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A B S T R A C T

Simultaneous saccharification and fermentation (SSF) of bioethanol production was optimized using banana 
pseudostem (BP) and dairy wastewater in this study. The kinetics of Saccharomyces cerevisiae BY4743 cell growth 
and bioethanol production under optimized medium conditions in dairy wastewater (DWW-SSF), pure water 
(PW-SSF), and a standard bioethanol fermentation medium modified with BP (mYPD-SSF) were comparatively 
investigated. The optimized DWW-SSF bioprocess resulted in a bioethanol concentration of 33.93 g/L which was 
38% and 34% higher than the PW-SSF (24.67 g/L) and mYPD-SSF (25.28 g/L) processes. For the kinetic 
assessment, the highest maximum specific growth rate (µmax) of 0.60 h− 1 was obtained for the PW-SSF process, 
followed by the DWW-SSF (0.34 h− 1) and mYPD-SSF (0.27 h− 1) bioprocesses. On the other hand, the DWW-SSF 
process led to the highest maximum potential ethanol concentration (Pm) of 28.68 g/L compared to 23.78 g/L 
and 23.09 g/L for the mYPD-SSF and PW-SSF processes respectively. This study highlights the potential of waste- 
based lignocellulosic bioethanol production through SSF bioprocesses, offering opportunities to reduce the 
reliance on costly fermentation medium components and finite water resources while simultaneously addressing 
industrial waste generation.

1. Introduction

The progressive consumption of crude oil especially in the transport 
sector has not only led to the depletion of oil reserves, but also the 
devastating impact on climate change due to the high emission of 
greenhouse gases (GHG) [1]. This has propelled bioethanol production 
that is produced by microbial fermentation as an ideal fuel alternative 
additive to gasoline as well as octane enhancer [2–4]. Bioethanol is 
clean, and exhibits desired environmental characteristics to combat 
GHG emissions that is mainly contributed by the transport sector. This 
includes its high oxygen content, octane number (108), flame speed, as 
well as minimal carbon emissions and sulfur-free nature [3,5]. Despite 
this, high production cost of bioethanol has limited its widespread uti
lization [3]. In the rapid quest for cost-effective and sustainable energy, 
lignocellulosic biomass (LCB) is currently prioritized as a carbon source 
for bio-production since it poses no ethical concerns to food security, is 
considered to be a waste source, and is highly abundant [6]. With this in 
mind, banana pseudostem has emerged as a suitable feedstock for 
lignocellulosic bioprocesses such as bioethanol production [7]. 

Nevertheless, the feedstock must first be pretreated, then hydrolysed 
and can thereafter proceed towards fermentation where it can be con
verted to bioethanol by microbial metabolism [2]. Microbial strains 
(particularly yeast) are fundamental in bioethanol production since 
fermentation efficiency mostly depend on the yeast's capability to 
metabolize glucose (C6H12O6) into ethanol (C2H6O) with less being 
directed to CO2 [3]. Saccharomyces cerevisiae strains are widely used for 
the conversion of fermentable sugars (glucose) into bioethanol [8], due 
to their ability to thrive under different oxygen environmental condi
tions that include aerobic, microaerophilic, and anaerobic [9,10]. In 
addition, S. cerevisiae exhibits distinctive potential advantages, which 
include high productivity, stress tolerance, and ethanol tolerance [9]. 
However, in order for the yeast to efficiently catabolize glucose into 
ethanol production, appropriate nutrients and metal ions that supports 
high yeast metabolism towards improved productivity is required [11, 
12]. These include fermentable carbohydrates, nitrogen, magnesium, 
zinc and vitamins [11,12]. Since these components are adequate nutri
tional sources for its metabolic processes, S. cerevisiae is generally 
cultivated universally in standard yeast extract, peptone, and dextrose 
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(YPD) medium [13]. The costs of these components especially yeast 
extract and peptone remain relatively high. For instance, the cost of 
yeast extract has been estimated to be ~$ 70–120 USD per kg, 
contributing to a large fraction of the process cost [14]. Nevertheless, it 
has been the gold standard for the cultivation of yeasts since it provides 
the yeast cells with essential vitamins, trace elements, growth factors, 
amino acids, and peptides that impact cell development and product 
formation. Currently, yeast extract remains unmatched by alternatives 
due to its high nutritional content. Likewise, peptone, is essential for the 
biosynthesis of yeast but its estimated value amounts to $151 USD per 
kg, which presents a cost barrierfor bioprocessing. Cheaper alternative 
nitrogen sources include corn steep liquor (CSL) and ammonium-based 
salts (such as ammonium nitrate or ammonium sulfate) that have been 
explored previously [15–17]. The latter are inorganic nitrogen and have 
shown to be suitable as a nitrogen source within the range of 0.1–0.5% 
or 0.5 g/L in various bioprocesses [16]. In addition, additives such as 
surfactants (Tween 80) in the range of 1–2 mL/L enhances the enzyme 
activity of cellulase in bioprocess. This allows the catalyst to remain free 
in solution and improves nutrient uptake by the cells, and also prevents 
the adsorption of enzymes t by the lignin polymer [18,19]. Other ben
efits of Tween 80 addition in microbial fermentation include: (1) 
emulsification of the medium, and (2) improvement of enzyme stability. 
Nevertheless, fermentation processes with shorter process time, high 
bioethanol yields, and efficient substrate utilization are desirable for 
economical large scale bioethanol production. Moreover, the simulta
neous saccharification and fermentation (SSF) bioprocess type has 
several advantages over separate hydrolysis and fermentation (SHF) 
process, since both hydrolysis and fermentation occur concurrently in 
the same reactor, that reduces operational costs, processing time, and 
energy input [17]. In addition, SSF processes have shown to significantly 
reduce the risk of: (1) contamination and (2) enzyme inhibitory effects 
that are usually caused by high levels of glucose yield in separate hy
drolysis [20]. However, the main challenges that have been reported to 
impede the efficiency of SSF process include: finding suitable tempera
ture and pH conditions for both enzymatic hydrolysis and yeast 
fermentation [20]. To date, there has been a lack of scientific literature 
on the optimization of ammonium sulfate as a nitrogen source, Tween 
80, as well as substrate solid loading in simultaneous saccharification 
and fermentation as input parameters to improve bioethanol production 
process from lignocellulosic wastes such as banana pseudostem. 
Modeling and optimization of these input parameters could enhance the 
bioethanol concentration and conversion yield. Response surface 
methodology (RSM) is considered to be a useful tool that can be 
employed to analyse both the individual parameter as well as their 
interactive influence on the product yield [21]. Furthermore, dairy 
wastewater (DWW) has been viewed as a potential alternative solvent 
and trace nutrient source to address the ethical concern induced by the 
use of fresh water in lignocellulosic bioprocesses as well as the high costs 
of using standard YPD [17,22]. Approximately 4–11 million tons of 
DWW is released into water bodies. Improper disposal of DWW is not 
environmentally friendly to the biodiversity in aquatic systems as it 
contains high suspended as well as dissolved solids in addition to fats to 
name few [23]. Conversely, potential complex organics for bioprocess 
such as proteins, and lipids are present in DWW. Also, DWW contain 
moderate concentrations of 30–46 mg/l of nitrogen which renders it 
ideal as a cost-effective nitrogen alternative for bioethanol fermentation 
[24]. Likewise, DWW contains < 0.63 mg/L concentration of magne
sium, which is essential for the growth and metabolism of the fer
menting yeast. Moreover, magnesium increases yeast cell mass 
concentration while providing the yeast cells with protection against 
stress from high bioethanol concentration or osmotic pressure, thus 
prolonging the yeast exponential phase [5].

