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Abstract
Black liquor from paper and pulp mills is an underutilized waste resource. Black liquor can be valorized due to its useful 
chemical fractions and water component that can be employed for the pretreatment and biochemical conversion of starchy 
potato waste (SPW) into bioethanol. Hence, in this study, the simultaneous co-valorization, detoxification, and fermentation 
of SPW and black liquor (without the addition of freshwater and chemicals) were optimized for bioethanol production. The 
scanning electron microscopy (SEM) and the Fourier-transform infrared (FTIR) clearly confirmed the distortion of SPW 
inherent structure for the recovery of useful carbohydrates. A significant reduction in process inhibitors (furfural = 1.26-fold, 
hydroxymethylfurfural (HMF) = 5.68-fold, and phenols = 1.03-fold) was observed with CuO NP inclusion. The response sur-
face methodology (RSM) model of the bioethanol production showed a high coefficient of determination (R2) value of 0.98. 
The optimized process with CuO NP inclusion displayed a biomass and bioethanol concentrations of 2.12 g/L and 21.37 g/L 
corresponding to 1.74- and 1.68-fold improvement over the control respectively. In addition, the kinetic data showed that the 
incorporation of CuO nanoparticle (NP) significantly improved (1.86-fold) the potential maximum bioethanol concentration 
(Pm) (20.21 g/L) compared to the control experiment (10.86 g/L). The study demonstrates a 100% freshwater conservation 
approach for improved sugar recovery, remarkable inhibitor removal, and bioethanol production from pretreated SPW towards 
reduced biofuel production cost, waste management, and green environment sustainability.
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1  Introduction

Continuous increase in industrialization and the human pop-
ulation has led to higher global energy demands for trans-
portation, heating, and industrial activities [1]. For a long 

time, fossil fuels are used to meet global energy demands; 
however, their usage negatively impacts the environment in 
many ways such as increasing greenhouse gas emissions and 
global warming. Therefore, alternative sources of energy 
such as biofuels (bioethanol, biohydrogen, biogas) have been 
projected over the years to replace these fossil fuels because 
of their sustainability and environmental friendliness [2]. 
Specifically, bioethanol as fuel is easy to store, has a higher 
oxygen content, and higher-octane number [3]. Lignocel-
lulosic wastes such as starchy potato waste are desirable 
as feedstock in the production of biofuel mainly because 
they are cheap, readily available, and do not threaten food 
security [4]. Even though biofuels such as bioethanol can 
be produced using waste lignocellulosic materials, its com-
mercialization has been limited by expensive pretreatment 
regime, and energy-intensive processes that usually result in 
low product yields as well as costly downstream operations 
[5]. To overcome these challenges strategies like co-valori-
zation, wastewater utilization, process optimization, and the 
use of catalyst such as nanomaterial have been employed 
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to improve the efficiency of the process as well as lower 
the overall process cost of its commercialization [6]. The 
catalytic ability of these nanoparticles is largely influenced 
by their sizes, shapes, operating conditions, and stabilizing 
agents [7]. 

Nanoparticles have been employed as biocatalysts in bio-
processing to increase the process performance by increas-
ing the mass and heat transfer, enzymatic, and cell meta-
bolic activities [7]. Also, nanoparticles have been known to 
enhance the kinetics of bioprocesses because of their abil-
ity to interact rapidly with electron donors thus improving 
the bioactivity of fermenting microorganisms. Moreover, 
nanoparticles can be used in the removal of inhibitory com-
pounds from pretreated hydrolysate [8–10]. The presence of 
these inhibitors (such as phenol, acetic acid, HMF, furfural, 
and ketones) in high concentration inhibits both the activi-
ties of cellulose-degrading enzymes and fermenting micro-
organisms [11]. The removal or reducing the concentration 
of these inhibitors in pretreated hydrolysate is appealing in 
that detoxification efforts have been known to significantly 
enhance the fermentability of lignocellulosic pretreated 
hydrolysates [9]. 

Moreover, chemical pretreatment such as the use of acid 
or base has shown positive results in fermentable sugars 
recovery of approximately 80% compared to pretreatment 
implemented without chemicals [12]. However, there are 
some major disadvantages to using chemical treatment at a 
commercial scale, the strong alkaline hydrolysis produces 
toxic inhibitory compounds, causes corrosion of reaction 
vessel, and ultimately this process is expensive. Therefore, 
finding alternative approaches such as the valorization of 
black liquor to expensive chemicals usage in lignocellulose 
waste pretreatment is crucial. Black liquor (BL) is a high 
chemical laden waste from paper and pulp industries with 
high pH (> 10), heavy metals, sodium, and potassium in high 
concentration that can be used to initiate a pretreatment pro-
cess [13, 14]. This makes BL a potential agent for biomass 
pretreatment towards lowing process cost, disposal cost, and 
improved waste management [15]. Since the primary objec-
tive of pretreatment step is delignification where the lignin 
content is reduced to increase enzymatic accessibility, black 
liquor contains chemical substances like sodium hydrox-
ide and sodium sulfide which could assist in the breaking 
down and dissolving of recalcitrant lignin [14]. Not only 
could black liquor be used for the pretreatment of lignocel-
lulosic waste but also because of the scarcity of freshwater, 
black liquor can be used as a solvent to replace freshwater 
thereby conserving freshwater usage during lignocellulosic 
pretreatment towards economically feasible waste ligno-
cellulosic-based bioethanol production. This suggests that 
there is a need for further process development regarding 
the utilization of wastewater in lignocellulosic biofuel pro-
duction. For instance, a study [13] optimized different Kraft 

