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This study developed and optimized a seawater (SW)-based pretreatment to enhance sugar recovery from corn
cobs (CC) (SW-CC). Additionally, the Lactobacillus plantarum microbial growth and lactic acid (LA) production
kinetics were comparatively assessed utilizing the logistics and modified Gompertz models, respectively, across
three bioprocess conditions: (1) SW-CC in supplemented seawater (s-SW), (2) SW-CC in supplemented deionized
water (s-W), and (3) SW-CC in deionized water supplemented with conventional MRS replacing pure glucose
(sMRS-W). The optimized SW-CC pretreatment yielded a reducing sugar and glucose yield of 0.277 g/g = 0.001
and 0.172 g/g +0.02 g/g, respectively. The s-SW system exhibited the highest maximum specific growth rate
(Mmax = 0.342 h’l), indicating favourable microbial proliferation in the SW-based medium. Although the s-W
process achieved the highest maximum LA concentration (P, = 5.545 g/L), the s-SW process followed closely
with a P, of 4.031 g/L, highlighting its comparable fermentative performance. This research provides the basis
for implementing, abundant and innovative sources such as seawater for both the pretreatment and fermentation
stages during bioproduct formation, thus reducing the reliance on chemicals and freshwater in lignocellulosic

biorefinery processes.

1. Introduction

Lactic acid (LA) is a valuable biochemical, due to its multi-
functionality, that is extensively utilized within a wide array of in-
dustries such as food, cosmetic and pharmaceutical institutions, due to
its biocompatibility and optical activity (Ahmad et al., 2020). The high
demand of LA stems from the synthesis of poly-lactic acid, a slow
degrading biomaterial that may potentially compete with
non-biodegradable plastics (de Oliveria et al., 2022). Accordingly, the
global LA market sizes amassed approximately USD 532.1 million in
2025 with a projected growth of approximately 19.14% by 2030
(Mordor Intelligence, 2025). LA is mainly produced through microbial
fermentation, where Lactobacillus plantarum is preferred for industrial
use due to their high LA production rates wherein the isomers exhibit an
optical purity of over 99% (David et al., 2022).

Despite its industrial relevance, the use of refined sugars as carbon
sources, for L. plantarum cultivation towards LA production, elevates
production costs and food security concerns (Ahmad et al., 2020). This
bottleneck highlights the need for economically viable and sustainable
alternatives, particularly those that are excluded from the human food
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chain supply. Lignocellulosic biomass (LCB), a renewable alternative
feedstock sourced from agricultural and forest wastes, has been estab-
lished as a promising non-food-based feedstock for LA bioconversion.
Composed primarily of cellulose (38-50%), hemicellulose (23-45%),
and lignin (10-25%), LCB provides a renewable reservoir of fermentable
sugars, with cellulose as the main source of fermentable sugars for mi-
crobial conversion (David et al., 2020; McKendry, 2002). Various LCB
substrates have been previously considered and investigated as an
alternate feedstock utilized in the production biofuels and biochemicals,
such as banana psuedostem (Hute et al., 2025), sorghum (Das et al.,
2021), date palm residues (Fang et al., 2015), and corn cob (David et al.,
2020).

Corn remains a staple crop worldwide accumulating about 1.23
billion metric tons in 2023/2024 (USDA Foreign Agricultural Service,
2024). Of the total mass of corn ear that are cultivated, approximately
18% comprises of the lignocellulosic corn cob (CC), which is discarded
and readily available for use (Kapoor et al., 2016). This represents an
abundant availability of this biomass material as an alternative feed-
stock within lignocellulosic biorefineries. Although LCB substrates, such
as CC, is cost-effective, carbon neutral, and abundant, its recalcitrant
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nature, constructed through the strong molecular linkage structural
lignocellulosic moieties, limits fermentable sugar accessibility. Hence,
an effective pretreatment procedure is crucial to breakdown the struc-
tural rigidity of LCB substrates, subsequently improving enzymatic
digestibility.

Pretreatment technologies are generally categorized as physical,
biological, chemical, or a sequential implementation of multiple
methods. Biological pretreatment makes use of rot fungi to degrade LCB
structure with lignin-degrading enzymes, but the slow reaction time is
non-feasible (Kumar et al., 2009). Physical methods enhance surface
area and porosity by mechanical means, while chemical strategies make
use of organic solvents, acids, or alkali agents, to breakdown intra- and
intermolecular bonds within LCB (Kumar et al., 2009). Acid pretreat-
ment effectively removes hemicellulose whereby the hydronium ions
cleaving glycosidic linkages while alkalis tend to cause saponification of
the ester bonds leading to lignin removal (Areeya et al., 2023). The
incorporation of chemical agents into pretreatment regimes have
demonstrated an 80% enhancement of sugar release as opposed to
pretreatment techniques that excluded chemical agents (Singhvi et al.,
2014; Sewsynker-Sukai et al., 2023). Thus, physicochemical pre-
treatments involve the combined application of physical forces such as
heat, pressure, steam explosion, or irradiation aids in exposing the
compact fibre matrix and increasing the surface area and breaking down
structural components, making the biomass more accessible
(Scherzinger et al., 2020; Taylor et al., 2019). Simultaneously, the
chemical agents (acids, alkalis, or solvents) penetrate the spatial ligno-
cellulosic matrix and disrupt the chemical bonds. Despite effective LCB
structure disintegration, these strategies consume high amounts of en-
ergy and water, produces fermentation inhibitors, and uses harmful,
expensive chemicals (Rezania et al., 2020).

Physicochemical methods are considered water intensive as fresh-
water is used to submerge biomass for consistent heat transfer and wash
the biomass post-pretreatment for removal of residual chemicals and
potential inhibitors (Singh et al., 2014). Freshwater scarcity presents a
significant limitation to the scale-up and commercialization of estab-
lished pretreatments. In response, Yuan et al. (2021) suggested that by
using a higher solid loading and removing the post-pretreatment
washing may reduce water use. However, these approaches may
compromise production effectiveness by the increased viscosity and the
retention of inhibitory compounds. Substituting freshwater as a reaction
medium presents as a promising alternative for the pretreatment pro-
cess. Seawater (SW) is a highly abundant resource making up approxi-
mately 97.5% of the earth’s total water, in comparison to freshwater
(2.5%). SW is rich in metal chlorides (MgCly, KCl and NaCl) which has
been shown to cause significant hemicellulose solubilization while
maintaining cellulose integrity (Taylor et al., 2019). SW as a pretreat-
ment reaction medium and source of chemical agents presents a po-
tential sustainable strategy for the pretreatment of LCB.

Considering the various challenges that may affect LCB pretreat-
ment, selected key parameters are required to optimize efficient sugar
recovery. The Response Surface Methodology (RSM) is a statistical
framework that designs a set of experimentations to identify optimal
conditions for the maximum desired output while minimizing resource
expenditure (Breig and Luti, 2021). RSM is used widely in literature due
to its ability to reduce extensive experimentation while remaining reli-
able (David et al., 2020; Hute et al., 2025; Tan et al., 2011; Yildirim
et al., 2021).

Following pretreatment, the exposed cellulose fraction is enzymati-
cally hydrolyzed to release monomeric sugars, particularly glucose, for
microbial fermentation by the LAB to yield LA. LAB’s are typically
cultivated in Man-Rogosa-Sharpe (MRS) medium, which supplies a
blend of nutrients including peptone, yeast extract, minerals (Mn?*,
Mg?*), Tween 80 and buffering agents (Hayek et al., 2019). However,
MRS medium significantly contributes to LA production costs, ac-
counting for up to 30% of total bioprocess expenditure, due to its
expensive nitrogen and mineral sources (Zhou et al., 2022). By replacing
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pure glucose with the pretreated CC, production costs of LA production
may be drastically minimized. However, lignin can bind to and inacti-
vate cellulase enzymes. Surfactants like Tween 80 may mitigate this
effect by preferentially binding to lignin, thus preserving enzyme ac-
tivity (Hou et al., 2022). Beyond this, Tween 80 also serves as an
emulsifier, facilitating the interaction of water with otherwise insoluble
biomass compounds and enhances nutrient uptake around the microbial
cell surface, promoting cell growth (Taoka et al., 2011). Corn steep li-
quor, a resulting product of the steeping process within the corn in-
dustry, is a resource that is rich in nitrogenous compounds, hence a
favourable cheaper substitute to costly yeast extract and peptone com-
ponents within fermentation media formulation (Zhou et al., 2022).

Complementing this, SW offers potential as a solvent for the enzy-
matic saccharification and fermentation (SSF) process during LA pro-
duction. The inorganic salts in SW may potentially enhance enzyme
stability and microbial activity under optimized conditions, while
reducing cost and freshwater consumption. This holistic integration of
low-cost substrates and media components helps pave the way for sus-
tainable bioprocess development towards product generation. SSF is a
bioprocess configuration that conducts enzymatic hydrolysis and
fermentation concurrently within a singular reaction vessel, under
established process conditions and time conducive to both processes.
SSF is considered suitable due to its reduced energy input, low
contamination risk, mitigated glucose inhibition, and improved process
economics and productivity (Ibrahim et al., 2018). To better understand
and enhance bioprocess efficiency, mathematical models may give
major insights into improving LA production and increasing the eco-
nomic value during the bioprocess developmental stages towards com-
mercial implementation. The logistic model may effectively describe
L. plantarum cell growth dynamics by accurately predicting important
aspects such as initial and maximum biomass concentration as well as
corresponding proliferation time (Phukoetphim et al., 2017). To
comprehensively predict LA bioproduction kinetics of the L. plantarum
microbe, the modified Gompertz model is employed to provide critical
metrics into key parameters namely maximum LA concentration,
maximum LA production rate, and lag duration (Phukoetphim et al.,
2017).