In addition to process optimization, understanding yeast cell growth 
dynamics and bioethanol product formation can significantly improve 
process design and yield. In this context, process kinetic models such as 
the logistic and modified Gompertz are considered valuable for 

analysing cell growth and product formation [25]. A logistic model 
provides insight on the relationship between microbial growth rate, 
initial and maximum biomass concentration. Whereas the modified 
Gompertz model provides insights on key product formation including 
maximum product concentration, maximum production rate, and lag 
time required before product formation [25]. Although these models 
have been previously used in bioethanol process strategies, there is still a 
dearth of reports on the process kinetics of waste-based bioethanol SSF 
processes using banana pseudostem (BP) as a feedstock and DWW in
clusion in the medium composition. This study therefore models and 
optimizes the bioethanol production process through the simultaneous 
saccharification and fermentation of the pretreated BP and DWW-based 
formulated growth medium. The cell growth kinetics as well as the 
bioethanol production kinetics were subsequently determined with lo
gistic and modified Gompertz models, respectively, under previously 
optimized DWW-SSF conditions. The kinetic experiments consisted of: 
(1) optimized supplemented dairy wastewater with pretreated BP 
(DWW-SSF), (2) pure water with pretreated BP (PW-SSF), and (3) 
standard bioethanol fermentation YPD medium modified with pre
treated BP (mYPD-SSF).

2. Materials and methods

The banana pseudostem (BP) was harvested, dried, milled, and 
stored according to the methods described by Laltha et al. [17]. The 
seawater (pH ~8) used for the pretreatment of the BP substrate was 
obtained from Durban beach (KwaZulu-Natal, South Africa) with, its 
compositional characteristics detailed in Supplementary material. While 
the dairy wastewater was collected from a local dairy factory, Howick, 
South Africa. The chemical reagents used for the study were purchased 
from Merck, South Africa and the Cellic CTec 2 (160 FPU/mL) enzyme 
was donated by Novozymes (Novozymes A/S, Denmark).

2.1. Banana psedostem treatment for fermentation

The autoclave-assisted seawater pretreatment was conducted using 
previously optimized conditions [26]. Briefly, the BP solid loading of 
30% (w/v) was added to 100 mL of seawater and the mixture was 
pretreated at 114 ℃ for 15 min. The pretreatment conditions for the 
BP-seawater mixture were selected based on previous studies on ligno
cellulosic biomass pretreatment [17,26]. The BP pretreated hydrolysate 
was then filtered, and washed with deionized water. Subsequently, it 
was dried in an oven at 70 ℃. The obtained BP substrate was ground 
using mortar and pestle before its use for the fermentation processes. 
The determined composition (following previously established protocol) 
[17] of the optimized pretreated BP was cellulose content of 60.09%, 
hemicellulose of 12.12%, and lignin content of 9.08% [26].

2.2. Inoculum development

Prior to fermentation, the Saccharomyces cerevisiae BY4743 yeast 
culture that was previously stored at 4 ℃, was streaked onto yeast 
peptone dextrose (YPD) agar media, which was composed of glucose of 
20 g/L, peptone of 20 g/L, as well as yeast extract of 10 g/L. The 
streaked S. cerevisiae plates were incubated at 30 ℃ for 12–14 hr. Sub
sequently, S. cerevisiae was grown in broth YPD to obtain 1× 106 cells/ 
mL used as the inoculum for the SSF processes.