waste-based pretreatments. The developed pretreat methods 
were steam-assisted combined green liquor dregs (GLD) 
and paper wastewater (PWW) (SGLD-PWW) and a micro-
wave-assisted combined GLD and PWW (MGLD-PWW) 
for enhanced reducing sugar recovery from corn cobs. The 
developed pretreatment method revealed a higher reducing 
sugar (1.53 g/g) for the SGLD-PWW pretreatment compared 
to 1.04 g/g (reducing sugar yield) for the MGLD-PWW 
strategy. Similarly, in a study by Naidoo et al. [14], a green 
liquor-based pretreatment was developed to enhance fer-
mentable sugar recovery from sorghum leaves (SL) for bio-
fuel production. This was followed by fermentation process 
using the pretreated SL hydrolysate giving rise to bioethanol 
concentration of 12.16 g/L. In another study, Laltha et al. 
[15] developed a microwave-assisted-paper wastewater 
(M-PWW) strategy to improve sugar recovery from banana 
pseudostem. The pretreatment regime revealed the M-PWW 
method resulted in reducing sugar and glucose recovery of 
0.498 g/g and 0.413 g/g, respectively. These wastewater 
pretreatment strategies are desirable, since they are waste-
based. Despite the availability of data on wastewater usage 
in lignocellulosic biomass pretreatment, presently, there is 
a dearth of knowledge on utilization and co-valorization of 
black liquor and starchy potato waste for biofuel produc-
tion. To the best of our knowledge, there are no reports on 
co-valorization of black liquor and starchy potato waste for 
bioethanol production. Furthermore, clean and safe water is 
essential for the survival of all living things as well as the 
efficient operation of the societies at large [16]. Thus, it is 
important to find alternative ways to conserve potable water 
usage during lignocellulosic bioethanol production. Usually, 
large amount of water is consumed during lignocellulosic-
based bioprocessing which includes pretreatment, and fer-
mentation. For instance, Fang et al. [17] reported that the 
production of 1 L of biofuel requires 1.9 to 5.9 L of water. 
The second-generation biofuel production water consump-
tion is even higher as it requires more unit operations, such 
as the pretreatment step and the post-pretreatment washing 
steps in some cases to remove residual chemical and poten-
tial inhibitors of bioconversion processes [18]. Furthermore, 
the provision of clean water is a worldwide crisis, presently, 
only 2% of the available 70% of water on the earth’s surface 
is freshwater [19]. This severe scarcity of freshwater has 
affected billions of people globally due to improper alloca-
tion and distribution of water for domestic, agricultural, and 
industrial use. Thus, allocating this scare freshwater for bio-
fuel production has not been attractive, since 90% of work-
ing volume during biofuel production is usually freshwater 
[19]. A plausible solution would be to use wastewater such 
as black liquor. It will be less expensive and rather profit-
able to replace the valuable freshwater with readily available 
wastewater such as black liquor for bioethanol production. 
Although, biofuel production from different wastewaters in 
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association with freshwater usage has been reported. Com-
plete utilization of black liquor without using freshwater at 
any stage in bioethanol production is scarcely reported.

Therefore, the present study aims to model and optimize 
the co-valorization, and concurrent detoxification of potato 
waste and black liquor for simultaneous saccharification and 
bioethanol production using response surface methodology. 
In addition, the kinetics of the process were assessed using 
the logistic function and the modified Gompertz models.

2 � Materials and methods

Starchy potato waste (SPW), used as the feedstock for the 
experimental study was collected from food vendors in Piet-
ermaritzburg metropolis, KwaZulu-Natal province, South 
Africa (29.5418° S, 30.4077° E). The potato waste (potato 
peels) was dried in the oven (Scientific series 2000, South 
Africa) at 50–55 °C and then milled to particle sizes > 2 mm.

CuO nanoparticle (NP) was prepared using a salt and a 
reducing agent [20]. Briefly, 0.04 M copper sulfate pentahy-
drate (CuSO4.5H2O) was mixed with 1 M NaOH continu-
ously to achieve a pH of 12.7. The mixture was then exposed 
to microwave irradiation at 700 W for 2.5 min. Thereafter, 
a black-grey precipitate was formed, washed with distilled 
water, and dried at 70 °C overnight. The obtained dried nan-
oparticle was afterwards characterized as outlined in Sanusi 
et al. [8].

2.1 � Black liquor (BL)

The black liquor used in this study was obtained from 
Mondi Limited Richards Bay mill, KwaZulu-Natal prov-
ince of South Africa. The BL sample was collected from 
the secondary effluent treatment plant with a pH of 12.18, 
density of 1.167 kg/m3 and total dissolved solid (at 180 °C) 
of 11,0034 mg/L. Additional physico-chemical parameters 
of the BL are shown in Table 1.