Taking the abovementioned knowledge into account, this study
aimed to model and optimize an autoclave-assisted SW pretreatment of
CC wastes (SW-CCoprimized) by investigating the effects of pretreatment
time, pretreatment temperature, and solid loading, for the improvement
of reducing sugar and glucose recovery using RSM. To determine the
physiological changes observed within the optimally pretreated CC
substrate material, the compositional analysis, Scanning Electron Mi-
croscopy and Fourier-Transform Infrared spectroscopy were imple-
mented. The L. plantaurm growth and LA production kinetics were
assessed by comparing three different SSF bioprocess configurations
wherein SW-CCoptimized pretreated CC was submerged in: 1) minimally
supplemented seawater (s-SW), 2) minimally supplemented deionized
water (s-W), and (3) in deionized water supplemented with conven-
tional MRS replacing pure glucose (SMRS-W). The cell growth and LA
product formation kinetics of these bioprocesses were analysed using the
logistic and modified Gompertz models, respectively, in order to
investigate the feasibility and efficiency of SW-integrated LA
production.

2. Materials and methods
2.1. Materials

All chemicals used in this study were purchased from Merck, South
Africa. The corn cob CC) substrate was sourced from Ukulinga research
farm (Pietermaritzburg, South Africa). The CC was prepared by drying
the biomass at 60°C for 24 hr and milled to a smaller particle size
(1-2 mm) (Hammermill, South Africa) and stored at room temperature.
The seawater (pH 7.5), with its known chemical composition (Table S1),
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used during pretreatment and fermentation was collected from Strand
Beach (Beach Rd, Strand, Cape Town) and was stored at 4°C. The Cellic
CTec2 enzyme was supplied by Novozymes (Novozymes A/S, Denmark),
with an enzyme activity of 160 FPU/mL, determined according to the
Laboratory Analytical Procedure (LAP) of the National Renewable En-
ergy Laboratory (NREL, 2008). The Lactobacillus plantarum ATCC 14917
strain from the ATCC® type culture used in this study was acquired from
Microbiologics Incorporated.

2.2. Preliminary screenings

Preliminary screenings were operated to provide key insights into
the impact of SW on the pretreatment of CC by assessing the SW pre-
treatment with subsequent washing step (W-SW-CCpreliminary) and SW
pretreatment without washing step (u-SW-CCpreliminary) for enhanced
reducing sugar (RSY) (g/g) and glucose yield (GY) (g/g). The CC
biomass with a standard solid loading (SL) (10%, w/v) was immersed
into 200 mL of SW. All the outlined experimental screenings underwent
autoclave pretreatment at 115°C for 10 min, median values previously
established by David et al. (2020). Control pretreatment experiments
included deionized water pretreatment with subsequent washing step
(W-W-CCpreliminary), deionized water pretreatment without washing step
(u-W-CCpreliminary) and, untreated CC. Following pretreatment, the
experimental runs that required the substrate washing step, was ran
through a fine mesh sieve (0.045mm) and rinsed thoroughly with
deionized water. The experiments devoid of a washing step was filtered
through the fine mesh sieve to drain the excess pretreatment solution.
All substrate samples were dried overnight at 50°C. Upon assessment,
the method that gave the highest sugar recovery was selected for further
screening with the addition or no addition of Tween 80 during the
saccharification step. A standard Tween 80 concentration of 1 mL/L was
added during enzymatic hydrolysis, where applicable.

2.3. Modelling and optimization of the corn cob pretreatment strategy

The RSM using Ben-Behnken design (Design Expert Version 12, Stat
Ease Inc, USA) was utilized to develop and model a series of experi-
mental runs for optimization of a SW-based pretreatment of CC. The
pretreatment strategy that included the washing step and omitted
Tween 80, designated as SW-CC, was selected for optimization upon
consulting the results obtained during the preliminary screenings. The
input parameters selected for the design of the RSM model were based
on its significance in previously optimized models reported by David
et al. (2020). In the study by David et al. (2020), an initial pretreatment
optimization model evaluated the effects of SL (10-20%, w/v), and
temperature (105-115°C), while a subsequent model further incorpo-
rated heating time (30-60 min) as an additional critical linput param-
eter (David et al., 2020). Similarly, David et al. (2021) considered and
evaluated heating time (80-120°C) and pretreatment time (5-15 min) as
parameters for a steam-assisted pretreatment optimization model. The
SL parameter demonstrated an apparent effect on mixing efficiency and
viscosity, while the heating time and pretreatment temperature played a
role in water availability and severity of the conditions within the pre-
treatment system, respectively, thereby exerting significant effects on
overall sugar recovery. Hence, these parameters were subsequently
selected and modified in the present model as follows: (1) CC SL
(10-20%, w/v), (2) pretreatment time (10-20 min) and (3) temperature
(110-120°C), according to the outline of the model (Table 1). The RSM
model generated 17 pretreatment experimental runs. The model runs
were performed in duplicate. The varying SL (10-20%, w/v) of CC were
submerged in 100 mL of SW and autoclaved at their designated pre-
treatment time (10-20 min), and temperature (110-120°C) (Table 1)
based on the design. Following pretreatment, the substrate was washed,
filtered and dried as described in Section 2.2. for preparation towards
enzymatic hydrolysis.

Industrial Crops & Products 242 (2026) 122992

Table 1
Reducing sugar and glucose yield observed for the optimized w-SW-CC pre-
treatment method.

Input parameters Output parameters

Run  Solid Temperature Time Reducing sugar  Glucose yield
loading [{9) (min) yield (g/g) (g/8)
(%)
1 15 110 15 0.239 +0.007 0.123 +£0.007
2 15 120 5 0.177 +0.002 0.143 +£0.009
3 20 115 5 0.176 +0.006 0.104 +£0.021
4 10 115 5 0.166 +0.014 0.146 +0.001
5 10 110 10 0.247 +£0.012 0.183 +£0.019
6 15 115 10 0.170+0.013 0.134 +£0.004
7 15 120 15 0.181 +0.053 0.137 £0.017
8 15 115 10 0.192 4+ 0.029 0.136 £0.013
9 10 115 15 0.241 £0.012 0.157 +£0.0002
10 20 110 10 0.244 +0.026 0.159 +0.039
11 15 115 10 0.189+0.016 0.129 +0.003
12 20 115 15 0.250 + 0.050 0.142+0.031
13 10 120 10 0.266 +0.033 0.188 +0.009
14 15 115 10 0.224 +0.015 0.128 +0.009
15 15 115 10 0.200 + 0.006 0.128 +0.005
16 20 120 10 0.267 +0.003 0.143 £0.009
17 15 110 5 0.176 +0.024 0.120 £0.010

2.4. Engymatic hydrolysis

A standard SL of 10% (w/v) of the post-pretreatment CC biomass was
immersed in a working volume of 10 mL of citrate buffer (pH 4.8,
0.05M) and Cellic CTec 2 enzyme (10 FPU/g). These enzymatic hy-
drolysis experiments were incubated at 50°C, 120 rpm, for 72 hr. The
resultant hydrolysate was centrifuged at 5000 rpm for 10 min prior to
sugar analysis. The RSY was analysed with the 3,5-dinitrosalicyclic acid
(DNS) method established by Miller (1959). The Megazyme GOPOD
assay kit (Megazyme, Ireland) was used to determine the GY by
employing the recommended protocol provided by the manufacturer.

2.5. Validation of the optimized pretreatment conditions

A validation experiment of the optimized SW-CC pretreatment (SW-
CCoptimizea) Was proposed by the developed RSM model with the
following conditions, 10% SL, autoclave temperature at 120°C for
11 min. Subsequently, the pretreated CC substate were strained, rinsed,
and dried as previously outlined in Section 2.2.1. The validated SW-
CCoptimized Pretreatment was subjected to enzymatic hydrolysis and
sugar analysis described in Section 2.4 and then utilized in subsequent
LA fermentation.

2.6. Analytical techniques for the SW-CCoptimized pretreated corn cobs

2.6.1. Compositional analysis

The chemical composition between the optimally pretreated and
native CC biomass material was examined using the established meth-
odology outlined by Van Soest and McQueen (1973). To carry out the
neutral detergent fibre (NDF) analysis, comprising cellulose, hemicel-
lulose and lignin, the sample was boiled in a neutral detergent fibre
solution (pH 7.0). Acid detergent fibre (ADF) was done by boiling the
sample in acid detergent solution for the removal of hemicellulose. The
ADF components, cellulose and lignin, were treated with 72% H3SO4 to
yield the acid detergent lignin (ADL).