2.3. Development of a DWW citrate buffer

Citrate buffer solution (0.05 M) was prepared with dairy wastewater 
instead of distilled water, then its pH was adjusted to 4.8. The compo
sition of the dairy wastewater used for the experiment was analysed and 
reported by a parallel study in our laboratory [22]. Subsequently, the 
citrate buffer solution sterilization was carried out using an autoclave at 
121 ℃ for 15 min.
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2.4. Nitrogen source screening

A preliminary screening of various nitrogen sources was carried out 
prior to optimization of the SSF process. Assessed nitrogen sources in 
this study included ammonium sulfate, ammonium nitrate, and urea as 
cost-effective alternatives to peptone. In addition, combined nitrogen 
source systems were also evaluated, consisting of ammonium sulfate 
+ yeast extract, ammonium nitrate + yeast extract, and urea + yeast 
extract, to assess the potential synergistic effect of organic and inorganic 
nitrogen supplementation on yeast metabolism and bioethanol produc
tion. A working volume of 25 mL was used, consisting of 10% (w/v) 
solid loading (seawater pretreated BP), enzyme loading of 10 FPU/g 
(Cellic CTec 2), and 10% (v/v) Saccharomyces cerevisiae inoculum. For 
individual nitrogen source experiments, 10% (w/v) of each nitrogen 
source (ammonium sulfate, ammonium nitrate, or urea) was added. For 
combined nitrogen source experiments, 10% (w/v) total nitrogen sup
plementation was also applied as a mixture of inorganic nitrogen source 
and yeast extract. All experiments were conducted in DWW buffer. The 
SSF flasks were incubated at 120 rpm and 35 ℃ for 24 h in an orbital 
shaker. All SSF experiments were carried out in replicate. Bioethanol 
production was monitored at 24 and 48 h intervals. The nitrogen source 
condition yielding the highest bioethanol production was selected for 
subsequent SSF optimization studies.

2.5. SSF modeling and optimization process

The SSF was optimized using RSM, specifically a Box-Behnken 
design. Seventeen (17) were generated from the above model design 
with the following input parameters: nitrogen (ammonium sulfate) 
(2.5–10 g/L), Tween 80 (0–2 mL/L) and solid loading (5–10%), with 
corresponding outputs of ethanol concentration (g/L) and ethanol con
version (%). The input parameters above and their ranges were 
accordingly selected based on literature survey [16,27], and data ob
tained from the nitrogen preliminary screening described in Section 2.4
above. All 17 experimental runs were performed in replicates as per the 
RSM design in Table 1.

2.5.1. SSF bioprocess
Inoculum of 10% (v/v) S. cerevisiae was added to 25 mL working 

volume containing 5–10% pretreated BP solid loading, 2.5–10 g/L 
ammonia sulfate and 0–2 mL/L Tween 80, 10 FPU/g, and the DWW 
developed buffer (in Section 2.5). All SSF reactions were performed in 
replicate and then incubated in an orbital shaker set at 35 ℃, 120 rpm 
for 48 hrs. During the incubation period, bioethanol concentration was 

measured at 24 and 48 hr time points and 2 mL aliquots were also 
aseptically removed, stored (-20 ℃) for glucose analysis.

2.6. Optimized SSF bioprocess validation and kinetic modelling

The developed RSM model was thereafter validated using the pre
dicted conditions for the optimized SSF process with DWW (DWW-SSF) 
(Supplementary material).

For comparative evaluation of nitrogen source effects on yeast 
metabolism and bioethanol production under simultaneous saccharifi
cation and fermentation (SSF) conditions, additional experiments were 
conducted using the previously optimized DWW-SSF conditions. Three 
fermentation systems were evaluated: (1) optimized dairy wastewater 
with pretreated banana peel (DWW-SSF), (2) pure water with pretreated 
banana peel under the same optimized conditions (PW-SSF), and (3) 
modified YPD medium with pretreated banana peel (mYPD-SSF). For the 
PW-SSF system, all optimized DWW-SSF conditions were maintained, 
except that the dairy wastewater citrate buffer was replaced with pure 
water-based citrate buffer. For the mYPD-SSF system, the standard YPD 
medium was modified by reducing the yeast extract and peptone con
centrations by 50%, while glucose/dextrose was completely replaced 
with 10% pretreated banana peel (BP) as the carbon source. Enzyme 
loading (10 FPU/g), inoculum size (10% v/v), and distilled water citrate 
buffer were maintained according to the optimized SSF conditions. 
These experiments were carried out in replicates and then incubated in 
an orbital shaker (37 ℃, 120 rpm, 24 h). Experimental controls were 
conducted without inoculum and instead contained citrate buffer, and 
the above validation conditions respectively for each developed kinetic 
experimental set up mentioned above. Bioethanol production and sugar 
utilization was monitored every 2 h.

2.7. Analytical methods

2.7.1. Determination of ethanol, glucose, and biomass concentration
Hydrolysed and unfermented glucose concentrations were detected 

spectrophotometrically using K-GLUC Glucose Assay Kit (Megazyme, 
Ireland). Ethanol vapour sensor (ETH-BTA, Vernier Software and 
Technology, Beaverton, OR USA) was employed to quantify the con
centration of Ethanol. Then, the bioethanol concentration (g/L) and 
conversion (%) were obtained using the subsequent calculations indi
cated below.

The bioethanol concentration (EtOH C) in (g/L) Eq. (1): 

EtOH C (g/L) = EtOH % × conversion factor × ρ EtOH                   (1)

Where, EtOH % = percentage value of EtOH from the EtOH sensor, 
conversion factor = 10 (mL/100 mL to mL/1000 mL) and ρ EtOH 
= EtOH density (0.789 g/mL)

The bioethanol conversion Eq. (2): 

Bioethanol conversion (%) =
[EtOH]f

0.51(f [biomass]1.111 )
× 100 (2) 

where [EtOH]f = is the highest EtOH concentration (g/L) obtained from 
the fermentation, [biomass] = dry weight of lignocellulosic biomass at 
the start of the fermentation (g/L), f = dry biomass cellulose fraction 
(0.6009 g/g in this study).