2.2 � Characterization of native and treated SPW

Scanning electron microscope (SEM) was used to visual-
ize SPW structural and morphological observable changes. 
Dry samples of native and treated SPW separately were 
gold-coated using a gold sputter coater (Quorum (Q150R 
ES) Coater, United Kingdom) prior to viewing. The images 
were recorded at 250 times magnification. Likewise, Fou-
rier transform infrared spectroscopy (FTIR) analysis on the 
native and the treated SPW was carried out using a Perkin 
Elmer 100 (Waltham, MA, USA) with a dry sample pressed 
into the detector discs. Thereafter, the observable FTIR 
spectrum for each sample was obtained in the range of 400 
to 4000 cm−1.

2.3 � Co‑valorization pretreatment of SPW with black 
liquor and detoxification

Nano-assisted black liquor pretreatment of SPW and con-
current detoxification of pretreated SPW hydrolysate were 
carried out in 100-mL Schott bottles with a working vol-
ume of 50 mL. The BL was used as the only pretreating 
chemical solution and water source in this study. The SPW 
solid loading was varied according to the experimental 
design Table 2 (The pretreatment parameters were chosen 

Table 1   Chemical composition of black liquor

Determinands Units Value

pH - 12.18
Density kg/m3 1.1677
Calcium mg Ca/kg  < 31
Potassium mg K/kg 166
Magnesium mg Mg/kg  < 15.7
Sodium mg Na/kg 3254
Copper mg Cu/kg  < 17
Iron mg Fe/ kg  < 15
Manganese mg Mn/kg  < 17
Phosphorus mg P/kg 3.98
Sulfur mg S/kg 2860
Zinc mg Zn/kg 0.66
Suspended solids at 105 °C mg/L 824
Total dissolved solids at 180 °C mg/L 110,034
Total solids at 105 °C % m/m 13
Total organic carbon % g/g 25

Table 2   Box-Behnken design of process parameters affecting bioeth-
anol production

Run NP (wt%) Tempera-
ture (°C)

Solid load-
ing (%)

Bioethanol (g/L)

1 0.5 35 12.5 6.422
2 0 35 20 8.05
3 0.5 35 12.5 6.817
4 1 35 20 3.827
5 0 35 5 3.329
6 0.5 28 20 1.231
7 1 28 12.5 8.324
8 0.5 42 5 9.492
9 0.5 42 20 6.248
10 0.5 28 5 6.73
11 0 42 12.5 9.263
12 0.5 35 12.5 6.756
13 1 42 12.5 9.492
14 0 28 12.5 3.535
15 1 35 5 16.916
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after a preliminary experimental study). To each of the 
Schott bottles 50 mL of black liquor was added then auto-
claved at 115 °C for 10 min. The hydrolysate was immedi-
ately evaluated for inhibitory compound concentration [9]. 
Afterwards, the obtained detoxified hydrolysate was lique-
fied at pH 7 (using 0.0417 mL amylase/g of substrate). The 
liquefication process was carried out at 90 °C for 60 min 
then at 96 °C for 10 min to denature the enzyme stopping 
its activities [8].

2.4 � SSF‑RSM modelling, optimization, 
and validation

Simultaneous saccharification and ethanol production were 
optimized by RSM using the Box-Behnken design (Design 
Expert, Stat Ease, USA). Input parameters for SSF-RSM 
were examined at three (3) levels: temperature (28, 35, and 
42 °C), CuO NP concentration (0, 1, and 1 wt%), and solid 
loading (5, 12.5, and 20%), with bioethanol concentration 
as the response parameter. The experimental design gener-
ated 15 independent runs and were carried out as shown 
in Table 2. Briefly, the simultaneous saccharification and 
fermentation process was carried out in a 250-mL Erlen-
meyer flask with a working volume of 100 mL. Each flask 
contained 50 mL of the pretreated, detoxified, and liquefied 
SPW hydrolysate, fermentation media [8], amyl glucosidase 
(0.058 mL/g of substrate), and 10% seed culture of Saccha-
romyces cerevisiae (v/v) [8]. The aliquots were thereafter 
incubated at their respective temperatures (Table 2) for 24 h 
at 120 × g. The obtained experimental data were used to fit 
the polynomial model equations, relating the input param-
eters to the bioethanol concentration using Design Expert 
software (Stat-Ease Inc, USA).

Thereafter, the predicted SSF-RSM model optimal input 
conditions of 0.338 wt% CuO nanoparticle, 42 °C incubating 
temperature, and 11.519% solid loading were experimentally 
validated. The validation experiment and controls (uninocu-
lated and without nanoparticle) were carried out accordingly 
and incubated for 24 h at 120 × g. The sampling analysis was 
performed every 3 h, and the samples were subsequently 
analyzed for sugar and ethanol concentration.

2.5 � Analytical methods

The inhibitory compounds (furfural, HMF, and phenol) in 
the black liquor and the pretreated hydrolysate were quan-
tified using UV Spectrophotometry at a wavelength of 
280 nm, 285 nm, and 540 nm, respectively [9].