2.6.2. Scanning electron microscopy

The visual structural characteristics of the optimally pretreated and
native CC was examined by scanning electron microscopy (SEM). The
biomass samples were mounted onto aluminium specimen mounts, gold
sputter coated (Eiko IB-3 Ion Coater) and viewed at a magnification of
1.50 x (ZEISS EVO LS 15).
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2.6.3. Fourier transform infrared spectroscopy

The functional group changes of the optimally pretreated and native
CC biomass were analysed by Fourier Transform Infrared (FTIR) spec-
troscopy using a Perkin Elmer 100 (Waltham, MA, USA). The samples
were milled with spectroscopic grade KBr and pressed to produce
diameter pellets. The FTIR spectra were recorded between 400 and
4000 cm .

2.7. Lactic acid production

2.7.1. Lactobacillus plantarum revival and growth

For LA production, 20% glycerol stock of L. plantarum ATCC 14917
cells (stored at —20°C) were streaked onto commercial MRS agar growth
media (10 g/L special peptone, 5 g/L meat extract, 5 g/L yeast extract,

Glucose utilization(%) =

control glucose concentration (g/L) — experimental glucose concentration (g/L)
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2.8. Analytical techniques

2.8.1. Sugar analysis

The glucose concentration was determined using Megazyme GOPOD
assay kit (Megazyme, Ireland) with the protocol outlined and recom-
mended by the manufacturer. The glucose analysis of the uninoculated
s-SW, s-W and sMRS-W experimental controls represented a benchmark
for the initial glucose concentration yielded per 2hr interval. The
experimental glucose concentration obtained from the s-SW, s-W and
sMRS-W bioprocesses were deducted from the initial glucose concen-
tration of the uninoculated equivalent experiments to determine the
glucose utilization (%) using Eq. (1).

x100 €8]

1 mL/L Tween 80, 2 g/L tri-ammonium citrate, 5 g/L sodium acetate,
0.1 g/L magnesium sulphate, 0.05g/L manganese sulphate, 2g/L
dipotassium hydrogen phosphate, 20 g/L glucose, and 12 g/L bacterio-
logical agar) (Merck, South Africa) and was incubated at 37°C for 48 hr.
Thereafter, a single colony was selected from each plate, inoculated into
MRS broth and was incubated at 37°C for 14 hr (exponential growth)
with an agitation of 120 rpm as determined by a previous study by David
et al. (2022).

2.7.2. Seawater citrate buffer preparation

For the SSF processes containing SW as the medium solvent, the
citrate buffer (0.05 M) was prepared with SW in the place of dH,0 and
was adjusted to pH 4.

2.7.3. Lactic acid fermentation

Three varying SSF experiments were conducted as follows; (1) SW-
CC in supplemented seawater (s-SW), (2) SW-CC in supplemented
deionized water (s-W), and (3) SW-CC in deionized water supplemented
with conventional MRS replacing pure glucose (SMRS-W), to determine
the LA production potential under different media conditions. The s-SW
medium was prepared by supplementing the SW citrate buffer with CSL
(25 g/L) and Tween 80 (2 mL/L). For the s-W medium, CSL (25 g/L) and
Tween 80 (2 mL/L) was added to a deionized water citrate buffer. The
SMRS-W medium was prepared by adding special peptone (10 g/L),
meat extract (5 g/L), yeast extract (5g/L), Tween 80 (Polysorbate 80)
(1 mL/L), tri-ammonium citrate (2 g/L), sodium acetate (5g/L), mag-
nesium sulphate (0.1 g/L), manganese sulphate (0.05 g/L), and dipo-
tassium hydrogen phosphate (2 g/L), to deionized water citrate buffer.
All LA fermentation processes were performed 100 mL Erlenmeyer flask
with a working volume of 25 mL containing a constant SL of 10% pre-
treated w-SW-CC, 10% (v/v) L. plantarum cell suspension and 10 FPU/g
standard enzyme loading in each respective flask. Uninoculated exper-
iments were prepared as the controls and were subjected to the exact
conditions to their related experiments as mentioned, but omitting the
L. plantarum cells. The uninoculated experiments were carried out to
determine the initial glucose concentration at each time point for the
determination of the glucose utilization. Each experimental run was
carried out in duplicate. All experiments were incubated at 35°C at an
agitation of 120 rpm for 26 hr. For every 2-hr interval within the 26-hr
time period, 1 mL sample from each experiment and their related con-
trol were collected. The aliquoted samples were stored at —20°C upon
use for LA concentration, biomass concentration, and glucose analysis.

control glucose concentration (g/L)

2.8.2. Lactic acid concentration

The total LA concentration (g/L) was measured with the Megazyme
lactic acid assay kit, product code (K-DLATE) (©Megazyme, Wicklow,
Ireland) according to the protocol provide by the manufacturer. The LA
content was spectrophotometrically determined using the E-SP1000-
UV-P Ultraviolet Spectrophotometer.

2.8.3. Lactobacillus plantarum biomass concentration

The cell concentration of L. plantarum (g/L) was quantified by
correlating the cell count (cell/mL) to the corresponding the dry cell
weight (g/L). The culture was exponentially grown in MRS broth for

14 hr as determined by David et al. (2022), and was serially diluted (1,
11

27 4>
centrifuged at 4000 rpm for 8 min. The resulting pellet was dried at
80°C until the biomass was completely dry. The dry weights (g/L) of
each dilution were plotted against its related cell counts (cells/L) to form
a standard curve. The experimental cell counts were determined using
the Neubauer counting chamber (Lasec, South Africa) and thereafter
substituted into the equation produced from the standard curve to
determine the experimental biomass concentration.

3, &). A 20 mL volume was collected from every dilution and

2.9. Mathematical kinetic modelling

2.9.1. Logistic model for the cell growth of L. plantarum

The differential form of the logistic model Eq. (2) details the different
phases (exponential and stationary) of cells where Eq. (2) was modified
and integrated to form Eq. (3) to give biological meaning to the varying
parameters. The logistic model considers the interaction of cell biomass
(X), and the initial cell concentration (Xg), cell concentration reaching
its maximum (Xpmax) and specific growth rate reaching its maximum
(Umax) at specified time periods (t) during the exponential and stationary
phase of L. plantarum.

dx X
T pmax (1 — m)X 2)
x— X0exp(umaxt) 3)

1 — [(e) (1 — exp(pmaxt)]
2.9.2. Modified Gompertz model for lactic acid formation

Using the least squares approach, the LA production data resulted
from the SSF bioprocess experiments (s-SW, s-W, sMRS-W) were used to
fit into the modified Gompertz model. The modified Gompertz model
describes the relationship between LA concentration (P) to the
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maximum LA concentration (Pp), maximum LA production rate (rp.m)
and lag phase (t) from the start of fermentation to the exponential LA
production as described in Eq. (4).

P:Pm.exp{—exp{%:lp(l)].(i—t)—&-l} 4)

3. Results and discussion
3.1. Preliminary screenings

Initial preliminary screenings of the SW-based pretreatment (SW-
CCpreliminary) Were carried out for enhanced fermentable sugar recovery
from CC, in pursuit of determining the key input ranges for the RSM
model development (Table S2). Higher RSY (0.163 g/g) and GY
(0.125 g/g) were produced by the w-SW-CCpreliminary Pretreatment in
comparison to the RSY of 0.158 g/g and GY of 0.112 g/g that resulted
from the w-W-CCpreliminary Screening. The metal salts (NaCl, KCI, MgCly)
within SW have been reported to mostly maintain the cellulosic
component while solubilizing hemicellulose, enhancing glucose recov-
ery (Liu et al., 2009). Conversely, u-SW-CCpreliminary and u-W-CCprelimi-
nary pretreatments exhibited higher RSY values of 0.181 g/g and
0.183 g/g, respectively, in comparison to the W-SW-CCpreliminary
(0.163 g/g) and w-W-CCpreliminary Pretreatments (0.158 g/g), likely due
to the retention of water-soluble hemicellulose that contribute to the
overall sugar content (Kumar et al., 2009). Despite the higher RSY value
of u-SW-CCpreliminary, the W-SW-CCpreliminary produced a higher GY
(0.125 g/g). Glucose is the primary simple sugar metabolized by
L. plantarum for LA production, making its recovery more desirable than
total reducing sugars (Hidawati et al., 2023). In addition, since lignin
tends to non-specifically adsorb cellulase or directly inhibit enzymatic
activity (Hou et al., 2022), the washing step was deemed a crucial step to
improve sugar recovery and was carried through to optimization. To
further refine saccharification, the influence of integrating Tween 80 in
the W-SW-CCpreliminary reaction was investigated. While the addition of
Tween 80 increased RSY from 0.158 g/g to 0.177 g/g, it simultaneously
reduced GY from 0.125 g/gto 0.117 g/g. This suggests that although the
surfactant may have facilitated overall reducing sugar release, it did not
favour glucose production, likely due to the prior washing step that had
already removed most lignin and hemicellulose residues, limiting the
surfactant’s efficacy. Hence, the W-SW-CGCpreliminary Pretreatment
method without Tween 80 was selected for the modelling and optimi-
zation and will be designated as SW-CC pretreatment.

