV-1800;
Shimadzu; Japan), a high-performance liquid chromatography
unit (HPLC; A5333; Knaer; Germany) and a hot water bath
(VS-1205S2W1; Vision Scientific Co. Ltd.; Thailand).

Pretreatment: Steam explosion, hot water extraction and

alkaline extraction

The OPT samples were chopped into 20 mm X 20 mm X
5 mm chips using a wood chipper. Each batch of 150 g dry
weight of chips was steam-exploded in a 10 L pressurized
vessel at 210°C for 4 min, followed by hot water extraction for
30 min at 80°C with a solid-to-liquid ratio of 1:8. The blend of
slurry and pulp was filtered to extract the hot fibers that were
washed with tap water to neutralize the pH. Alkaline extraction
was used for delignification of OPT fibers using 15% weight
per volume (w/v) NaOH for 60 min at 90°C. After the alkaline
extraction, the fibers were washed with tap water to obtain pH
7 and then placed in a hot-air oven at 80°C for drying (Tareen et
al., 2021b). The compositional analysis of the OPT fibers was
carried out using the given standard protocol of the Technical
Association of the Pulp and Paper Industry (Tareen et al.,
2021c).

Microorganisms and culture

Saccharomyces cerevisiae SC90 was cultured on yeast
extract, peptone, dextrose medium containing: agar, 20 g/L;
glucose, 20 g/L; peptone, 10 g/L; and yeast extract, 10 g/L
for 48 hr at 30°C. An Erlenmeyer flask holding 30 mL yeast
extract and peptone (YP) liquid medium (10 g/L yeast extract,
20 g/L glucose and 20 g/L peptone) was supplied with a single
marginal colony of SC90 and incubated for 18 hr in a shaking
incubator at 30°C at 150 revolutions per minute (rpm). Later,
the starter culture was transferred to a 500 mL Erlenmeyer flask
for fermentation.

Effect of particle size on enzyme hydrolysis of two-step
pretreated oil palm trunk

The OPT fibers were subjected to enzyme hydrolysis with
total weight of 10% (w/v). The cellulase enzyme loading was
15 filter paper unit (FPU)/g substrate and the enzyme activity
assay was performed according to Selig et al. (2008). Novozym
at 15 international units (IU)/g substrate was used to enhance
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the activity of B-glucosidase and analyzed using the assay
technique of Berghem et al. (1976).

Enzymatic hydrolysis was performed with 10% dry weight
of alkaline pretreated OPT fibers. For enzyme hydrolysis,
the pretreated OPT fibers were processed in three different
diameter sizes, namely 40 mesh (0.425 mm < fibers < 1.500
mm), 40—60 mesh (0.250 mm < fibers < 0.425 mm) and 60
mesh (fibers < 0.25 mm), with non-milled pretreated fibers
as the control. The fibers of each particle size were placed in
separate Erlenmeyer flasks (500-mL) and buffered with 270
mL sodium citrate (0.05 M, pH 4.8). The enzymatic hydrolysis
was performed at 40°C and 150 rpm using a water bath shaker
for 96 hr. The hydrolysate samples were collected at 0 hr, 2 hr,
4 hr, 6 hr, 8 hr, 10 hr, 12 hr, 15 hr, 18 hr, 24 hr, 36 hr, 48 hr, 60
hr, 72 hr, 84 hr and 96 hr.

Effect of particle size on simultaneous saccharification and
fermentation for ethanol production from two-step pretreated

oil palm trunk fibers

For ethanol production, the SSF process was executed in
500 mL Erlenmeyer flasks, with each flask containing 300
mL YP media. One of the three different diameter sizes of
OPT pretreated fibers and the non-milled fibers were added
to separate flasks along with 10% starter culture, 15 FPU/g
celluclast 1.5 L and 15 IU/g B-glucosidase simultaneously. The
SSF fermentation with an initial pH of 4.8 was carried out in an
incubator for 98 hr at 40°C and 150 rpm.