Reducing sugar (RS) (g/L) concentration was obtained 
from the hydrolysate supernatant using the 3,5–dinitro-
salicylic acid assay while, the ethanol concentration was 

determined in the gas phase of the SSF process using Ver-
nier ethanol sensor (LABQUEST®2, Vernier, USA).

2.5.1 � Kinetics studies

Logistics function model for cell growth  The logistic func-
tion (Eq. 1) illustrates the relationship between the biomass 
concentration (X), the initial cell concentration (X0), the 
maximum cell concentration (Xmax), and the maximum 
growth rate (µmax) at specific times (t) during the exponen-
tial and stationary phases of S. cerevisiae growth during the 
SSF process.

Modified Gompertz model for bioethanol production  The 
Modified Gompertz model was used to elucidate the maxi-
mum bioethanol production rate (rp,m), the maximum poten-
tial bioethanol concentration (Pm), and the bioethanol produc-
tion lag time (tL) during the SSF process as shown in Eq. 2.

where P is the bioethanol concentration (g/L), Pm is the 
potential maximum bioethanol concentration (g/L), rp,m is 
the maximum bioethanol production rate (g/L/h), and tL is 
the lag time (h) before bioethanol production started.

3 � Results and discussion

3.1 � Pretreatment and hydrolysate detoxification

3.1.1 � Chemical elements present in black liquor

The black liquor is highly alkaline with a pH of 12.18 
(Table 1). The high alkaline pH such as obtained in the black 
liquor was needed for the delignification of lignocellulosic 
biomasses by enabling the oxidation of the lignin ethylene 
double bonds, improving their sponginess and susceptiv-
ity, thus enhancing the recovery of the starch, cellulose, and 
hemicellulose components [21]. Similarly, elevated alkalinity 
and pH as well as the ionic chemical composition in the black 
liquor aids the delignification of the potato waste through 
fragmentation of its recalcitrant lignin moieties for improved 
sugar recovery from the starch and the cellulose components.

Sulfur and sodium ions are present in high concentration 
of 2860 mg S/kg and 3254 mg Na/kg, respectively. The ele-
vated sulfur content is due to the high lignin content in the 
black liquor. When lignin is degraded to shorter fragments, 

(1)X =
Xo exp (μ max t)

1 − [(
X0

Xmax
)(1 − ���(μ maxt)]

(2)P = Pm.exp

{

−exp

[

rp,m.���(1)

Pm

]

.
(

tL − t
)

+ 1

}
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sulfur content is one of the main degradation by-product 
contents obtained from lignin degradation. On the other 
hand, the high sodium concentration can be accounted for 
due to the large quantity of NaOH employed for paper mak-
ing. Other chemical elements present in lower concentration 
were phosphorus (3.98 mg P/kg), potassium (166 mg K/kg), 
and zinc (0.66 mg Zn/kg). These ionic chemical components 
in black liquor have the potential to interact with the SPW 
biomass to enhance sugar recovery. Black liquor provides an 
alternative chemical medium while still maintaining simi-
lar efficiency to expensive alkali agents such as NaOH. For 
instance, in the previous study, Gu et al. [22] observed under 
optimal pretreatment conditions using green liquor achieved 
over 40% removal of lignin from corn stover and enhanced 
sugar recovery up to 70%.

Moreover, the relatively higher sugar recovery obtained 
after the pretreatment regime could be attributed to the syn-
ergistic interaction of the black liquor, nanoparticle, pretreat-
ment time, and autoclave heat employed. Aside from the 
aforementioned impacts of the black liquor on the potato 
waste, the black liquor also facilitates heat and influences 
its depth of penetration [23]. The pretreatment time and 
autoclave heating facilitates the build-up of heat within the 
solution, leading to the effective solubilization and disrup-
tion of lignin wall [24]. Moreover, the autoclave heating gen-
erates pressure within the substrate polymer, this ensures 
its rapid expansion and subsequently, the distortion of its 
inherent structure. Furthermore, the impact of the autoclave 
heat could be ascribed to the effect of heat on the intermo-
lecular bonds of the structural carbohydrates to weaken the 
bonds resulting in their susceptibility to hydrolytic activities. 
Lastly, the inclusion of CuO NP worked in synergy with 
the other process conditions to hydrolyze the lignin struc-
tures due to its considerable large surface area, reactivity, 

catalysis, and cellular penetration capabilities that further 
promote the hydrolytic process [8].

3.1.2 � SEM and FTIR analyses of treated and untreated 
potato peels

SEM images obtained for the treated and untreated potato 
peels confirmed the potential morphological changes 
(Fig. 1). The untreated potato peel showed a smooth, rigid, 
well-ordered, intact structure while the pretreated potato 
waste sample exhibited a significant morphological change 
and alterations. The surface alterations showed an irregular, 
loose, porous structure with several cracks. Also, the com-
bination of the fragmentation of the pretreated potato waste 
biomass increased its surface area resulting from the destabi-
lization of the rigid cell wall structure during delignification 
[25]. Comparable observations on different pretreated bio-
masses have been reported in literature though using other 
pretreatment methods [25]. Moreover, the observed changes 
and alterations for the pretreated SPW sample indicate the 
pretreatment regime was effective for the SPW structure 
alteration that subsequently enhanced both hydrolytic and 
saccharification processes towards improved sugar recovery. 
Additionally, these observations agreed with the hemicel-
lulose removal, cellulose content recovery, and lignin del-
ignification [24, 25]. The observed morphological changes 
in SPW structure are also substantiated by the changes in 
the structural components revealed by the FTIR recorded 
spectra.