3.2. Evaluation on the suitability of the developed SW-CC pretreatment

The Analysis of Variance (ANOVA) results of the suitability of the
SW-CC reducing sugar yield model (W-SW-CCreducing sugar yield) and SW-
CC glucose yield model (SW-CCglucose yield) are detailed (Table S3 and
54). The SW-CCreducing sugar yield and SW-CCglucose yield models produced
p-values of 0.0492 and 0.0077, respectively, both < 0.05, outlining
model significance. The model analysis of the input parameters revealed
that pretreatment time (p = 0.0121) significantly influenced the RSY,
while solid loading (p = 0.003) expressed a pronounced impact on the
GY. Prolonged exposure of the substrate to elevated temperatures
enhanced the degradation of biomass (Sewsynker-Sukai and Gueguim
Kana, 2018). On the other hand, at higher solid loading, the reduction of
SW availability limits biomass lubrication and solubilization, thereby
declining pretreatment proficiency (Modenbach and Nokes, 2012). The
coefficient of determination (R?) assesses the overall compatibility of the
model prediction by measuring its proportion of variance where a value
ranging from 0.7 to 1 indicates a satisfactory model fit (Breig and Luti,
2021). The SW-CCreducing sugar yield and SW-CCqlucose yield models ach-
ieved high R? values of 0.8264 and 0.9045, respectively. The SW-CCe.
ducing sugar yield and SW-CCqlycose yield models can account for 82.64% and
90.45% of the variation observed in the experimental data, respectively.
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The polynomial Egs. (4) and (5) represent the RSY and GY responses,
respectively, that were generated from the SW-CC pretreatment runs,
where A corresponds to solid loading (%, w/v), B represents tempera-
ture (°C), and last C denotes time (min).

Reducing sugar yield (g/g) = + 0.20 + 2.091 x 10 3A - 1.664 x 10°B
+0.027 C + 1.052 x 107°AB - 3.028 x 10 *AC - 0.015BC+ 0.038A2
+ 0.023B2 - 0.025 C2 (4)

Glucose yield (g/g) = + 0.13 - 0.016 A + 3.385 x 107°B + 5.618
x 1073C - 5.060 x 10 3AB + 6.982 x 10 °AC — 2.181 x 10 3BC
+0.022A% + 0.015B2 - 0.016 C? (5)

3.3. Effects the input parameters on the sugar yields of the SW-CC
pretreatment

The independent input variables for the SW-CC pretreatment and
their corresponding RSY and GY outputs as detailed in Table 1. The SW-
CC optimization model produced a maximum RSY of 0.267 g/g inrun 16
(20% CC, 120°C, 10 min). Comparably, run 13 (10% CC, 120°C, 10 min)
resulted with a marginally lower RSY value of 0.266 g/g while pro-
ducing the maximum GY of 0.188 g/g. There is a slight difference in RSY
between run 16 and run 13, while the latter demonstrated greater
resource efficiency due to its lower solid loading (10%). A reduced SL
minimizes substrate viscosity, enhancing mass transfer while decreasing
energy and reagent consumption for economic and operational sus-
tainability. On the other hand, run 4 (10% CC, 115°C, 5 min) yielded a
minimum RSY output of 0.166 g/g and run 3 (20% CC, 115°C, 5 min)
produced the lowest GY of 0.013 g/g. Runs 6, 8, 11, 14, and 15 were all
subjected to the same median input conditions (10% CC, 115°C,
10 min), with a RSY range of 0.170-0.224 g/g and a GY range of
0.128-0.136 g/g. In the DNS assay, the nitro groups in 3,5-dinitrosali-
cylic acid are reduced to 3-amino-5-nitrosalicylic acid while the alde-
hyde groups are oxidized to carboxylic acids, where in the content of
3,5-dinitrosalicylic acid is everchanging due to the varying sugars and
results in various colour intensities (Deshavath et al., 2020). The vari-
ation in the RSY may be explained by the DNS assay detecting the
presence of the free carbonyl groups belonging to all reducing sugars
such as arabinose and xylose alongside glucose (Deshavath et al., 2020).
The DNS assay has a non-stoichiometric relationship and is dependent
on the degree of polymerization of the residue that the reducing group is
bound to and therefore does not give an exact representation of the
precise quantity of reducing groups (Breuil and Saddler, 1985). Hy-
drothermal pretreatment may present harsh conditions, such as heat and
pressure, and lead to the formation of furans and 5-hydroxymethyl
furfural which present a reducing group that may be detected (Rivers
et al., 1984). Moreover, low molecular weight aldehyde compounds
increase the amount of reactive reducing groups per weight unit and
consequently disrupts the accuracy of the DNS assay (Rivers et al.,
1984). In contrast, the Megazyme glucose kit employs the glucose oxi-
dase/peroxidase (GOPOD) enzymatic assay, which selectively oxidises
D-glucose introducing specificity to glucose quantification (Bilskey
et al., 2020). Furthermore, enzymatic hydrolysis is a dynamic process
influenced by substrate accessibility, enzyme-substrate interactions, and
the presence of inhibitors (Arantes and Saddler, 2011; Mukherjee et al.,
2024; Prunescu and Sin, 2013). As a result, saccharification efficiency
may be affected and influence the release of fermentable sugars there-
fore playing a role in imprecise RSY representation.

3.4. The interactive relationship of the pretreatment input and output
parameters for the SW-CC pretreatment method

The 3D response surface graphs, shown in Fig. 1A-F, illustrates the
interactive effect of the independent input parameters on the RSY and
GY. Fig. 1A and B represent the influence of SL (%, w/v) and
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Fig. 1. 3D response surface graphs representing the interactive relationship between the independent input variables and reducing sugar and glucose yields. A
Temperature (°C) and CC solid loading (%) (SW-CCreducing sugar yield), B Temperature (°C) and CC solid loading (%) (SW-CCglucose yiela), C Time (min) and CC solid
loading (%) (SW-CCreducing sugar yield); D Time (min) and CC solid loading (%) (SW-CCglucose yield), E Time (min) and temperature (°C) (SW-CCreducing sugar yield), F Time

(min) and temperature (°C) (SW-CCglucose yield)-

temperature (°C) on RSY and GY, respectively, while the time remained
constant intermediate of 10 min. Fig. 1A demonstrates that increasing
temperature (110°C to 115°C) while maintaining a constant minimum
SL of 10%, the initial RSY of 0.256 g/g was reduced to 0.230 g/g.
Hemicellulose is more thermally labile in comparison to cellulose and
was possibly more prone to losing its integrity from the increased tem-
perature (Grimaldi et al., 2015). The DNS assay detects all reducing
sugars with a free carbonyl group, including xylose and glucose
(Deshavath et al., 2020). When hemicellulose is degraded, xylose for-
mation is compromised, which reduces the total RSY as quantified by the
DNS assay. Increasing the temperature (115-120°C) further improved
the RSY resulting in a yield of 0.250 g/g. A minimal SL allows for suf-
ficient heat transfer on the surface area and hydration of cellulose. The
hydroxyl groups of cellulose interact well with water which causes it to

swell and disperse, increasing the digestibility (Etale et al., 2023). As the
SL was increased from 10% to 15%, and the temperature was main-
tained at a minimum of 110°C, the initial RSY of 0.256 g/g is reduced to
0.218 g/g. The increase in SL (15%) negatively affects LCB digestibility
due to a higher viscosity slurry with reduced heat and chemical pene-
tration causing a less efficient pretreatment. Increasing the SL from 15%
to 20% demonstrated an enhanced RSY from 0.218 g/g to 0.257 g/g
owing to the increased availability of substrate, allowing for more
polysaccharides to be released. Increasing both the temperature (110°C
to 115°C) and SL (10% to 15%), reduced RSY from 0.256 g/g to
0.195 g/g. Since the autoclave only heats the surface of the biomass,
suboptimal pretreatment temperature applied on a more denser SL re-
sults in a less efficient mass and heat transfer (Hute et al., 2025; Zhang
et al., 2023). Further increasing both the temperature (115°C to 120°C)
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and SL (10-20%) increased the RSY from 0.195 g/g to 0.256 g/g. A high
SL (20%) has a limited heat transfer from the lower water content with a
high viscosity. Therefore, an elevated temperature (120°C) supplies
sufficient thermal energy to effectively overcame the barrier of high
viscosity, enhancing biomass penetration and sugar solubilization,
therefore, favouring sugar yield.