2.7.2. Cell biomass concentration determination
S. cerevisiae was grown in YPD broth for 12–14 h, which is the esti

mated period for exponential phase. Then following dilution was per
formed: (1, 1/2, 1/4, 1/8 and 1/16), and each dilution centrifuged at 
5000 rpm for 10 min. The supernatants were discarded, and then the 
pellets were subjected to oven dried at 70 ◦C to determine dry weight. 
Thereafter, standard curve was plotted to relate the cell dry weights (g/ 
L) to cell counts (cells/mL). Subsequently, the generated standard curve 
equation was used to extrapolate the biomass concentration (g/L), and 

Table 1 
Bioethanol concentration and conversion for the SSF model.

Runs (NH4)2SO4 

(g/L)
Tween 
80 (mL/ 
L)

SL 
(%)

Ethanol 
concentration (g/ 
L)

Ethanol 
conversion 
(%)

1 2.50 0.00 7.50 14.470 54.627
2 10.00 2.00 7.50 20.664 78.009
3 10.00 1.00 5.00 12.166 68.711
4 6.25 2.00 10.00 34.306 96.873
5 10.00 0.00 7.50 15.520 58.589
6 2.50 1.00 10.00 23.260 65.681
7 6.25 0.00 5.00 11.575 65.369
8 2.50 1.00 5.00 13.918 78.603
9 6.25 1.00 7.50 20.673 78.039
10 2.50 1.00 7.50 21.264 80.273
11 6.25 0.00 10.00 24.128 68.132
12 10.00 1.00 10.00 28.578 80.698
13 6.25 1.00 7.50 21.248 80.214
14 6.25 1.00 7.50 20.711 78.188
15 6.25 2.00 5.00 14.320 80.876
16 6.25 1.00 7.50 22.526 85.039
17 6.25 1.00 7.50 22.068 83.311

(NH4)2SO4 = Ammonium sulfate, Solid loading = SL
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the cell counts (cells/mL) obtained for the DWW-SSF, PW-SSF, and 
mYPD-SSF.

2.8. Kinetic analysis and parameter determination

2.8.1. The logistic model
The logistic model in the differential form of Eq. (3) was integrated to 

form Eq. (4).
where (X) = biomass, X0 = initial cell concentration, Xmax 

= maximum cell concentration and μmax t = maximum specific growth 
rate at specific times during S. cerevisiae exponential and stationary 
growth phases. 

dX
dt

= μmax
(

1 −
X

Xmax

)

X (3) 

X =
Xoexp(μmax t)

1 − [( X0
Xmax)(1 − exp(μmax t))]

(4) 

2.8.2. The modified Gompertz model
The bioethanol production data obtained for the DWW-SSF, PW-SSF, 

and mYPD-SSF were fitted to the modified Gompertz model (Eq. 5) by 
using CurveExpert (CurveExpert V1.5.5). 

P = Pm.exp
{

− exp
[

rp,m.
exp(1)

Pm

]

.(tL − t)+1
}

(5) 

where P = bioethanol concentration (g/L), Pm = potential maximum 
bioethanol concentration (g/L), rp,m = maximum bioethanol production 
rate (g/L/h) and tL = the initial fermentation time to exponential bio
ethanol production (h).

3. Results and discussion

3.1. Preliminary nitrogen source screening

The preliminary nitrogen source screening showed that the com
bined nitrogen source consisting of ammonium sulfate and yeast extract 
produced the highest bioethanol concentration (32.39 g/L), followed by 
ammonium nitrate and yeast extract (26.33 g/L), then urea and yeast 
extract (26.04 g/L). Among the individual nitrogen sources, ammonium 
sulfate also resulted in the highest bioethanol concentration of 30.31 g/ 
L, followed by the standard commonly used peptone (29.17 g/L), urea 
(27.22 g/L), and ammonium nitrate (23.81 g/L). Interestingly, there 
was no significant difference between the combination of ammonium 
sulfate and yeast extract and ammonium sulfate alone as an individual 
nitrogen source. Ammonium sulfate alone produced only 6.42% lower 
bioethanol concentration compared to the ammonium sulfate and yeast 
extract combination. Therefore, ammonium sulfate was selected for 
DWW-SSF optimization and kinetic studies due to its ability to support 
high bioethanol productivity while reducing process costs compared to 
combined nitrogen sources and other nitrogen source alternatives.

3.2. Development of the RSM model

The developed RSM model’s suitability was obtained with analysis of 
variance (ANOVA) (See supplementary document). The bioethanol 
concentration and conversion models gave p-values of < 0.0001 and 
0.0009, respectively. Additionally, high F-values of 44.61 and 14.61 
were obtained for the bioethanol concentration and conversion models, 
respectively. P-values < 0.05 and high F-values are generally used to 
indicate model significance [17]. Of the investigated input parameters, 
Tween 80 concentration-B (p = 0.0001) and solid loading-C 
(p = <0.0001) were found to be significant for the bioethanol concen
tration model, whereas Tween 80 concentration-B (p < 0.0001) was the 
only significant input parameter for the bioethanol conversion. The 

significance of these parameters may be due to their impacts on the 
enzyme saccharification and microbial fermentation. For instance, 
Tween 80 emulsifies the water insoluble compounds into the media (in 
this case, the DWW) as well as enhances the uptake of nutrients from the 
surrounding medium into the cell by attaching itself to the cell mem
brane phospholipid component and thus affects the permeability of the 
cell membrane. Likewise, the solid loading-C parameter influences the 
diffusion of nutrients in addition to mass and heat transfer during hy
drolysis and fermentation processes [28]. Therefore, the solid loading-C 
parameter through heat and mass transfer impacts the enzyme diffusion, 
hydrolysis of cellulose to glucose, availability of sugar for microbial 
consumption, and the production of bioethanol, accounting for its sig
nificance in the bioethanol concentration model.