The FTIR spectra data in Fig. 2. showed the fractions 
of lignin, cellulose, and hemicellulose usually found within 
the SPW biomass. Structural changes were observed after 
the pretreatment and were indicated by the variations in the 
banding patterns for the pretreated SPW and the untreated 

Fig. 1   Scanning electron microscope image of the untreated potato peel (A) and treated potato peel (B) at × 250 magnification
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SPW samples. The FTIR spectrum of the untreated SPW 
showed band peaks at 3271 cm−1, 2282 cm−1, 1644 cm−1, 
and 1015 cm−1 and these are due to O–H stretching, C-H 
stretching, carbonyl stretching and C-O stretching, respec-
tively (Fig. 2). The hydroxyl group in cellulose, the car-
bonyl group in the acetyl ester in hemicelluloses, and the 
carbonyl aldehyde in lignin are responsible for these absorp-
tion bands. On the other hand, the FTIR spectra absorptive 
peaks that were linked with lignin, cellulose, and hemicel-
lulose were stronger after the alkaline (black liquor) treat-
ment of the SPW compared to the untreated for instance 
the 3271 cm−1 band was shifted to a higher wavenumber 
of 3281 cm−1 while the 2228 cm−1 band was shifted to a 
higher wavenumber of 2237 cm−1. 1015 cm−1 due to O–H 
stretching after the pretreatment regime shifted to a lower 
wavenumber of 1006.50 cm−1. Previous reports on biomass 
pre-treatment have recorded similar banding patterns [25]. 
The FTIR analysis of the treated and the untreated SPW 
samples further substantiates the occurrence of structural 
changes during the pretreatment process that resulted in the 
unwinding of cellulose, hemicellulose, and lignin structures.

3.1.3 � Effect of CuO NP on the inhibitory compound 
removal

To improve the utilization of the black liquor in bio-
processing, CuO NP was used to lower the concentration 
of observed inhibitory compounds. The difference in the 
inhibitor’s concentrations between the control experiments 
and those with CuO NP are shown in Table 3. The HMF 
(0.290 g/L) and furfural (1.325 g/L) concentration were sig-
nificantly lower in the nanosystem compared to the control 
experiment (2.190 g/L and 1.708 g/L, respectively). This 
is 7.55-fold and 1.29-fold reduction, respectively. For the 
phenol (1.605 g/L) there was a slight decrease in concentra-
tion in comparison to the control (1.650 g/L). While for the 
hydrolysate with no nanoparticles, the phenol concentration 

(1.390 g/L) reduced suggestively compared to the control 
(1.650 g/L). The inhibitor removal could be attributed to 
high transition levels due to the recombination of excitons 
of inhibitors on the nanoparticle surface as well as the ligand 
complexation of the nanoparticle and the inhibitors [26]. 
Also, the inhibitor speciation and surface charge of CuO 
NP were most probably involved in the inhibitor removal 
[9]. Moreover, the pH of the medium could have caused the 
precipitation and/or volatility of the inhibitors thus lower-
ing their concentrations [8, 9,]. Likewise, the electrostatic 
attraction between the difference in charge of the inhibitor 
and the surface charge of CuO NP might have resulted in the 
inhibitor removal. In addition, the removal capacity of CuO 
NP is higher at high inhibitor concentration, which could be 
explicated simply at higher inhibitor concentration. Specifi-
cally in this study, HMF with the highest concentration in 
the pretreated hydrolysate was the most detoxified largely 
due to the high driving force for the migration of HMF 
inhibitor to the surface of the CuO NP [27]. High inhibitory 
compound concentration results in high adsorption of the 
inhibitors in the pretreated black liquor hydrolysate, which 
results in lowing the ion constituent of the medium thus, the 
overall charges potential of the system. For instance, Ade-
bule et al. [9], showed at optimal detoxification conditions, 
Fe3O4 NP (at 0.021%) achieved significant detoxification 
efficiencies (> 21%) for furfural, HMF, phenol, acetic acid, 
and formaldehyde. Strong evidence of complexation and sur-
face attachment was reported as the removal mechanisms. 
Summarily, the inhibitor removal could be ascribed to the 
inhibitor removal mechanisms which is a function of the 
inhibitors’ functional groups, and the impacts of the process 
parameters employed [9].