Fed-batch simultaneous saccharification and fermentation for
ethanol production from two-step pretreated oil palm trunk
fibers

Fed-batch SSF was performed in a 500 mL Erlenmeyer
flask containing 300 mL YP media (pH 4.8). The 10% fibers
of 40 mesh diameter were mixed with the sterilized liquid
medium under standardized conditions (121°C for 15 min).
The 10% starter culture was poured into an Erlenmeyer flask
with similar amounts of enzymes as mentioned above for SSF
(15 FPU/g celluclast 1.5 L enzyme and 15 IU/g B-glucosidase).
Four different sets of experiments were carried out with
final 10% substrate loadings, with each experiment using
fed sterilized fibers and an enzyme feeding strategy: 1) the
cellulase and B-glucosidase enzymes were supplemented at
initiation of fed-batch SSF (fed fibers added twice at 12 hr,
24 hr and 36 hr); 2) the cellulase and B-glucosidase enzymes
were added at the beginning of fed-batch SSF (fed fibers added
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twice at 12 hr, 18 hr and 24 hr); 3) addition of one-quarter
of the cellulase and B-glucosidase enzymes in the beginning
and then equally at 12 hr, 24 hrand 36 hr of fermentation; and
4) one-quarter of the cellulase and B-glucosidase enzymes were
added in the beginning, at then equally at 12 hr, 18 hrand 24 hr
of fermentation. The experiment was carried out in an air-bath
shaker for 98 hr at 40°C, with 150 rpm shaking (initial pH 4.8).

Analysis of cellobiose, glucose and ethanol

The standards of cellobiose, glucose and ethanol were
separately prepared in deionized water and their concentrations
were successfully determined using the HPLC equipped with
an Aminex HPX-87P column. The column was eluted with 50
mM H,SO, as the mobile phase at 50°C with a 0.6 mL/minflow
rate (Xue et al., 2015).

Kinetic parameters for ethanol production

The standardized NREL protocol (Selig et al, 2008) was
followed for the kinetic parameters of ethanol production based
on Equations 1-8:

The cell production rate was based on Equation 1:

Q=" (M
where Q, is the cell production rate (measured in log colony
forming units (cfu) per liter per hour), X, is the initial cell
concentration, X, is the cell concentration at time t and t, is the
initial time.
The glucose consumption rate (Qg) (g/L/hr) is given in
Equation 2:

So - St
W=y @
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where Qg is the glucose consumption rate (measured in
grams per liter per hour), S is the initial glucose concentration,
S.: is glucose concentration at time t and t, is the initial time
(hours).

The specific growth rate (i) can be obtained by graphing
the natural logarithm of the microbial cell intensity and time,
where the slope of the graph in the exponential range is equal
to the specific growth rate of microorganisms under the
inoculation conditions according to the Equation 3:

InX, =InX, + pX 3)

where X is the concentration of microbial cells, X, is the
initial concentration of microbial cells, X, is the concentration
of microbial cells at time t and p is the specific growth rate.

The glucose specific consumption rate was calculated
according to Equation 4:

95 (%) - (@) (Sto.'jl) @

where ¢, is the glucose specific consumption rate (measured
in grams per log cfu per hour), S, is the initial glucose
concentration, S, is the glucose concentration at time t, X, is the
initial cell concentration, X, is the cell concentration at time t
and t, is the starting time (hours).

The ethanol specific production rate was calculated using
Equation 5:

o= l(dP)_ 1 (PI_PO)
b x\dt)  (FxXo)\¢-y
(G5 et

)

where q, is the ethanol specific production rate (measured
in grams per log cfu per hour), P, is the initial ethanol
concentration, P, is the ethanol concentration at time t, X, is the
initial cell concentration, X, is the cell concentration at time t
and t, is the starting time (hours).
The ethanol productivity was calculated using Equation 6:

Q, (gL/r) = % ©

where Q, is the ethanol productivity (measured in grams per
liter per hour) P, is the ethanol titer at 0 hr (measured in grams
per liter), P, is the maximum ethanol titer (grams per liter), t,is
the initial time (hours) and t is the time of the highest ethanol
titer (hours).