Moreover, the bioethanol concentration and conversion model 
showed the coefficient of determination (R2) values of 0.98 and 0.94, 
respectively (R2 values > 0.7 indicates a good model fit in terms of 
relating the input parameters to responses). The polynomial model 
equations (Eq. 5 and 6) relating the input and response parameters were 
generated using bioethanol concentration and conversion data from the 
SSF experiments (Table 1) and are displayed below. 

Bioethanol concentration = +21.45 + 0.50 A + 3.11B + 7.29 C 
-0.41AB + 1.77AC + 1.86 BC – 2.53 A2 – 0.93B2 + 0.57 C2             (6)

Bioethanol conversion = +80.96 + 0.85 A + 11.16B + 2.23 C – 
1.56 C AB + 3.31BC – 8.74 A2 – 4.35B2 +1.20C2                            (7)

Where A, B and C correspond to the ammonium sulfate concentration 
(g/L), Tween 80 concentration (mL/L) and Solid loading (w/v), 
respectively.

3.3. Effects of process variables on ethanol concentration and conversion

The bioethanol concentration and conversion data are presented in 
Table 1. A maximum bioethanol concentration (34.31 g/L) and con
version of 96.87% were respectively observed with the developed SSF 
model for run 4 (6.25 g/L ammonium sulfate, 2 mL/L Tween 80 and 
10% w/v SL). Conversely, the minimum bioethanol concentration and 
conversion of 14.47 g/L and 54.63% was obtained respectively for run 1 
(2.50 g/L ammonium sulfate, 0 mL/L Tween 80, 7.50% w/v SL). The 
RSM graphs for the developed SSF model are presented in Fig. 1A-F. The 
interaction of Tween 80 (mL/L) and ammonium sulfate (g/L) on bio
ethanol concentration and conversion, respectively when the SL is kept 
at 7.50% w/v is depicted in Figs. 1A and 1B. An increase in both Tween 
80 from 0 to 1 mL/L and ammonium sulfate from 2.50 to 6.25 g/L 
exhibited an increase in ethanol concentration from 14.47 g/L to 
22.53 g/L. Further increase in Tween 80 concentration (> 1 mL/L) and 
ammonium sulfate concentration (> 6.25 g/L) inhibited the bioethanol 
concentration from 22.53 g/L to 20.66 g/L (Fig. 1A). Similarly, a 
simultaneous increase in Tween 80 from 0 to 1 mL/L and ammonium 
sulfate from 2.50 to 6.25 g/L resulted in an increase in ethanol con
version from 54.63% to 85.04%. A Further increment in ammonium 
sulfate concentration (> 6.25 g/L) while Tween 80 (mL/L) was fixed at 
0 mL/L, resulted in a slight increase in the ethanol conversion from 
54.63% to 58.89% (Fig. 1B). The sharp increments in the ethanol con
centration and conversion observed at ammonium sulfate and Tween 80 
concentration threshold of 6.25 g/L and 1 mL/L respectively, might be 
attributed to decrease in ammonia ions accumulation, which led to the 
rapid conversion of cellulose to glucose, thus increases the glucose 
consumption rate by the yeast cells. It has been reported that at high 
ammonium sulfate accumulated more ammonium ions in the vacuoles 
as cellular reserves. Later this ammonium ions are then converted into 
ammonia and hydrogen ions in the cytoplasm. However, in order to 
prevent cytoplasm acidification, these hydrogen ions need to be expelled 
into the external environment (medium). This process requires energy 
and has a negative effect on the pH of the surrounding medium. The 
difficulties related to the extensive entry of hydrogen ions into the 
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medium include a decrease in bioethanol production and cell death 
[29]. This might have accounted for the low bioethanol concentration 
and conversion observed at high ammonium sulfate concentrations (>
6.25 g/L). Thus, the excessive ammonium sulfate is not effective for the 
yeast cells metabolic processes since it is directed towards survival 
mode. In addition, ammonium sulfate at high concentration has been 
reported to inhibit some enzyme systems within microbial cells [30,31].

Solid loading and Tween 80 concentration interactive effect on the 
responses when the ammonium sulfate is at its median value (6.25 g/L) 
are shown in Figs. 1C and 1D respectively. A simultaneous increase in 
solid loading and Tween 80 concentration from 5% to 10% and 0–1 mL/ 
L respectively led to bioethanol concentration that increased from 
11.57 g/L to 34.31 g/L. Further increase in Tween 80 concentration 
from 1 mL/L to 2 mL/L and the solid loading was maintain at 5% led to 
slight increase in the bioethanol concentration (13.92–14.32 g/L) 
(Fig. 1C). Similarly, Fig. 1D showed that an increase in Tween 80 

concentration (0–1 mL/L) when the SL was fixed at 5% resulted in an 
increase in the bioethanol conversion from 65.37% to 80.88%. Likewise, 
further increase in both Tween 80 (>1 mL/L) and SL (>7.5%) results in 
an bioethanol concentration of 34.3057 g/L and bioethanol conversion 
of 96.8729%. Simultaneous increase in the Tween 80 (0–2 mL/L) and 
solid loading (5–10%) led to an increase in the bioethanol conversion 
(65.37–98.87%). Higher concentrations of Tween 80 at elevated levels 
(2 mL/L) have shown to enhance the rates of saccharification. This leads 
to a sufficient release of glucose, providing the yeast with an ample 
amount of carbon and energy for their metabolic processes. Conse
quently, this results in an increase in bioethanol yield [32]. Similarly, a 
low solid loading such as 10% could enable enzymes to effortlessly reach 
the organic solids. This solid loading also ensures efficient heat transfer, 
providing conditions for optimal enzymatic activity as well as the 
availability of water and nutrients to the fermenting yeast. As a result, 
the conversion efficiency of cellulose to glucose is enhanced. Walker and 