In addition, novel detoxification development with CuO 
NP or using other removal agents like activated charcoal to 
further improve the removal efficiency of the process as well 
as assessment of other optimization tools (such as genetic 
algorithm, artificial neutral network, and large language) 
could improve the overall process performance. When sat-
isfactory process efficiency and performance have been 
achieved, scale up studies would be necessary to achieve 
industrial application. This technique of nanoparticle inclu-
sion for inhibitory compound removal has shown potential 

Fig. 2   FTIR spectrum of treated and untreated potato peels

Table 3   Effect of CuO nanoparticle on inhibitors present in black liq-
uor

Inhibitors Black liquor Pretreated with 
no CuO NP

Pretreated 
with CuO 
NP

HMF (g/L) 1.647 2.190 0.290
Furfural (g/L) 1.668 1.708 1.325
Phenol (g/L) 1.650 1.390 1.605
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high process performance which makes it a feasible strat-
egy for large scale lignocellulosic bioprocessing. Scaling up 
could considerably impact the process kinetics and conse-
quently, the process performance. Thus, experimental inves-
tigation on scaling up processes as it relates to nanoparticle 
inclusion in lignocellulosic bioprocessing for inhibitory 
compound removal is necessary.

3.2 � SSF‑RSM Model development

The effect of three distinct parameters, solid loading 
(5–20%), CuO NP (0–1 wt%), and temperature (28–42 °C), 
on the production of ethanol during the SSF process was 
evaluated using the response surface methodology (RSM). 
Table 1 shows that the highest bioethanol concentration 
observed was 16.916 g/L with process conditions of 1 wt%, 
35 °C, and 5% for CuO NP, temperature, and solid loading, 
respectively. However, the lowest bioethanol concentration 
of 1.231 g/L was observed with CuO NP, temperature, and 
solid loading of 0.5 wt%, 28 °C, and 20%, respectively. The 
lower incubating temperature and high solid loading could 
have affected the efficiency of bioethanol production. The 
wide variation in the responses suggests the high sensitivity 
of bioethanol production on the studied process input con-
ditions. The influence of process temperature on bioethanol 
production can be attributed to its impacts on the S. cerevi-
siae bioactivities and growth kinetics during ethanol fermen-
tation. Generally, extreme temperatures, negatively impact 
bioprocess efficiency by inhibiting enzymatic activities, 
shortening the exponential growth stage and consequently, 
productivity. Likewise, high substrate availability could 
alter the cell’s metabolic flux from a bioethanol metabo-
lism using mainly glycolysis, to a respirational metabolism. 
During respirational metabolism, the ethanol produced is 
used up through the tricarboxylic acid, glyoxylate cycles, 

and mitochondrial electron transport chain. Moreover, the 
observed high bioethanol concentration might have been 
enhanced by the positive interaction of the CuO nanoparti-
cle, the fermenting yeast, and the available substrate towards 
improved metabolic activities and ethanol bioprocessing.

The experimental data obtained from the SSF processes 
(Table 1) were used to generate a second-order quadratic Eq. (1)

where Y is the ethanol concentration (g/L), A is the CuO 
NP, B is the temperature, and C is the solid loading. This 
equation relates the response to the independent parameters 
and shows the linear, interactive, and quadratic effect of 
the parameters to bioethanol concentration. The positive 
coefficient represents a synergistic effect, and the negative 
coefficient donates a negative effect [28]. This polynomial 
relationship in terms of the modelled in factors can be used 
to make useful predictions about the bioethanol response for 
every given level of each parameter. The coded relationship 
is suitable for recognizing the relative influence of the input 
factors by comparing the factor coefficients.

The analysis of variance (ANOVA) was used to analyze 
the validity of the fitted model (Table 4). The model showed 
a high F-value of 40.25 and a low p-value of 0.0004. Since 
the p-value is < 0.05 and the model displays high F-value the 
model is significant [29]. Moreover, using their p-values, the 
individual parameters’ significance was evaluated. All three 
(3) parameters nanoparticles (0.0009), temperature (0.0008), 
and solid loading (0.0004) significantly affected bioethanol 
production whilst interactive effect of nanoparticles and tem-
perature meaningfully impacted bioethanol production with 
a p-value of 0.0245. The model gave a high coefficient of 
determination (R2) value of 0.98, indicating that the model 

(1)

Y = + 6.67 + 1.80A + 1.83B − 2.14C − 1.14AB − 4.45AC

+ 0.5637 + 1.55A
2 − 0.5584B

2 − 0.1814C
2

Table 4   Analysis of variance 
(ANOVA) of the RSM model

Source Sum of squares Df Mean square F-value p- value Prob >F  Remarks

Model 185.92 9 20.66 40.25 0.0004 Significant
A-nano 25.86 1 25.86 50.37 0.0009
B-temperature 26.92 1 26.92 52.45 0.0008
C-solid loading 36.60 1 36.60 71.30 0.0004
AB 5.20 1 5.20 10.13 0.0245
AC 79.30 1 79.30 154.49  < 0.0001
BC 1.27 1 1.27 2.48 0.1764
A2 8.84 1 8.84 17.21 0.0089
B2 1.15 1 1.15 2.24 0.1945
C2 0.1215 1 0.1215 0.2366 0.6472
Residual 2.57 5 0.5133
Lack of fit 2.48 3 0.8253 18.25 0.0524 Not significant
Pure error 0.0904 2 0.0452
Cor total 188.48 14
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could account for 98% of the variability in the observed data. 
In addition, the lack of fit (2.48) obtained for the model is 
not significant, meaning that the model has a good fit.