The product yield coefficients (Y,) were measured from
the initial and final relevant concentrations in SSF method,
using Equation 7:

_ [P Pg]
Y= ——"7—
p f[Biomass]1.11

™)

where Y, is the product yield coefficient, P, is the
ethanol titer at the beginning (measured in grams per liter), P,
is the maximum ethanol titer (grams per liter), f'is the cellulose
fraction of dry biomass, biomass is the OPT fibers (grams per
liter) at the start and 1.11 is the theoretical yield conversion rate
of cellobiose to glucose.
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The ethanol theoretical yield was determined from the
initial and final relevant concentrations during SSF using
Equation 8:

[Pe_Po/
0.51f/Biomass/1.11

Theoretical ethanol yield = %100 (8)
where 0.51 is the theoretical value to convert glucose to
ethanol (Tareen et al., 2021b).

Statistical analysis

Analysis of variance and Fisher’s least significant difference
test (SAS version 8.01) were used to identify statistically
significant differences in ethanol concentration, ethanol yield,
ethanol productivity and theoretical ethanol yield. Differences
were considered significant at p < 0.05.

Results and discussion

Compositional analysis of oil palm trunk fibers

Prior to pretreatment, the chemical composition of OPT
was: 11.42% extractive substances, 77.01% holocellulose,
39.65% cellulose, 23.03% pentosan, 23.47% lignin and 1.46%
ash on dry weight basis. However, owing to steam explosion
followed by hot water washing and alkaline extraction, the
content of holocellulose and cellulose increased to 89.41% and
77.59%, respectively. Additionally, the percentage quantity of
pentosan, lignin and ash dropped to 1.73%, 9.80% and 0.52%,
respectively. These results were similar to those reported
by Tareen et al. (2021b) who managed to extract 87.89% of
holocellulose from OPT fibers after alkaline pretreatment.
Likewise, Tareen et al. (2020b) reported 73.96% cellulose and
a significant amount of lignin was reduced to 11.68% from
OPT fibers using alkaline hydrogen peroxide pretreatment.

Effect of particle size on enzyme hydrolysis of two-step
pretreated oil palm trunk fibers

The milled (with varying particle sizes) and non-milled
(control) pretreated OPT fibers were subjected to enzymatic
hydrolysis. The use of milled fibers led to elevated levels
of glucose, which caused a higher ethanol concentration.
Conversely, higher enzymatic hydrolysis resisted stirring of
the fermentation medium, resulting in end-product inhibition.
Table 1 shows the glucose concentrations and conversions

from different particle sizes. The total glucose released from
the control fibers was 83.37 g/L with glucose conversion of
94.37%. A significant increase was observed in the glucose
concentration and glucose conversion (87.36 g/L and 98.88%,
respectively) when the particle size was reduced to 40 mesh.
However, a further reduction in particle size significantly
decreased the total glucose release and conversion (to 77.24
g/L glucose concentration and 87.81% glucose conversion for
40-60 mesh and to 72.89 g/L glucose concentration and 82.46%
glucose conversion for 60 mesh), as shown in Table 1. Similar
findings were reported by Fernandes et al. (2020) who observed
better enzyme action at 0.425 mm (35 mesh) of sugarcane
bagasse particles that augmented the glucose yield. Additionally,
Alves et al. (2020) reported a 20% increase in the glucose
yield when the particle size of sugarcane bagasse was reduced
from 30 mesh to 40 mesh; however, a further decrease in the
particle size did not significantly improve the glucose yield. The
particle size influences the chemical and structural properties
of lignocellulosic material; the smaller the particle size, the
lower the amount of cellulose (Neto et al., 2016). The chemical
changes have been attributed to the formation of abundant co-
products, such as furfural and hydroxymethylfurfural (Nagarajan
et al., 2021). In addition, structural changes in different particle
sizes play a vital role in strengthening cellulose, which leads to
functional group modifications in cellulose and hemicellulose
(Bandikari et al., 2014). Furthermore, a smaller particle size
results in higher specific surface area for enzyme hydrolysis but
this also depends on the size and shape of pores (Lu et al., 2019).
The pore size, volume and shape in cellulose and the accessibility
of enzymes can highly influence the enzymatic hydrolysis of
lignocellulosic biomass (Herbaut et al., 2018). Nonetheless,
further milling of particles to a smaller size decreased the
number of pores (Nagarajan et al., 2021) and enhanced viscosity,
that increased the difficulty of product transfer resistance (Ran
et al., 2012), increased the production of high amounts of
inhibitory compounds and the formation of pseudo-lignin,
resulting in lower enzymatic hydrolysis (Kapoor et al., 2019).