Fig. 1B indicates that raising the temperature from 110°C to 115°C,
while retaining a minimum SL of 10%, decreased the GY values from
0.175 g/g to 0.167 g/g. Further escalating the temperature from 115°C
to 120°C enhanced the GY from the initial 0.167 g/g to an increased
0.192 g/g. The exposure of a minimal SL allows for an enhanced effect
on the LCB structural digestibility since the entire surface area can
effectively be exposed to the high temperature. At lower SLs, the sub-
strate remains more hydrated and loosely packed, allowing uniform heat
distribution and greater surface area exposure for effective pretreat-
ment. Increasing the SL from 10 to 15% while maintaining a minimum
temperature of 110°C, resulted in a decline of GY from 0.175 g/g to
0.141 g/g. The increased solid content likely reduced substrate hydra-
tion and compacted the biomass surface, thereby impeding heat and
chemical penetration. These conditions require higher temperatures to
effectively pretreat the denser biomass. Additional increasing the SL to
20% improved the GY from 0.141 g/g and reached 0.154 g/g, possibly
due to the high availability of polysaccharides despite the limited
penetration efficiency. Increasing both temperature (110°C to 115°C)
and SL (10-15%), decreased the GY from 0.175g/g to 1.130 g/g.
Further increasing both temperature (115°C to 120°C) and SL to
(15-20%) increased the GY from 1.130 g/g to 1.50 g/g as sufficient
energy was provided by the higher temperature and was able to suc-
cessfully penetrate biomass to promote sugar release. Overall, Fig. 1A
and B reveals that a low SL (10%) and high temperature (120°C) pro-
duced the highest sugar yield. This trend coincides with findings by
David et al. (2020), where the optimal conditions of an
autoclave-assisted green liquor dregs (GLD) pre-treatment of CC were
established at the lowest SL (10%) and highest temperature (115°C).
This highlights the resource efficiency and economic potential of the
SW-CC pretreatment.

Fig. 1C and D demonstrates the relationship between pretreatment
time (min) and SL (%, w/v) at a constant medium temperature of 115°C
for both RSY and GY, respectively. Fig. 1C depicts that an increasing
pretreatment duration of 5 min to 15 min, while maintaining a mini-
mum constant SL of 10%, the RSY of 0.178 g/g was improved reaching
0.231 g/g. Upon exposing the substrate to the autoclave pretreatment
temperature (115°C), the extended pretreatment time of the CC to the
autoclave moist heat and pressure improves the digestibility of the
biomass material by enhancing the vulnerability of the lignocellulosic
matrix to the metal ions (Mg2+, Na™, CI) for chemical bond cleavage
(Sewsynker-Sukai and Gueguim Kana, 2018). Liu et al. (2009) previ-
ously demonstrated through the evaluation of multiple inorganic salts
(CaCly, MgCly, FeCly, FeSO4, FeCls, and Fey(SO5)3) an accelerating effect
on hemicellulose solubilization and improving the overall pretreatment
efficiency. According to Loow et al. (2015) inorganic ions tend to act as
Lewis acids and form hydrated cations which may direct towards the
glycosidic oxygen and break down the glycosidic linkages. These hy-
drated cation complexes then act as nucleophiles to yield glucose (Loow
et al., 2015). Additionally, inorganic ions hydrolyse in aqueous solution
and yield H30™ ions and therefore may demonstrate the characteristics
of Brgnsted acids, behaving similarly to HCI, and may degrade hemi-
cellulose into simpler sugars (Loow et al., 2015). As the time is main-
tained at a minimum constant of 5 min, an increase in SL from 10% to
15% decreases the RSY results from a value of 0.178 g/g to 0.143 g/g as
a shortened pretreatment time results in an incomplete biomass degra-
dation, by reducing mass and heat transfer through a denser biomass
matrix. Further extending the SL to 20% caused an enhancement of RSY
and achieved a yield of 0.183 g/g. Increasing both time (5 min to
15 min) and SL (10% to 20%) advanced an improvement in RSY to
0.237 g/g from the initial 0.178 g/g. Increasing the SL requires enough
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contact time for the heat and metal ions to adequately interact with
entire lignocellulosic planar. This allows for the SW metal ions to
facilitate bond breakage towards polysaccharide release. Lv et al. (2020)
reported that MgCl, has been found to target the breakdown of the p-1,
4-glycosidic linkage, hydrogen bonds and sugar ring of cellulose.
Moreover, NaCl promotes the dissolution and depolymerization of cel-
lulose (Jiang et al., 2015). These mechanisms are maximized when
sufficient time allows for deeper permeation into the substrate.

Fig. 1D describes the trends that increasing pretreatment time from
5min to 10 min while maintaining a minimal SL of 10% (w/v),
increased the GY from 0.153 g/g to 0.168 g/g, consistent with improved
biomass breakdown due to longer exposure. Further increasing time to
15 min demonstrated a reduction in the GY (0.152 g/g). This may be
due to substrate dehydration from prolonged heating which hinders
sugar solubilization. Increasing the SL from 10 to 20% and maintaining
the minimal time at 5 min, the GY decreases from 0.152 g/g to 0.109 g/
g. Simultaneous increments of time (5 min to 10 min) and SL (10-15%)
lessened the GY from 0.153 g/g to 0.131 g/g. Further simultaneous in-
crease of time (10-15 min) and SL (10-20%) insignificantly improved
the GY by producing a yield of 0.134 g/g. A similar trend by Hute et al.
(2025) was observed in the autoclave-assisted pretreatment of banana
pseudostem (BP) where increasing the pretreatment time (5-15 min)
and SL (10-20%) decreased the RSY (from 0.25 to 0.19 g/g) and GY
(from 0.17 to 0.15 g/g). Prolonged heat exposure (15 min) causes the
evaporation of water therefore decreasing the viscosity and hydration of
the substrate particles at high SL, obstructing mass transfer and reducing
degradation.

Fig. 1E and F describes the interactive relationship effect of time
(min) and temperature (°C) on RSY and GY, respectively, at a main-
tained median of SL at 15% (w/v). Fig. 1E shows that when time in-
creases from 5min to 15min, while maintaining a minimum
temperature of 110°C, the RSY of 0.152 g/g was improved to 0.236 g/g
explained by the extended thermal exposure to the pretreatment tem-
perature and thereby enhancing the mechanistic effect of the SW-
derived metal salts that promote polysaccharide solubilization. In
contrast, when maintaining a minimum time of 5 min and amplifying
the temperature from 110°C to 115°C, the RSY decreases from 0.152 g/g
to 0.142 g/g, potentially due to incomplete biomass fragmentation as a
result of insufficient exposure time to moderate temperatures. A further
elevation of temperature to 120°C enhanced the RSY to 0.178 g/g,
suggesting that higher temperatures can compensate for short pre-
treatment times by accelerating structural disruption and sugar release.
Simultaneously increasing both time (5 min to 15 min) and temperature
(110°C to 120°C) caused an enhancement of RSY from 0.152 g/g to
0.203 g/g. It is noted that the maximum RSY (0.236 g/g) was achieved
under prolonged time (15 min) at the lowest temperature (110°C),
indicating that extended moist heat exposure may better preserve hy-
dration and facilitate enzymatic accessibility. The prolonged pretreat-
ment time and temperature promotes biomass dehydration, reducing the
efficiency of the pretreatment. The hemicellulosic moiety has a higher
water retention compacity relative to remaining lignocellulosic com-
ponents, thus the increased viscosity that results from biomass dehy-
dration negatively impacts sugar solubilization (David et al., 2020).

In Fig. 1F, as the time increases from 5 min to 10 min, with a mini-
mum temperature of 110°C increased the GY from 0.119 g/g to 0.142 g/
g as the biomass is exposed longer to the pretreatment temperature
allowing for sufficient surface heating. Nevertheless, increasing time
from 10 min to 15 min lessened the GY to 0.135 g/g as the substrate
becomes dehydrated due to prolonged heat exposure reducing sugar
solubilization. Elevating temperature from 110°C to 115°C, while the
time remains at a minimum constant of 5 min, decreased the GY from
0.119 g/g to 0.110 g/g, possibly due to insufficient contact time to a
suboptimal temperature. Further enhancing the temperature to 120°C
increased the GY to 0.130 g/g, as exposure to a sufficiently elevated
temperature was able to pretreat biomass in the short contact time. A
combined increase in both time (5 min to 15 min) and temperature
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(110°C to 120°C) increased the GY from 0.110 g/g to 0.137 g/g. This
reflects the synergistic role of moist heat and pressure of the autoclave in
weakening the biomass structure and facilitating access for SW-derived
metal ions, such as Mg?t, Na¥, and CI, to catalyse glycosidic bond
cleavage and promote cellulose liberation.

3.5. Validating the developed and optimized SW-CC pretreatment model

The validation experiment developed from the model was carried out
with the optimal conditions (SW-CCoptimized) of 10% SL, at 110°C for a
duration of 9 min. The model proposed a RSY of 0.247 g/g and GY of
0.175 g/g. The observed result gave a RSY of 0.277 g/g + 0.001, which
is 10.83% higher than what was predicted. The resulted GY from SW-
CCoptimized Was 0.172 g/g + 0.02, 1.71% lower compared to the pre-
dicted value. The sugar recoveries of SW-CCyptimized represents a 57.40%
and 90.12% enhancement of RSY and GY when compared to the un-
treated CC biomass sample (RSY = 0.118 g/g, GY = 0.017 g/g). The
slight variation of the predicted and observed RSY and GY for the SW-
CCoptimized model can therefore be considered statistically insignificant,
affirming the model’s reliability for subsequent experimentation.