3.3 � Interactive effect of SSF input parameters 
and process validation

Figure 3 illustrates the interactive effect of the process param-
eters on the bioethanol production. Figure 3A represents an 
interaction between temperature and CuO NP on bioethanol 
production while the solid loading was fixed at its middle 
value simultaneous increase in temperature from 28 to 35 °C 
and CuO NP from 0 to 0.5 wt% increased the bioethanol 
concentration from 3.530 to 6.756 g/L. Any further increase 
in temperature (> 35 °C) and CuO NP (> 0.5 wt%) resulted 
in further increase in bioethanol concentration from 6.765 to 
9.492 g/L. On the other hand, an increase in CuO NP con-
centration from 0 to 1 wt% while the temperature was kept at 
its lowest level (28 °C) resulted in bioethanol increment from 
3.53 to 8.324 g/L, while further increase in the temperature 
until 42 °C positively impacted the bioethanol concentration 
with an increase from 8.324 to 9.263 g/L.

Figure 3B shows the interactive effect of CuO NP and 
solid loading on the bioethanol concentration while the tem-
perature was kept in its median value. This shows that an 
increase in CuO NP from 0 to 1 wt% while the solid loading 
was maintained at low levels of 5% resulted in bioethanol 
concentration increment from 3.329 to 16.916 g/L. High 
CuO NP could have acted as an enzyme cofactor/enzyme 
activator, growth factor, chelating agent, enzyme stabilizer, 
and cell growth stimulator to improve the microbial meta-
bolic activities [7, 8, 30]. Additionally, the CuO NP due to its 
large surface areas and their interactions with and to reduce 
the inhibitory compounds in the pretreated hydrolysate as 
highlighted above (Sect. 3.1.4). Lower concentration of pro-
cess inhibitory compounds has been known to improve the 
metabolic process of S. cerevisiae towards enhanced bioeth-
anol bioprocessing [8, 30]. Moreover, further increase in the 
solid loading from 5 to 20% negatively impacted bioethanol 
production resulting in bioethanol concentration reduction 
from 16.916 to 8.05 g/L. On the other hand, simultaneous 
increase in solid loading and CuO NP from 5 to 12.5wt% and 
0–0.5 wt%, respectively led to an increase in the bioethanol 
concentration from 3.329 to 6.756 g/L. Any further incre-
ment in the solid loading (> 12.5%) and CuO NP (> 0.5 
wt%) negatively impact bioethanol production resulting in 
bioethanol concentration reduction from 6.756 to 3.827 g/L.

Fig. 3   Contour plots displaying the interaction between: A Nanopar-
ticle concentration and temperature; B nanoparticle concentration and 
solid loading; C temperature and solid loading for the nano-based 
pretreatment of waste potato peel

▸
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The interactive effect of temperature and solid loading on 
the bioethanol concentration while the nanoparticle is kept 
in its median value as shown in Fig. 3C. It was observed 
that a simultaneous increase in temperature from 28 to 
35 °C and solid loading from 5 to 12.5% slightly decreased 
the bioethanol concentration from 6.73 to 6.422 g/L. Any 
further increase in temperature from 35 to 42 °C and solid 
loading from 12.5 to 20% resulted in further reduction in 
bioethanol concentration from 6.422 to 6.248 g/L. On the 
other hand, an increase in temperature from 28 to 42 °C 
while the solid loading was maintained at 5% resulted in 
improved bioethanol concentration from 6.73 to 9.49 g/L. 
The reduction in bioethanol concentration observed with 
elevated solid loading (> 12.5%) might be attributed to high 
viscosity and poor mixing efficiency in the system. Conse-
quently, this elevated viscosity hampers the effectiveness of 
the mass and heat transfer, thereby decreasing the bioethanol 
production efficiency [31]. Additionally, it causes the crea-
tion of nutrient gradient concentration which might have a 
negative impact on the S. cerevisiae cells’ osmotic pressure 
[31]. As outlined earlier, high temperature and high solid 
loading have been known to negatively impact the activities 
of hydrolytic and saccharifying enzymes and consequently 
bioethanol productivity [29]. Likewise, solid loading has 
been known to impact hydrolysate molarity, rate of mass, 
and heat transfer. These in turn could influence liquefac-
tion, saccharification, and fermentation performances. This 
additionally might have justified the solid loading signifi-
cance and impact on the bioethanol responses in the present 
model. Looking at the sensitivity of responses to process 
input parameters (Table 4), it is important to implement opti-
mal process conditions for enhanced bioethanol productivity 
and yield.