Table 1 Glucose concentration and conversion levels for different sizes
of two-step pretreated oil palm trunk fibers

Particle size (mesh) Glucose Conversion (%)

concentration (g/L)

Control 83.37+2.12° 94.37+3.01°
40 mm 87.36+1.87° 98.88+2.16°
40-60 mm 77.24+2.75¢ 87.81£1.98¢
60 mm 72.85£1.91¢ 82.46+2.42¢

*4Values (mean + SD) within same column with different lowercase
superscripts are significantly (p < 0.05) different
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Effect of particle size on simultaneous saccharification and
fermentation for ethanol production from two-step pretreated
oil palm trunk fibers

The SSF process was performed with different sizes of OPT
fiber particles to produce ethanol. During the SSF fermentation
of non-milled fibers, the glucose concentration abruptly increased
at the commencement of fermentation but rapidly decreased
within 12 hr. The maximal strength of viable cells at 36 hr
eventually dropped after incubation for 48 hr. The initial ethanol
concentration at 6 hr and at the end of fermentation period (96
hr) was 39.85 g/L (Fig. 1A). In addition, the kinetic parameters
of growth and ethanol production could be separated into the log
phase, stationary phase and death phase. The kinetic parameters—
live cells concentration, ethanol concentration (C,), glucose
consumption rate (Qg), ethanol production rate (Q,), glucose
specific consumption rate (qs) and ethanol specific production
rate (qp) were calculated using Equations 1-8 in all three phases.
The live cells concentration in the log and stationary phases (11.269
logcfu/Land 11.326logcfu/L, respectively) were almost similarand
followed by a slight decrease in the death phase (10.678 log cfu/L).
The ethanol concentration gradually rose from 27.699 g/L in the

(1)) (Im) @A)

m

Ethanol concentration (g/L)
Viable cells (Log cfu/mL)

©)

Ethanol concentration (g/L)
Glucose concentration (e/L)
Viable cells (Log cfu/mL)

Time (br)

Ethanol concentration (g/L.)

Ethanol concentration (g/L)
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log phase to 30.245 g/L in the stationary phase and then rose to
39.845 g/L in the death phase. The log phase of non-milled fibers
lasted until 24 hr of SSF and had higher rates of Qg and Q, (2.324
g/L and 0.809 g/L/hr, respectively) that indicated the utilization of
glucose for ethanol production (Table 2).

Fig. 1B shows that the glucose concentration in SSF
fermentation with 40 mesh, increased immediately from the
initiation of fermentation but decreased after 36 hr. A similar pattern
was observed for the ethanol concentration, which increased in the
first 24 hr, while the strength of viable cells improved after 18 hr.
The final ethanol titer obtained after 84 hr of SSF was 43.07 g/L.
The live cells concentration in the growth and ethanol production
stages using 40 mm-sized particles were almost similar in all three
phases. The log and stationary phases of the 40 mesh fibers each
lasted until 24 hr in SSF, which was the longest of all the stationary
phases for the studied fibers. The maximum Q,, value was observed
with 40 mesh in the log and death phases (0.994 g/L/hr and 0.372
g/L/hr, respectively). In addition, similar sized particle fibers produced
a significantly higher ethanol concentration and q, of 43.074 g/L.
and 0.095 g/ log cfu/h, respectively (Table 3). These results were
better than those reported by Rorke et al. (2017) who recorded an
ethanol production rate of 0.52 g/L/hr using waste sorghum leaves.

0] (I (1m) (B)
0, 60 .
sl 9
© 50
s
s g0 2
ER P 3
g g
% §3u E
0] 825 z
820 H
154 3 8
215 !
0],
51 s
ol 00
0, &0
s] 55
0 gsn
3 45 9
NE
540 )
01 E4s ]
-
%4 830 6 &
g S
S
0 :2.5 5 |==J|)
]
g2 42
o] 52 3
ol 15 35
10 2
§ 5 1
0 00 0

Time (br)