3.6. Characterization of the SW-CCoptimizeq pretreated corn cob

3.6.1. Compositional analysis

Within LCB, cellulose imbedded within a matrix made up of cross-
linked lignin and hemicellulose and requires a pretreatment for struc-
tural disruption to increase cellulosic exposure (Brodeur et al., 2011).
The untreated CC biomass contained 10.19% lignin, 43.41% hemicel-
lulose, and 40.3% cellulose. The SW-CCoptimized pretreated biomass
consisted of 41.86% cellulose, 44.08% hemicellulose and 10.99% lignin
content representing an increase of 1.56%, 0.67% and 0.8%, respec-
tively. The Van Soest method has previously demonstrated the over-
evaluation of lignin and hemicellulos content (Hute et al., 2025; David
et al., 2021). Proteins contained within the acid insoluble fraction of the
biomass material needs to be properly removed or considered into ac-
count in gravimetric analysis as protein contamination may lead to the
overestimation of lignin content (Van Soest and McQueen, 1973; David
et al., 2021). Additionally, lignin-like structures derived from poly-
saccharides, known as pseudo-lignin, are possibly formed due high
temperatures of hydrothermal pretreatment and may interfere with the
resulting lignin content (Shinde et al., 2018). Regardless, the enhance-
ment of cellulose may be accounted for by the heat and pressure during
the steam-assisted process that disrupts the hydrogen bonds within the
crystalline cellulose (Rodriguez et al, 2015). Divalent Mg?" ions
(1333 mg/L) within SW cleave the glycosidic bonds, further exposing
the cellulose (Hute et al., 2025). The interference of pseudo-lignin is a
major drawback to this analytical method as it potentially skews lignin
estimates. To account for this limitation, further characterization, using
scanning electron microscopy (SEM) and Fourier transform infrared
(FTIR) analysis were employed, validating pretreatment efficiency.

3.6.2. Visual observations using Scanning Electron Microscopy (SEM)
The morphological characterization of the external surface of the
native and SW-CCqptimized Pretreated substrates were visually analysed
by SEM (Fig. 2). The native CC presented an intact, continuous, smooth
surface area caused by the covalent linkages of the lignin component to
the hemicellulose and cellulose (David et al., 2020). The SW-CCqptimized
pretreated CC substrate displayed substantial damage towards the LCB
structure evidenced by an expanded surface and a high degree of
porosity. As the temperature increases in an enclosed autoclave, the
water within the CC partially evaporates while the remaining liquid
water is maintained under increasing pressure (Scherzinger et al., 2020).
Upon autoclave depressurization, the abrupt vaporization of the residual
water causes an expansion within the biomass, leading to pore formation
where the metal ions may enter and further disintegrating the LCB
surface (Scherzinger et al., 2020). Similar visual observations of CC have
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Fig. 2. SEM images of (A) Native (untreated) CC biomass and (B) w-SW-
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Fig. 3. FTIR spectra of untreated and w-SW-CCoptimized Pre-treated CC biomass.

been previously reported from an autoclave-assisted GLD pretreatment
(Hute et al., 2025), and an alkaline pretreatment (Mafa et al., 2020).

3.6.3. Fourier transform infrared (FTIR) analysis

The spectral data, represented by the FTIR plot (Fig. 3) revealed the
significant functional group modifications of the SW-CCoptimized Pre-
treated biomass in comparison to the native substrate. The absorbance
peak at 2893 cm ™! correlates to the C-H stretching and peak 3330 cm ™!
reflects the extending vibrations of the cellulose hydrogen bonds. The
absorption band shown at 1721 cm ™! denotes to the C=0 in the acetyl
groups of hemicellulose and ester groups of lignin (Sewsynker-Sukai and
Gueguim Kana, 2018). The C=O0 stretching of the hemicellulose and
lignin carboxylic groups are demonstrated by the absorption peak at
1604 cm™! (Hute et al., 2025). The removal of hemicellulose is apparent
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by the absorption peak at 1242 cm ™! (Fang et al., 2015). The vibration
of the C-O-H and O-CHjs found embedded in the lignin structure and
cellulosic units are characterized by the sharp peak at 1029 cm ™! (Hute
et al., 2025). The results of the FTIR analysis were in line with previous
SW-based pretreatments (Hute et al., 2025; Fang et al., 2015), an
autoclave-assisted GLD pretreatment (David et al., 2020) and
microwave-assisted alkalic salt pretreatment (Sewsynker-Sukai and
Gueguim Kana, 2018) of CC. The increased band intensity presented by
the FTIR spectra indicates the effective conservation of cellulose coupled
with the enhanced exclusion of the hemicellulose and lignin elements
within the SW-CCoptimized pretreated CC biomass. Coupled with the
compositional and SEM analysis, the FTIR spectra data validates the
effectiveness of SW-CCoptimized Pretreatment.

3.7. Comparison of the seawater-based pretreatment with previous studies
using different substrates

To provide insights into the feasibility of the developed SW-CCop;.
mized Pretreatment regime, the present optimized pretreatment was
comparatively assessed with previously reported seawater-based ligno-
cellulosic pretreatment methods (Table S5). The SW-CCoptimized PTe-
treatment (10% SL, 110°C, 9 min) produced a RSY of 0.277 g/g + 0.001
anda GY of 0.172 g/g + 0.02. Fang et al. (2015) reported on a SW-based
pretreatment of date palm residues (10% SL, 200°C, and 10 min) that
achieved a higher glucose conversion rate of 91.4% =+ 1.7. Despite this,
the high temperature (200 °C) of this pretreatment corresponds to
increased energy consumption relative to the present study. The
autoclave-assisted SW-based pretreatment of banana pseudostem (BP)
investigated by Hute et al. (2025) resulted in a 1.5-fold higher RSY and
GY compared to the SW-CCoptimized method, which may be attributed to
the higher cellulose content of BP (60.09%) relative to CC (40.3%) used
in the present study. In the same study, Hute et. al. (2025) also evaluated
a microwave-assisted SW pretreatment of BP, which yielded lower RSY
and GY than the autoclave method. Notably, the SW-CC optimized
pretreatment in the present study achieved a 14.82% and 18.61% higher
RSY and GY, respectively, compared to the microwave-assisted BP pre-
treatment developed by Hute et al. (2025).This improvement is likely
due to the autoclave providing sufficient hydration of cellulose and
promoting the breakdown of structural bonds, whereas the microwave
conditions may induce hexose sugar degradation, reducing sugar re-
covery (Hute et al., 2025). Other studies using seawater have reported
high sugar recoveries, although these methods typically relied on
chemical-intensive approaches. For example, Das et al. (2021) investi-
gated a one-pot ionic liquid pretreatment of sorghum with SW,
achieving a glucose recovery of 88.5%, while Li, et al. (2024) applied a
SW hydrothermal-deep eutectic solvent pretreatment of Pinus massoni-
ana (pine) under optimal conditions (170°C, 40 min), yielding
5.994 g/L mannose and 3.216 g/L xylose. In both cases, metal and hy-
dronium ions from the SW created a weak acidic environment that
facilitated the breakdown of glycosidic bonds (Fang et al., 2015).
Nevertheless, the addition of chemicals required (ionic liquids and DES)
combined with the high energy requirements, reduces resource effi-
ciency and increases production costs. Overall, the implementation of
SW in previous studies and the present work demonstrates its potential
to reduce freshwater consumption in lignocellulosic pretreatment,
thereby alleviating pressure on increasingly scarcity freshwater re-
sources. Additionally, the SW-CCoptimized pretreatment is conducted
without the use of expensive, toxic chemicals and operates under lower
energy consumption, further enhancing sustainability, reducing costs,
and increasing its potential applicability in industrial-scale lactic acid
biorefineries.

3.8. Kinetic modelling of Lactobacillus plantarum cell growth using the
logistic model for the s-SW, s-W, and sMRS-W bioprocesses

To comprehensively analyse the simultaneous saccharification and
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Fig. 4. (A) L. plantarum biomass concentration (g/L), (B) Glucose utilization
(%), and (C) LA production for s-SW, s-W, and sMRS-W bioprocesses over a 26-
hour period.