Fig. 1. Three-dimensional response surface graphs showing the interactive effects of the (A) Ammonium sulfate concentration and Tween 80 concentration, (B) 
Ammonium sulfate concentration and Tween 80 concentration, (C) Solid loading and Tween 80 concentration, (D) Solid loading and Tween 80 concentration, (E) 
Solid loading and ammonium sulfate concentration, (F) Solid loading and ammonium sulfate concentration on bioethanol concentration and converson.
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Stewart. [33] reported that sugar concentration levels within the fer
menting media is an important factor since this influences the avail
ability of water in cells. This in tuen impact cell physiology and also the 
generation of glycerol within the yeast cell to protect its membrane 
against desiccation. Therefore, the amount of sugar produced at 10% SL 
could have accounted for the higher bioethanol concentration and 
conversion.

Figs. 1E and 1F depict the combine effect of ammonium sulfate 
concentration and solid loading on the responses when Tween 80 was 
kept at 1 mL/L. Concurrent increment in the solid loading from 5% to 
10% and ammonium sulfate from 2.50 to 10 g/L resulted in an increase 
in bioethanol concentration from 13.92 to 28.58 g/L. On the other hand, 
increases in the ammonium sulfate concentration from 2.50 g/L to its 
maximum value (10 g/L), while solid loading was kept constant at 5% 
reduced the bioethanol concentration from 13.98 to 12.17 g/L. Also, 
variations in the ammonium sulfate concentration from 2.50 to 10 g/L 
and solid loading from 5% to 10% resulted in incremental bioethanol 
conversion from 78.60% to 80.70%. Likewise, increases in the ammo
nium sulfate concentration from 2.50 g/L to 10 g/L, while solid loading 
was kept constant at 5% reduced the bioethanol conversion from 
78.60% to 68.71%. Despite the benefits of ammonium sulfate as a ni
trogen source, high concentration of this nutrient causes the accumu
lation of hydrogen ions within the fermentation medium, which affects 
the media pH and the overall charges on plasma membrane [34], as well 
as the permeability of essential nutrient to the cell, thus resulting to low 
metabolic activities and low bioethanol production.

3.4. Validation of developed model

The developed model predicted an ethanol concentration (33.67 g/ 
L) and conversion (95.39%), respectively under optimal conditions of 
10% (w/v) solid loading, 2 mL/L Tween 80, and 7.5 g/L ammonium 
sulfate. In comparison, experimental validation carried out in triplicate 
yielded 33.93 g/L and 99.13% for bioethanol concentration and con
version respectively. Subsequently, this was implemented on three (3) 
different processes: (1) the optimized supplemented dairy wastewater 
with pretreated BP under the DWW-SSF, (2) pure water with pretreated 
BP under the PW-SSF, and (3) standard bioethanol fermentation YPD 
medium modified with pretreated BP (mYPD-SSF). The DWW-SSF 
(33.93 g/L) showed a 38% and 34% enhancement in the bioethanol 
concentration comparatively to the PW-SSF (24.67 g/L) and the mYPD- 
SSF (25.28 g/L) experiments. Using this DWW supplementary approach, 
additional deeper insight on the potential of using nutrient-rich waste
water towards improved ethanol yield was provided contributing to the 
existing literature on cheap nutrient sources in bioprocessing [22].

Similarly, the productivity in the DWW-SSF (2.12 g/L/h) was 2.06- 
fold and 1.17-fold better in comparison to the PW-SSF (1.03 g/L/h) 
and the mYPD-SSF (1.81 g/L/h) correspondingly which also coincided 
with higher bioethanol conversion rate in the DWW-SSF. The higher 
bioethanol productivity obtained for the DWW-SSF (2.12 g/L/h) in this 
study is desirable considering that bioethanol production was improved 
by 38% and 34% over the PW-SSF and the mYPD-SSF processes. 
Remarkably, maximum bioethanol concentration could have resulted 
from the synergistic effect of the SSF optimized process conditions and 
the DWW supplementation, wherein the improved metabolic activities 
of S. cerevisiae facilitate a more efficient conversion of sugars to bio
ethanol in the DWW-SSF. Moreover, this underscores the importance of 
suitable process conditions in determining the overall process perfor
mance, especially in a fermentative medium development scenario. 
Interestingly, DWW contains additional nutrient that could have 
enhanced bioethanol metabolic processes and stress tolerance. Bio
ethanol production requires micronutrients for optimal growth and 
metabolic activities during ethanol bioprocessing [9]. Metal micro
nutrients (such as Mg (<0.63 mg/L) and Mn (2.56 µ/L) presence in 
DWW) have the potential to form the metal content at the active site of 
alcohol dehydrogenase enzyme for enzyme activation and enhanced 