Fig. 1 Simultaneous saccharification and fermentation with 10% (weight per volume) substrate loading using different particle sizes: (A) non-milling

fiber as control; (B) 40 mesh; (C) 40-60 mesh; (D) 60 mesh, where m = glucose, ® = viable cells, A = ethanol, I, II, and III indicate log, stationary and

death phases, respectively, cfu = colony forming units and error bars indicate = SD
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Table 2 Kinetic parameters of growth and ethanol production of non-milled size oil palm trunk fibers (control) for simultaneous saccharification and

fermentation
Parameter Unit Log phase Stationary phase Death phase
Time hr 0-24 24-36 36-96
Live cells concentration log cfu/L 11.269 11.326 10.678
Ethanol concentration (Cy) g/L 27.699 30.245 39.845
Cell production rate (Qy) log cfu/L/hr 0.049 0.005 0
Glucose consumption rate (Qg) g/L/hr 2.124 0.416 0.450
Ethanol production rate (Q;) g/L/hr 0.809 0.212 0.20
Specific growth rate (p) w/hr 0.004 0 -
Specific death rate (K,) K/hr - - 0.001
Glucose specific consumption rate (qs) g/ log cfu/hr 0.218 0.037 0.041
Ethanol specific production rate (qp) g/ log cfu/hr 0.076 0.015 0.018
Live cell yield (Yys) log cfu/g 0.021 0.017 0
Ethanol yield (Yys) (g/g) 0.348 0.510 0.445

Table 3 Kinetic parameters of growth and ethanol production of 40 mesh size oil palm trunk fibers for simultaneous saccharification and fermentation

Parameter Unit Log phase Stationary phase Death phase
Time hr 0-24 24-48 48-96
Live cells concentration log cfu/L 11.180 11.258 11.016
Ethanol concentration (C;) g/L 18.757 29.692 43.074
Cell production rate (Qy) log cfu/L/hr 0.064 0.002 0
Glucose consumption rate (Qg) g/L/hr 2.316 0.692 0.442
Ethanol production rate (Q;) g/L/hr 0.994 0.102 0.372
Specific growth rate () w/hr 0.01 0 -
Specific death rate (K,) K /hr - - 0.002
Glucose specific consumption rate (qs) g/ log cfu/hr 0.212 0.062 0.041
Ethanol specific production rate (qp) g/ log cfu/hr 0.095 0.009 0.034
Live cell yield (Yy) log cfu/g 0.028 0.003 0
Ethanol yield (Yp/5) (g/g) 0.448 0.147 0.840

The SSF process with 40—60 mesh had a reduced glucose
concentration after 24 hr, though it increased initially with the
exponential growth of viable cells after 8 hr. Additionally, the
ethanol concentration was enhanced in the first 24 hr period
and the maximal quantity achieved was 35.95 g/L (Fig. 1C).
The kinetic parameters of growth and ethanol production in
SSF were studied for 40-60 mesh particles. The live cells
concentration remained almost similar in all three phases, yet Q,
and Y, were higher in the stationary phase (0.795 g/L/hr and
0.959 g/g, respectively). In contrast to the other particle sizes,
the 40-60 mesh fibers had the highest Qg value of 2.495 g/L/hr
(Table 4) in the log phase which gradually reduced from 0.829
g/L/hr in the stationary phase to 0.507 g/L/hr in the death phase,
followed by the 40 mesh particle size with a Qg value of 2.316
g/L/hr. The highest glucose specific consumption rate (qg) of
0.252 g/ log cfu/h was in log phase of the 40-60 mesh particle size
fibers, though this decreased significantly to 0.075 g/log cfu/hr
in the stationary phase and reached 0.047 g/log cfu/hr in the death
phase (Table 4). Nevertheless, there were no significant differences
among the qg values for all the studied fiber particle sizes.

In the 60 mesh SSF process, the concentration of glucose
started decreasing after 24 hr and an increase in viable cells
was measured after 12 hr. The ethanol concentration started
to increase in the first 24 hr and reached 32.35 g/L at its peak
(Fig. 1D). The kinetic parameters during the SSF process for
ethanol production with 60 mm-sized particles had the shortest
stationary phase (4 hr), and the longest death phase (78 hr), as
shown in Table 5. The concentrations of live cells were almost
similar in the log and stationary phases but reduced in the death
phase. The maximum increase C, (from 19.296 g/L to 32.352
g/L) was in the death phase of the 60 mm-sized particles. Q,
was 0.616 g/L/hr in the log phase, which increased to 0.706
g/L/hr in the stationary phase but then reduced to 0.218 g/L/
hr in the death phase. Surprisingly, the shortest stationary
phase produced the highest ethanol yield (Y,s) of 0.977 g/g.
Compared to the other studied particles, g, for the 60 mm-sized
particles did not reduce and remained almost similar in the log
and stationary phases (Table 5).
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Table 4 Kinetic parameters of growth and ethanol production of 40-60 mesh size oil palm trunk fibers for simultaneous saccharification and fermentation