fermentation (SSF) bioprocesses under varying medium formulations (s-
SW, s-W, and sMRS-W), the kinetics of the L. plantarum cell growth was
determined using the logistics model. The evolution of L. plantarum
biomass concentration (g/L) over time was assessed for the s-SW, s-W
and sMRS-W bioprocesses (Fig. 4A). The s-SW and sMRS-W bioprocess
experiments increased in biomass concentration over the 26-hour
period, reaching a maximum of 2.238 g/L and 4.038 g/L, respectively,
at 26 hr. However, the biomass concentration of the s-W process reached
a maximum concentration of 3.342 g/L at 24 hr and thereafter declined
to 2.994 g/L at 26 hr. Furthermore, the s-SW and s-W systems reached a
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glucose utilization (%) near 100% at 10 hr. The control (uninoculated)
at hour 10 of the s-SW bioprocess indicated glucose concentration of
2.780 g/L, while the experimental sample resulted in a low glucose
concentration of 0.093 g/L, representing a glucose utilization of
96.63%. Similarly, the control run of the s-W fermentation strategy
showed a glucose concentration of 2.527 g/L, whereas the experimental
run produced a glucose concentration of only 0.050 g/L, demonstrating
a glucose utilization of 98.14% (Fig. 4B). These findings highlight the
rapid rate of glucose consumption by the microorganism, which
remained consistent throughout the fermentation process. The glucose
utilization of the sMRS-W bioprocess reached 96.14% at 4 hr, deter-
mined by the glucose concentration of the control (2.795 g/L) and
experimental screening (0.108 g/L). However, a decline in the glucose
utilization was after observed 16-hours reaching a minimum of 68.35%
at 24 hr, where the control experiment showed a glucose concentration
of 5.041 g/L while the inoculated corresponding bioprocess demon-
strated a glucose concentration of 1.473 g/L. Although glucose can be
exploited by L. plantarum for both biomass growth and LA production,
the accumulation of LA, while being the intended product, can exert an
inhibitory effect. L. plantarum cells have been reported to have a pH
threshold that falls within the range of 3-8 (Nguyen et al., 2021). As LA
builds up, it causes a progressive drop in pH (3.8-4.2) (Peng et al.,
2021), which in turn disrupts cellular metabolism and impairs further
glucose utilization. This phenomenon of product inhibition ultimately
limits both microbial activity and process efficiency. This coincides with
the decrease of glucose utilization from a high 98.62% (10 h) to a lower
68.35% (24 h). The biomass concentration data was fit into the logistics
model (Table S6), where s-W, s-SW, and sMRS-W bioprocesses had high
correlation coefficients (R%) of 0.93, 0.87, and 0.82, respectively. The
highest maximum specific growth rate (jimax) of 0.342 h™! was observed
by s-SW, followed by sMRS-W (0.253 h™!) and s-W (0.242 h™!). The
elevated ppmax observed for the w-SW bioprocess may be due to the
essential metal ion Mg2+ (1333 mg/L) (Table S1) present within SW
which are necessary cofactors for the stimulation of the intracellular
enzymatic activity of Lactobacillus species (Hayek et al., 2019). Addi-
tionally, CSL, a nitrogen-rich emulsion, provides amino nitrogen in the
form of small peptide chains, reducing the energy required for
L. plantarum to synthesize proteins and thereby promoting improved cell
growth (Tan et al., 2016). Conversely, the s-SW bioprocess achieved the
lowest maximum biomass concentration (Xpax) of 2.182 g/L, compared
to s-W (3.149 g/L) and sMRS-W (2.670 g/L). These results may be
explained by the high salt concentration and acidic conditions in the
s-SW medium. While LABs are known for their resilience to acidic stress,
prolonged exposure to these conditions can negatively impact cell
growth. Moreover, osmoregulation, the conservation of osmotic pres-
sure by the regulation of water and salt within a microorganism to
maintain homeostasis, demands more energy, consequently affecting
enzymatic function and decreases the L. plantarum cell concentration
(Sionek et al., 2024). Fortunately, the incorporated Tween 80 likely
interacted with the cell membrane, down-regulating fatty acid synthesis,
and conserving cellular energy and allowed for continued cell prolifer-
ation (Reitermayer et al., 2018). Rao (2004) reported similar findings,
where L. plantarum 541 and A6 cells proliferated under high NaCl con-
centration (5%) and reduced acidity of pH 4 producing a maximum
biomass concentration (Xpax) of approximately 1.9 g/L and 0.4 g/L,
respectively, despite the inhibitory conditions. In contrast to this study,
our current study using the s-SW bioprocess showed an increased Xpax of
13.03% and 81.67% in comparison to the L. plantarum 541 and A6
strains, respectively, while using SW with a high salinity of 40%
(Table S1).

3.9. Kinetic modelling of lactic acid production using the modified
Gompertz model for the s-SW, s-W, and sMRS-W bioprocesses

The kinetic modelling for the production of LA by L. plantarum under
various bioprocess conditions (s-SW, s-W, and sMRS-W) were evaluated
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using the modified Gompertz model (Fig. 4C). The s-SW and s-W
demonstrated an increase in LA concentration during the 26-hr
fermentation reaching their maximum concentration at 26 hr with
4.74 g/L and 6.11 g/L, respectively. Both the s-SW and s-W bioprocesses
remained in an exponential growth phase throughout the entire 26-hour
period. At the 26-hour interval, the uninoculated bioprocesses for the s-
SW and s-W produced glucose concentrations of 4.087 g/L and 4.946 g/
L, respectively. The glucose concentrations of the corresponding inoc-
ulated experiments for the s-SW (0.082 g/L) and s-W (0.057 g/L) bio-
processes indicated high glucose utilizations of 97.99% and 98.81
(Fig. 4B), respectively, suggesting a stable and efficient metabolic con-
version of glucose into LA in these systems. In contrast, sSMRS-W
exhibited a rise in LA concentration reaching 2.46 g/L at 10 hr, while
subsequently decreasing to 0.11 g/L at 22 hr. After 22 hr, there was an
increase in LA concentration reaching a maximum of 2.50 g/L at 26 hr.
The observed decline in glucose utilization at 24 hr (68.34%) indicates a
metabolic shift from product formation to biomass accumulation, as
evidenced by the enhancement in biomass concentration from 1.824 g/L
at 22 h to 3.69 g/L at 24 hr. Ali et al. (2009) reported that Lactobaccillus
delbrukii and a CC hydrolysate, with a known glucose concentration of
10 g/L, produced a LA concentration of 4.12 g/L at 39°C following 24 h
when cultivated in a medium formulated with 10 g/L peptone, 10 g/L
meat extract, 5 g/L yeast extract, 1 g/L Tween 80, 2 g K-HPO4, 5 g/L
sodium acetate, 2 g/L tri-ammonium citrate, 0.2 g/L MgSO4.7H,0 and
0.5 g/L. MnSO4.4H20. In addition to this, Hidawati et al. (2023)
demonstrated that L. plantarum strain and carrageenan (red seaweed sp.)
produced LA concentration of 7.727 g/L within 24 h from an initial
glucose concentration of 7.196 g/L, using a freshwater-based medium
supplemented with (0.02%, w/v, KHaPO4, 0.02%, w/v, MgS04.7H20,
2%, w/v, yeast extract, and 0.005%, w/v, (NH4)2SO4). In contrast, the
s-SW bioprocess was able to produce a LA concentration of 4.378 g/L at
the 24-hour interval, yielding a comparable result to those reported by
Ali et al. (2009), albeit lower than the values reported by Hidawati et al.
(2023). Despite this, the LA concentration obtained by the s-SW system
(4.378 g/L at 24 h) was obtained within a minimally supplemented
(25 g/L CSL and 2 mL/L Tween 80) without the use of freshwater or
extensive nutrient additives. The substantial reduction in nutrient sup-
plementation and the elimination of freshwater highlight the potential
of the developed SW-based approach as a techno-economically advan-
tageous foundation for sustainable, waste-integrated LA biorefinery
processes.

The LA production data was fit into the modified Gompertz model
(Table S6), yielding high correlation coefficients (R?) of 0.95, 0.92, and
0.90 for SMRS-W, s-SW, and s-W bioprocess, respectively. A lag time (t;)
of 0 hr was shown for both the s-SW and s-W processes while the sMRS-
W observed a slightly longer a lag time of 1.72 hr (Table S6). While
Cellic CTec 2, a robust and high-performance cellulase cocktail, effi-
ciently hydrolyses cellulose within 2 h, the initial lag in SMRS-W likely
results from the time required for enzymatic release of fermentable
sugars, delaying the release of fermentable sugars required L. plantarum
metabolism. In contrast, the 0-hr t, for the s-SW and s-W systems may be
due to the readily available carbohydrates in CSL, which serves as an
immediate carbon source for L. plantarum metabolism during the initial
fermentation phase (David et al., 2022). These outcomes align with Hull
et al. (1996), who reported higher carbohydrate availability in uninoc-
ulated CSL-containing media compared to inoculated systems, indi-
cating rapid carbohydrate utilization by LAB. The highest maximum LA
production rate (rp,) was achieved by the sMRS-W bioprocess
(5.516 g/L/h), followed by the s-W bioprocess (0.816 g/L/h), and s-SW
bioprocess (0.650 g/L/h). The high r, ,, of the sSMRS-W process may be
due to the Mg?* and Mn?" ions present in the MRS complex growth
media. These ions are known as the cofactors are crucial to cellular
enzymatic mechanisms while simultaneously improving the binding
affinity of the enzyme-substrate complex in carbohydrate metabolism
(David et al., 2022). Therefore, these ions are crucial cofactors required
to initiate the activation of the key enzymes in the
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Embden-Meyerhof-Parnas (EMP) pathway, the primary glycolytic
pathway utilized by homofermentative LAB to metabolically breakdown
glucose into pyruvate (Sanchez-Pascuala et al., 2017). The lower
biomass concentration of s-W (2.994 g/L) and s-SW (2.238 g/L), in
comparison with sMRS-W (4.038 g/L) may be the reason for the lower
Ipm as LA product formation is relative to cell concentration. The
highest maximum potential LA production (Py,) was generated by the
s-W (5.545 g/L), followed by s-SW (4.031g/L) and sMRS-W
(2.290 g/L). The enhanced Py, in s-W process may be attributed to the
diverse composition of CSL comprises of a great measure of amino ni-
trogen content that are essential for L. plantarum glucose and energy
metabolism. The available carbohydrates and hydrolysed glucose from
the CC, demonstrated by the high glucose utilization (98.81% at hour
26), suggests efficient metabolism via the EMP pathway, enhancing the
conversion to pyruvate. Pyruvate is an electron acceptor together with
NADH and is catalysed by lactate dehydrogenase (LDH) enzyme to yield
LA and NAD" (Fang et al., 2023). Similarly, Yu, et al. (2008) demon-
strated a 30.4% higher LA concentration by L. rhamosus in a fermenta-
tion media supplemented with CSL in comparison to a fermentation
experiment supplemented yeast extract. Although s-W generated the
highest Pp,, the s-SW bioprocess generated a comparable LA yield while
presenting a more sustainability approach, where the implementation of
SW as an alternative reaction medium in the substitution of freshwater
offers significant economic and environmental advantages.