metabolic activities [9]. Furthermore, the influencing impacts of 
micronutrients that are abundant in DWW might as well be attributed to 
their bioavailability, cellular uptake and their integration with meta
bolic intermediates. Hence, DWW-waste-based lignocellulosic bio
processing is desirable from an economy and environmental point of 
view with the potential to address the concern of freshwater usage in 
lignocellulosic biofuel production [17]. Approximately 4–11 million 
tons of DWW is released into water bodies, the utilization of DWW in 
waste-based bioethanol production could lower the high cost associated 
with lignocellulosic bioprocessing. Moreover, DWW consists of useful 
complex organics and micronutrients that could be of benefit in bio
ethanol fermentation, since nitrogen and vitamins are vital for protein 
synthesis and cellular growth, inadequate availability of these nutrients 
might lead to sluggish fermentation rates, reduced yeast viability, and 
lower bioethanol productivity [22]. This is in line with the findings of 
[35], the authors observed lower fermentation rates with free amino 
nitrogen below < 150 mg/L in the fermentation set up. Interestingly, 
DWW contains nitrogen in the concentrations of 30–46 mg/L that could 
make it an ideal cost-effective nitrogen alternative for bioethanol 
fermentation [24]. Furthermore, the supplementation of DWW in bio
ethanol fermentative medium development provided other nuanced 
insights into bioethanol bioprocessing, particularly into fermentation 
metabolic requirement dynamics. Nevertheless, the obtained data show 
that there are obvious correlations between the DWW inclusion and 
bioethanol concentration as well as the productivity. This also suggests a 
possible link between constituents of DWW to improved S. cerevisiae 
metabolic activities towards higher productivity. These results reinforce 
the desirability of cheap nitrogen sources like DWW in lignocellulosic 
bioprocessing as a viable approach for industrial biofuel production. The 
variances in the bioethanol productivity are due to the differences in the 
availability and assimilability of the nitrogen compounds presence in 
the nitrogen sources.

3.5. SSF process kinetics

3.5.1. Growth kinetics of S. cerevisiae in DWW-SSF, PW-SSF and mYPD- 
SSF processes

Fig. 2A shows the changes of S. cerevisiae cell growth during the 
DWW-SSF, mYPD-SSF, PW-SSF processes. Comparable biomass con
centration was observed for the DWW-SSF (5.07 g/L) and the PW-SSF 
(4.97 g/L), whereas the mYPD-SSF displayed higher biomass concen
tration (5.27 g/L) (Fig. 2A). After 4 h, the S. cerevisiae exponential 
growth in the DWW-SSF and the mYPD-SSF begin to plateau but 
continue slightly until 12 h and 14 h respectively while the S. cerevisiae 
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Fig. 2. S. cerevisiae concentration in the DWW-SSF, PW-SSF, and mYPD- 
SSF processes.
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growth in the PW-SSF plateau after 6 h. The highest biomass concen
tration obtained in the mYPD-SSF process suggests the easy of assimi
lation of available nitrogen in the YPD compared to the DWW-SSF and 
the PW-SSF. This is also indicates that the metabolic process was most 
probably oxidative [36].

Afterwards, cell biomass concentration that have been obtained 
during the fermentation period (Fig. 2A) was fitted to the logistic model 
with high R2 values of 0.97 (PW-SSF), 0.90 (DWW-SSF) and 0.90 
(mYPD-SSF). The highest maximum specific growth rate (µmax) of 
0.60 h− 1 was also obtained with the PW, followed by the DWW-SSF 
(0.34 h− 1) and the mYPD-SSF (0.27 h− 1). The high (µmax) displayed by 
the PW-SSF corresponds with the obtained high biomass concentration, 
thus indicates that nutrients in the PW-SSF were readily available to be 
assimilated by the yeast cell, which increased the rate of metabolic ac
tivities [37]. On the other hand, the low (µmax) recorded respectively in 
the DWW-SSF and the mYPD-SSF processes might be attributed to the 
presence of heavy metal or complex chemical composition (with po
tential to inhibit efficient nutrient assimilation or optimal cellular ac
tivities) present in the DWW-SSF and the mYPD-SSF, respectively which 
could have resulted to partial uptake of nutrients such as nitrogen by the 
yeast cells. The µmax obtained in the present study are comparable to 
literature [38]. Studies have shown growth rates > 0.025 h− 1 to linearly 
increase the fermentative capacity of yeast (such as S. cerevisiae) that 
could trigger respirofermentative cellular activities towards higher 
productivity consequently, the µmax values in this study are appropriate, 
particularly for industrial scale up [38]. Moreover, the maximum spe
cific growth (µmax) of > 0.27 h− 1 was obtained in the present study. 
Compared to the present study, Rorke and Gueguim-Kana [39] using 
sorghum leaves as substrate, obtained lower µmax of 0.18 h− 1. Also, 
Srimachai et al. [40] and Singh and Sharma [41], reported lower µmax in 
the range of 0.11–0.15 h− 1 using oil palm frond juice and glucose, 
correspondingly. Likewise, using S. cerevisiae and glucose as substrate, 
Ahmad et al. [42] recorded µmax of 0.08 h− 1 which was lower than the 
current study. Variations in the maximum specific growth observed for 
previous studies and the present study can be attributed to the different 
initial cell concentration, substrate type and concentration.

On the other hand, the highest maximum cell concentration Xmax of 
5.03 g/L was achieved for the mYPD-SSF followed by 4.78 g/L 
maximum cell concentration for the DWW-SSF and 4.58 g/L for the PW- 
SSF. The low cell concentration in respective of the nitrogen source and 
utilization suggests that the yeast cells uptake and assimilation of the 
different nitrogen type differs with high potential to follow pathway 
with less energy requirement. Consequently, resulting in cellular activ
ities that either favours cell growth or product formation. It is crucial to 

consider the assimilation of nitrogen, as it plays a critical role in cell 
metabolism and could significantly affect bioethanol yield. Assimilated 
nitrogen can improve the yeast ethanol tolerance towards high pro
ductivity by minimizing by-products formation [43]. Apparently, in the 
present study, the uptake of the nitrogen sources in the DWW-SSF fa
vours bioethanol formation compared to cell growth and accumulation 
which accounted for the low specific growth rate and cell concentration 
respectively. In addition, the low maximum cell concentration could be 
caused by the increased concentration of ammonium sulfate in the 
vacuole probably due to high uptake but slow utilization rate, which has 
potential to hamper cellular growth and proliferation [44]. Yeast has 
shown to assimilate nitrogen and store it in the vacuoles and uses it 
when needed [44]. Therefore, the variation in the specific growth rate 
and the cell concentration observed in this study in the different SSF 
processes might be due to factors relating to nutrient composition, ni
trogen complexity, availability and utilization rate.