Parameter Unit Log phase Stationary phase Death phase
Time hr 0-15 15-24 24-96
Live cells concentration log cfu/L 11.051 11.039 10.685
Ethanol concentration (C;) g/L 12.527 19.679 35.946
Cell production rate (Qy) log cfu/L/hr 0.149 -0.001 0
Glucose consumption rate (Qg) g/L/hr 2.495 0.829 0.507
Ethanol production rate (Q,) g/L/hr 0.627 0.795 0.310
Specific growth rate (u) whr 0.02 0 -
Specific death rate (K,) Ky/hr - - 0.001
Glucose specific consumption rate (qg) g/log cfu/hr 0.252 0.075 0.047
Ethanol specific production rate (q,) g/log cfu/hr 0.063 0.072 0.029
Live cell yield (Yys) log cfu/g 0.060 0 0
Ethanol yield (Yys) (g/g) 0.251 0.959 0.612

Table 5 Kinetic parameters of growth and ethanol production of 60 mesh size oil palm trunk fibers for simultaneous saccharification and fermentation

Parameter Unit Log phase Stationary phase Death phase
Time hr 0-15 15-18 18-96
Live cells concentration log cfu/L 11.429 11.250 10.757
Ethanol concentration (C;) g/L 12.946 19.296 32.352
Cell production rate (Qy) log cfu/L/hr 0.162 -0.02 0
Glucose consumption rate (Qg) g/L/hr 2.211 0.722 0.491
Ethanol production rate (Q,) g/L/hr 0.616 0.706 0.218
Specific growth rate (u) whr 0.02 0 -
Specific death rate (K,) Ky/hr - - 0.001
Glucose specific consumption rate (qg) g/log cfu/hr 0.218 0.064 0.045
Ethanol specific production rate (qp) g/log cfu/hr 0.066 0.062 0.017
Live cell yield (Yys) log cfu/g 0.073 -0.028 0
Ethanol yield (Yys) (g/g) 0.301 0.977 0.443

This study involved the investigation of milled fibers of
different diameters, using non-milled fibers as the control to
investigate obtaining elevated concentrations of ethanol. The
results are displayed in Table 6. The 40 mesh-sized fibers
produced significantly greater values for ethanol concentration
(43.07 g/L), ethanol yield (0.47 g/g), ethanol theoretical
yield (90.26%) and ethanol productivity (0.47 g/L/hr). There
was a significantly lower ethanol concentration produced
from the control fibers (39.85 g/L), resulting in 0.40 g/L/
hr ethanol productivity, 0.46 g/g ethanol yield and 87.74%
ethanol theoretical yield. In contrast, the 40—60 mesh particles
produced ethanol at 35.95 g/L concentration, 0.39 g/L/hr
productivity, 0.39 g/g yield and 75.08% theoretical yield.

The ethanol concentration, ethanol productivity, ethanol
yield and ethanol theoretical yield obtained using the 60
mesh particles were 32.35 g/L, 0.36 g/L/hr, 0.34 g/g and
66.88%, respectively. The simultaneous saccharification and
fermentation process carries out the saccharification and
fermentation by yeast in a single fermenter. SSF is the most
commonly recommended process due to the use of inexpensive
agricultural residues for cost effective ethanol production at
an industrial scale (Kanagasabai et al., 2019). The enzymatic
hydrolysis increases the surface area by reducing the particle
size and crystallinity due to the milling pretreatment (Jiang
et al., 2016). Nevertheless, a reduction in particle size exerts
an adverse effect by increasing the viscosity and reducing

Table 6 Comparison of oil palm trunk pretreated particles of various mesh sizes for ethanol production

Particle size Ethanol concentration (g/L) Ethanol productivity Ethanol yield Theoretical ethanol yield (%)
(mesh) (g/L/hr) (g/g)