3.10. Potential limitations and future perspectives of seawater-based
lignocellulosic lactic acid biorefineries

While the findings of the current study demonstrate the promising
applicability and technical feasibility of integrating SW throughout the
lignocellulosic LA biorefinery framework, several limitations, scale-
dependant challenges, and future research directions must be critically
evaluated prior to industrial implementation. Although standalone
autoclave-assisted SW-CCoptimized Pretreatment achieved notable en-
hancements in RSY and GY of 57.40% and 90.12%, respectively, relative
to the untreated CC biomass, further improvement in lignocellulosic
disintegration is required to fully exploit the cellulosic potential of the
CC feedstock.

One prospective strategy involves supplementing the developed SW-
based pretreatment with chemical additives to enhance disruption of the
lignocellulosic structure. Inorganic salts naturally present in SW (such as
NacCl, KCl, MgCly) or externally introduced salts (CaCly, FeCly, FeSOyq,
FeCl3, Fea(SO3)3, NH4Cl, ZnCly) have previously been assessed and
shown to have a degradative effect on the lignocellulosic structural in-
teractions thereby enhancing sugar recovery (Liu et al., 2009; Moodley
and Gueguim Kana, 2017). The supplementation of the SW-based pre-
treatment strategy with chemical catalysts, such as inorganic salts,
represents a potential pathway for further enhancing lignocellulosic
matrix degradation. Compared with the additive-free SW-CCoptimized
method, this approach may generate higher fermentable sugar yields,
thereby increasing glucose availability for microbial metabolism in the
bioprocess and improving overall LA production. While
additive-assisted pretreatment may increase sugar availability and
downstream LA productivity, these benefits must be balanced against
increased chemical inputs, process complexity, and economic consid-
erations to maintain the sustainability advantages of the SW-based
approach.

The saccharification stage presents additional challenges related to
enzyme compatibility and feasibility within highly saline environments.
Although Cellic CTec 2 enzyme employed in the present study exhibited
functional robustness under SW-based bioprocesses, comparison of the
s-SW and s-W bioprocesses revealed a mild inhibitory effect of the SW
solvent on enzymatic performance, as reflected by the lower glucose
concentrations observed throughout the kinetic assessment. Industrial
deployment will therefore require strategies to preserve enzymatic ac-
tivity and functioning in saline environments in order to maximize
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process productivity through enzyme engineering, selection of salt-
tolerant cellulases, or the use of process additives. Surfactants such as
polyethylene glycol, Tween and Triton-X have been reported to improve
interfacial tension, stabilize emulsion, and mass transfer during
saccharification, thereby enhancing fermentable sugar recovery (Liu
et al.,, 2025). However, the compatibility, cost-effectiveness and
long-term performance of surfactant-assisted saccharification within
SW-based systems remain unexplored and warrant systematic
investigation.

Additionally, the intrinsic buffering capacity of SW further compli-
cates process control, particularly during pH adjustment for saccharifi-
cation and fermentation. SW plays a key role in regulating atmospheric
CO; through the storage of anthropogenic carbon and, consequently,
maintains multiple dynamic equilibria that govern the redistribution of
ionic species, dissolved gases, and inorganic carbon. As a result, SW
contains a diverse array of weak acids and bases that may potentially
react against chemical change within solution, accordingly, establishing
a naturally high buffering capacity (Middelburg et al., 2020). Due to its
complex carbonate equilibria and dissolved ionic species, SW exhibits
resistance to pH modification, which may limit the system’s ability to
reach enzyme- and microbe-optimal conditions, and thus reduce cata-
lytic efficiency and overall productivity. At an industrial scale, the
buffering capacity characteristic of SW may necessitate increased
chemical inputs and more sophisticated pH control strategies, poten-
tially impacting operational efficiency and process cost.

Microbial performance under hypersaline conditions represents
another critical constraint. Although L. plantarum ATCC 14917 demon-
strated growth and LA production at high SW salinity levels (~40%), its
maximal productivity was reduced relative to freshwater systems. This
highlights the need for targeted strain selection, adaptive evolution, or
genetic engineering of of microorganisms. Halophilic or halotolerant
microorganisms including species from the Lactobacillus, Tetrageno-
coccus, and Halobacillus genera, as well as the development of osmoto-
lerant biocatalysts (cellulolytic enzymes) capable of sustained activity
and function under osmotic stress (salinity of 15-30%) represent
promising avenues for improving fermentation robustness and product
yields (Scapini et al., 2022; Nguyen et al., 2024). Ensuring optimal
enzyme performance and microbial functionality is critical for the
development of an economically viable bioprocess.

From an engineering and operational standpoint, the high inorganic
salt content of SW introduces long-term challenges, including equip-
ment corrosion, scaling, and increased maintenance demands, poten-
tially requiring corrosion-resistant materials and optimized reactor
designs necessitate (Scapini et al., 2022). In addition, of the presence of
indigenous microbial communities (fungi, myxomycetes, bacteria,
microalgae, viruses) in SW poses possible contamination risks during the
saccharification and fermentation of LA (Ameen et al., 2021), necessi-
tating rigorous sterilization, monitoring, and quality control strategies
throughout saccharification and fermentation.

Conversely, the potential for SW recycling across multiple processing
cycles represents a significant opportunity to enhance sustainability and
resource efficiency. By enabling multiple reuse cycles without signifi-
cant loss of pretreatment efficacy or enzymatic performance, SW recy-
cling could substantially reduce freshwater consumption, minimize
effluent generation, and lower operational costs, thereby strengthening
the economic and environmental feasibility of SW-based lignocellulosic
biorefineries.

From a systems perspective, integrating SW-based biorefineries into
coastal industrial ecosystems and adopting a biorefinery approach with
co-product valorization can significantly enhance economic feasibility.
Future life cycle assessment (LCA) and techno-economic analysis (TEA)
studies will be essential to quantitatively evaluate the environmental
benefits and cost trade-offs relative to conventional freshwater-based
systems. With continued interdisciplinary research and pilot-scale vali-
dation, SW-based lignocellulosic LA biorefineries have the potential to
emerge as a sustainable alternative, particularly in water-scarce and
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coastal regions.

Collectively, while these limitations require careful techno-economic
and operational evaluation to elucidate process dynamics, production
costs, and end-product economic value for scale-up and industrial
implementation, they do not diminish the advantages of the SW-CC
optimized strategy. Rather, they highlight targeted research opportu-
nities aimed at improving pretreatment efficiency, enzymatic and mi-
crobial robustness, and overall process integration. The incorporation of
chemical additives, surfactants, or specialized biocatalysts may further
enhance performance, however, such interventions must be judiciously
optimized to preserve the resource-efficient and cost-competitive nature
of the biorefinery. Nonetheless, the demonstrated reduction in fresh-
water consumption and reliance on high-purity chemicals positions SW-
based lignocellulosic biorefineries as a promising and sustainable plat-
form for advancing next-generation, circular bioeconomy-driven LA
production systems.

4. Conclusion

A seawater (SW) based pretreatment of corn cob (SW-CC) were
optimized and a L. plantarum cell grow and lactic acid (LA) production
kinetics on varying supplemented bioprocesses was comparatively
assessed. The optimized SW-CC (RSY=0.277 g/g + 0.001 and
GY=0.172 g/g + 0.02) biomass produced a 57.40% and 90.12% higher
reducing sugar and glucose yield, respectively, when compared to the
untreated corn cob biomass. The SW supplemented bioprocess (s-SW)
had the highest maximum specific growth rate (umax — 0.342h™1),
suggesting that SW supplies more favourable conditions for cell prolif-
eration. Furthermore, the s-SW bioprocess resulted in a comparable
highest maximum LA concentration (P, = 4.031 g/L) relative to the s-W
(Pm = 5.545 g/L). These findings suggest that SW is a viable alternative
solvent and chemical substitution whilst showing biocompatibility in
the biorefinery of LA. The integration of SW has the potential to reduce
production costs as well as increase sustainability by reducing the reli-
ance on chemicals and scarce water resources, ultimately increasing
economic feasibility. Further innovations through (i) targeted supple-
mentation strategies, (ii) long-term microbial adaptation and strain
optimization in saline systems, and (iii) pilot-scale implementation
coupled with techno-economic assessment may potentially establish a
strong foundation for developing water-resilient, low-input, and sus-
tainable lactic acid biorefineries.
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