3.5.2. Bioethanol production kinetics in DWW-SSF, PW-SSF and mYPD- 
SSF processes

The bioethanol production in the DWW-SSF, mYPD-SSF, and PW-SSF 
processes is shown in Fig. 2B. The modified Gompertz model showed a 
good fit for the experimental data obtained on bioethanol with R2 values 
of 0.91, 0.95 and 0.97 respectively. Different lag time (t) were obtained 
for the PW-SSF (0.89 h), mYPD-SSF (0.91 h) and DWW-SSF (1.53 h). 
These lag time values give an overview of the length of time that is 
required by S. cerevisiae to acclimatize to the formulated medium before 
bioethanol formation. Also, the different lag time observed in the bio
ethanol production indicates the disparity in the time it takes in the 
synthesis of key growth factors due to the differences in the nutrient 
composition within each of the processes. The highest maximum bio
ethanol production rate (rp.m) was obtained from the DWW-SSF (5.35 g/ 
L/h) followed by low (rp.m) in the mYPD-SSF (3.97 g/L/h) and the PW- 
SSF (3.13 g/L/h). The high rp.m in the DWW-SSF is 1.35-fold and 1.71- 
fold higher compared to the mYPD-SSF and the PW-SSF respectively. 
This can be attributed to additional nitrogen and nutrients presence in 
DWW. As highlighted earlier, DWW consists of useful complex organics, 
nitrogen and micronutrients that could be of benefit in bioethanol 
fermentation [22]. The DWW contains nitrogen in the range of 
30–46 mg/l [17,24]. Additionally, the highest (rp.m) from DWW-SSF, 
could be attributed to the available sugar in DWW (usually glucose 
and galactose), which might have increased pyruvate decarboxylase 
activities, leading to improved bioethanol yield.

Likewise, the highest maximum bioethanol potential concentration 
(Pm) of 28 g/L was obtained with the DWW-SSF, whereas low Pm of 
23.78 g/L and 23.09 g/L were obtained for the mYPD-SSF and the PW- 
SSF processes respectively. The highest (Pm) obtained from DWW-SSF 
compared to the PW-SSF and the mYPD-SSF processes might also be 
attributed to the presence of additional micronutrient such amino acid, 
magnesium, and manganese in DWW, these elements have been known 
to improve cellular and enzymatic viability, which in turn promote yeast 
tolerance to dehydration and elevate ethanol concentration during the 
exponential and stationary growth phase [45]. The kinetics in the pre
sent study suggested that different nitrogen source in the SSF processes 
showed mixed growth and productivity with the best bioethanol pro
duction performance obtained under the DWW-SSF. This highlights the 
potential use of waste-based formulated medium with low-cost nitrogen 
sources such as DWW for bioethanol bioprocessing.

The modified Gompertz model in this study exhibited R2 value of 
0.91, which is comparable to those reported in previous studies [39,40]. 
Higher maximum potential bioethanol concentration (Pm) was also 
achieved with the DWW inclusion compared to previous reports. For 
instance, the Pm was 7.57-fold higher compared to that obtained using 
oil palm frond juice by Srimachai et al. [40]. Similarly, Rorke and 
Gueguim-Kana [39] reported Pm of 17.15 g/L which was 1.67-fold lower 
than the 28.68 g/L obtained in the present study. Also, maximum bio
ethanol production rate (rp,m), attained in this study was 66.88-fold 

Fig. 3. Bioethanol concentration for the DWW-SSF, PW-SSF, and mYPD- 
SSF processes.
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higher compared to the study by Srimachai et al. [40]. Similarly, Rorke 
and Gueguim-Kana [39], obtained rp,m value of 0.52 g/L/h, which was 
10.29-fold lower than the DWW supplemented process in the present 
study. In addition, the model by Rorke and Gueguim-Kana [39], had a 
higher lag time (6.31 h) compared to the current study on fermentation 
with DWW supplementation (1.53 h), which was 4 times better than that 
obtained by Rorke and Gueguim-Kana [39]. These further demonstrated 
that the DWW supplementation in the bioethanol fermentation had 
significant impact on bioethanol production lag time and production 
rate which can be employed in bioethanol fermentation for enhanced 
process performance.

4. Conclusion

This study developed a simultaneous saccharification and fermen
tation (SSF) process using seawater pretreated banana peel (BP) and 
dairy wastewater as a low-cost nutrient source for ethanol production. 
The highest bioethanol concentration (33.93 ± 2.23 g/L) and bio
ethanol conversion (99.13 ± 6.56%) were obtained with the DWW-SSF 
process. Similarly, higher kinetic values of µmax (0.33 h⁻¹) and Pm 
(28.68 g/L) were recorded for the DWW-SSF process compared to the 
standard bioethanol fermentation media (PW-SSF and mYPD-SSF). 
Moreover, the present work demonstrates that waste-based nutrient 
sources (low-cost nitrogen sources) can significantly enhance bioethanol 
production, supporting a feasible wastewater-lignocellulosic biorefinery 
approach within a circular economy framework. However, for large- 
scale applicability, further scale-up studies and techno-economic ana
lyses will be required to identify process feasibility, cost efficiency, and 
operational bottlenecks. Also, future work should focus on optimizing 
reactor design for pilot-scale SSF, improving enzyme recycling and 
stability under industrial conditions, and evaluating continuous or semi- 
continuous fermentation strategies. In addition, integration of down
stream processing and life cycle assessment will be essential to fully 
assess environmental impacts and commercial viability of the proposed 
system.
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