Control 39.85+1.09° 0.40+0.41° 0.46+0.28° 87.74+1.65°

40 43.07+0.62° 0.47+0.12° 0.47+0.16° 90.26+0.43¢

40-60 35.95+0.92¢ 0.39+0.23* 0.39+0.22° 75.08+1.56°

60 32.35+1.28¢ 0.36+0.58¢ 0.34+0.13¢ 66.88+1.02¢

Values (mean + SD) within the same column with different lowercase superscripts are significantly (p < 0.05) different
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the inter-particle distance, resulting in decreases in aeration,
metabolism and the growth of microorganisms (Wan and Li,
2010; Jiang et al., 2016). Conversely, some studies reported a
diminution in viscosity and yield stress with a smaller particle
size as the lessened fiber macropores led to lower water
restraining proficiency (da Silva et al., 2020).

Fed-batch simultaneous saccharification and fermentation for

ethanol production from two-step pretreated oil palm trunk

fibers

Fed-batch SSF of OPT fibers was carried out for ethanol
production with 10% final dry solid loading. Fig. 2 shows
the levels of viable cells, glucose, cellobiose and ethanol
concentration during the fermentation process. The glucose
concentration elevated rapidly at the beginning of SSF and
was depleted after 84 hr. The cellobiose concentration reached
its maximum at 24 hr, but was depleted after 72 hr. There was
an increase in viable cells after 12 hr. At the end of the fed-
batch fermentation period (96 hr) the ethanol concentration
was 41.65 g/L. Fig. 3 shows that the viable cells reached the
maximum level at 24 hr but reduced after 36 hr. At initial
incubation (2 hr), glucose concentrations quickly improved
but reduced after 72 hr. The cellobiose concentration reached
its maximum at 2 hr but declined before 84 hr. The maximum
ethanol concentration was 38.35 g/L. Fig. 4 shows that the
cellobiose concentration increased quickly in the beginning but
was depleted after 24 hr. The glucose concentration reached its
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Fig. 2 Effect of substrate and cellulase feeding strategy in fed-batch
simultaneous saccharification and fermentation (celluase and -glucosidase
enzymes added at start-up), with 10% solid loading at 12 hr, 24 hr and
36 hr for 40 mesh-sized particles, where m = glucose, ® = viable cells,
+ = cellobiose, A = ethanol, cfu = colony forming units and error bars
indicate + SD

maximum at 6 hr and reduced after 72 hr. The strength of viable
cells reached its peak at 24 hr but declined after 36 hr. Before
24 hr, glucose was utilized to produce yeast cells and after 24 hr
it was converted to ethanol. The experimental results revealed
that ethanol production was initiated from the beginning of
fermentation and reached its maximum (39.72 g/L) after 72 hr.
Fig. 5 shows that the glucose concentration increased from the
beginning of the SSF process and was depleted after 60 hr of
incubation. Before 24 hr, glucose was used for cell growth but
afterward, it was converted to ethanol having (38.21 g/L).
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enzymes added at start-up), with 10% solid loading at 12 hr, 18 hr and
24 hr for 40 mesh-sized particles, where m = glucose, ® = viable cells,
¢ = cellobiose, A = ethanol, cfu = colony forming units and error bars
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Fig. 4 Effect of substrate and cellulase feeding strategy in fed-batch
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Fig. 5 Effect of substrate and cellulase feeding strategy in fed-batch
simultaneous saccharification and fermentation. Addition of one-quarter
of celluase and B-glucosidase enzymes equally at beginning, 12 hr, 18hr
and 24 hr of fermentation, with 10% solid loading for 40 mesh-sized
particles, where m = glucose, ® = viable cells, ¢= cellobiose, A = ethanol,
cfu = colony forming units and error bars indicate + SD

To increase ethanol concentration, four varied substrate
and enzyme feeding strategies were studied: 1) celluase and
B-glucosidase enzymes added at the beginning of fed-batch
SSF (addition of fed fibers twice at 12 hr, 24 hr and 36 hr); 2)
celluase and B-glucosidase enzymes added at the beginning
of fed-batch SSF (twice at 12 hr, 24 hr and 36 hr); 3) addition
of one-quarter of celluase and B-glucosidase enzymes equally
at the beginning, 12 hr, 24 hr and 36 hr of fermentation; and
4) one-quarter of celluase and B-glucosidase enzymes added
equally at the start, 12 hr, 18 hr and 24 hr of fermentation. The
results displayed in Table 7 reveal that the controlled fibers
produced elevated ethanol concentration levels of 43.07 g/L,
0.47 g/L/hr ethanol productivity, 0.47 g/g ethanol yield, and
90.26% theoretical ethanol yield. However, Batch 1 had 0.55
g/L/hr ethanol productivity, 41.65 g/L ethanol concentration,
0.46 g/g ethanol yield and 90.50% theoretical ethanol yield.
The ethanol concentration was higher compared to the study
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by Bedzo et al. (2021) who produced 39 g/L of ethanol with
82% of theoretical ethanol using sweet sorghum bagasse in fed
batch SSF. Although the ethanol concentration of Batch 1 was
less than that of the control (p < 0.05), the ethanol productivity
of Batch 1 was higher than that of control (p < 0.05). Notably,
the shorter time of around 12 hr might lead to a reduction in the
operating cost of ethanol production. In addition, there were no
significant differences between Batch 1 and the control in the
efficiency of conversion from fiber to ethanol, ethanol yield
and theoretical ethanol yield. Hoyer et al. (2010) also suggested
the addition of all the enzymes into a fermenter at the beginning
of fed-batch SSF. A similar pattern of adding all the cellulase
enzymes at the initiation of fermentation was followed by
Zhao et al. (2013) and Tareen et al. (2021a), with both studies
reporting that this produced the highest glucose concentration.
The maximal ethanol production of Batch 3 was 39.72 g/L
ethanol concentration, 0.51 g/L/hr ethanol productivity, 0.43
g/g ethanol yield and 85.07% theoretical ethanol yield, whereas
Batch 4 produced 38.21 g/L ethanol concentration with ethanol
productivity of 0.49 g/L/hr, an ethanol yield of 0.41 g/g and
79.55% theoretical ethanol yield.

This study primarily focused on the influence of the particle
size of the OPT fibers in the range 40-60 mesh compared to
non-milled pretreated fibers for ethanol production. The results
indicated that an OPT particle size of 40 mesh produced the
highest ethanol concentration (43.07 g/L) for the SSF process.
However, the fed-batch SSF strategy consisted of using
optimized particle size (40 mesh) fibers and all the celluase
and B-glucosidase enzymes being added at start-up (fed fibers
added at 12 hr, 24 hr and 36 hr); this produced the highest
ethanol concentration of 41.65 g/L. Therefore, the fed-batch
SSF process utilizing milled OPT fibers has the potential to
increase bioethanol production.

Table 7 Comparison of different substrate at 10% (weight per volume) substrate loading and enzyme feeding of pretreated oil-palm trunk fibers for

ethanol production

Particle size Ethanol concentration Ethanol productivity Ethanol yield Theoretical ethanol yield
(mesh) (L) (g/L/h) (o) (%)

Control 43.07+0.62° 0.47+0.12% 0.47+0.16° 90.26+0.43°
Batch 1 41.65+1.43° 0.55+0.28° 0.46+0.21° 90.50+0.51°
Batch 2 38.35+1.76¢ 0.45+0.75¢ 0.43£0.29° 85.07+0.72°
Batch 3 39.72+1.57¢ 0.51£0.41° 0.43£0.33° 85.07+0.65°
Batch 4 38.21+0.93¢ 0.49+0.33" 0.41+0.29° 79.55+0.23¢

Values (mean + SD) within the same column with different lowercase superscripts are significantly (p < 0.05) different

Batch 1 = addition of enzymes at start of fed-batch simultaneous saccharification and fermentation (SSF), with fed fibers added at 12 hr, 24 hr and
36 hr); Batch 2 = addition of enzymes at beginning of fed-batch SSF, with fed fibers added at 12 hr, 18 hr and 24 hr; Batch 3 = addition of one-quarter of
enzymes added equally at beginning, 12 hr, 24 hr and 36 hr of fermentation; Batch 4 = addition of one-quarter of enzymes at beginning, 12 hr, 18 hr and

24 hr of fermentation
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