Validation of the developed SSF model was conducted 
using predicted optimal process conditions of 0.338 wt%, 
42 °C and 11.519% for CuO NP, temperature, and solid 
loading, respectively. The experimental validation of 
these parameters carried out without freshwater inclu-
sion showed high bioethanol production of 21.37 g/L, 
this was 1.68-fold higher compared to the control experi-
ment (12.74 g/L). Obviously, the inclusion of CuO NP 
worked in synergy with the optimal process conditions 
to promote cellular uptake, metabolic and enzyme activi-
ties for improve ethanol production. Moreover, trace metal 
ions such as copper ion are essential growth factors that 
activate many metabolic enzymes, thus improving cellular 
growth and metabolic activities. Thus, the increased etha-
nol production in the presence of CuO NP could be attrib-
uted mainly to the contribution of CuO ions as growth 
factors [7]. The desirable results obtained in this study 
can also be ascribed in part to the reduction of inhibitory 
compounds in the pretreated SPW hydrolysate. This pro-
motes the metabolic and cellular kinetics of the fermenting 

yeast [32]. Fermentation inhibitors such as furfural, HMF, 
and phenol have been reported to impede cellular growth 
due to detrimental intracellular conditions [30]. Detoxifi-
cation approach lower the negative effect of the inhibitory 
compounds on the process productivity. Aside CuO NP 
acting as detoxifier, enhancing enzymatic activities, it aids 
mass and gaseous transfer ultimately improving metabolic 
pathway for higher ethanol bioprocessing.

Moreover, in the present study no freshwater usage 
(freshwater and chemical were replaced with PWW) elim-
inating expensive chemical application in this research. 
The huge cost associated with freshwater usage during 
lignocellulosic-based bioprocessing has resulted in search 
of alternatives that can reduce this processing cost, while 
maximizing productivity [13–15]. The PWW industry gen-
erates huge alkaline-based wastewater like PWW that is 
either landfilled or needs costly and high-energy treatment 
processes to meet the required environmental guidelines 
before disposal. With the aforementioned bottlenecks, 
the current developed strategies in this study could be of 
benefit to paper industries by (1) utilizing their wastewa-
ters, the huge cost associated with lignocellulosic based 
bioprocessing could be lower; (2) thus preventing PWW 
landfill as well as treatment cost before disposal; and (3) 
alleviating the burden on portable water security [13–15].

3.4 � Kinetic studies

3.4.1 � Kinetic modelling of S. cerevisiae cell growth

Changes in the S. cerevisiae growth during the SSF bioeth-
anol processing are shown in Fig. 4A. The cell growth 
experienced exponential phase almost instantaneously 
between 0 and 21 h and the stationary phase was observed 
after 21 h. This is due to the presence of sufficient glucose 
and nutrients that are required for cell growth [33]. The 
experimental data from Fig. 4A were fitted into the logis-
tics model with a high coefficient of determination (R2) 
value of 0.95. This is comparable to previous studies (sup-
plementary document) where R2 of significance was also 
obtained [30, 34]. Moreover, the CuO nano-administered 
process showed higher maximum cell biomass concentra-
tion (Xmax) of 3.21 g/L compared to the control experi-
ment which had a Xmax of 1.21 g/L. However, the Specific 
growth rate (µmax) with the nano-administered process was 
slightly lower than the control experiment. Though insig-
nificant lower µmax was obtained in the nano-administered 
process, higher bioethanol concentration (20.20 g/L) and 
desirable lag phase were observed in comparison to the 
control experiment, thus suggesting that the presence 
of CuO NP largely enhanced S. cerevisiae conversion 
of available substrate to desired product (bioethanol) as 
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highlight above. Inoculum development with CuO NP 
could improve cell growth rate and further boost bioetha-
nol production.

3.4.2 � Kinetics of bioethanol production

The bioethanol production for the SSF process is illustrated 
in Fig. 4B. It was observed that the nanoparticle-supple-
mented process and the control process showed minimal or 
no lag phase. Bioethanol concentration gradually increased 
to a maximum of 20.15 g/L from 0 to 21 h; afterwards, there 
was no further increase in bioethanol production observed. 
The decrease in bioethanol production was most prob-
ably triggered by nutrient depletion, ethanol oxidation, and 
organic acid formation [35]. To further elucidate the bioetha-
nol production kinetics, the maximum product potential (Pm), 
maximum production rate (rp.m), and the production lag time 
(tL), the resultant experimental data from the bioethanol pro-
duction was fitted to the modified Gompertz model. Model 

R2 values > 0.99 were obtained suggesting that the model 
could accurately predict the production of ethanol under the 
present experimental conditions. The Pm, rp.m, and the tL for 
the nanoparticle-supplemented process were 20.20 g/L, 2.44 
and 0 h, respectively. On the contrary, the Pm, rp.m, and the 
tL in the control experiment were 10.86 g/L, 44.50 and 0. 
74 h respectively. The observed higher Pm and no lag phase 
in the CuO NP-supplemented process could be attributed to 
enhanced metabolic activity under the nanobiocatalyst fer-
mentation condition as well as reduction in inhibitory com-
pound concentration [30]. The obtained data in the present 
study is comparable to literature (supplementary document). 
For instance, higher maximum potential bioethanol concen-
tration (Pm) and maximum bioethanol production rate (rp,m) 
with the inclusion of CuO NP were obtained in this study 
compared to Sanusi et al. [30] who obtained a lower potential 
bioethanol concentration (Pm) of 2.56 g/L and rp.m value of 
0.31 g/h/L with the inclusion of NiO nanoparticle. However, 
Dodic et al. [34] observed a high potential bioethanol con-
centration (Pm) of 73 g/L compared to the CuO NP-supple-
mented experiment in this study. Additionally, Sanusi et al. 
[30] and Dodic et al. [34] had a higher lag time 1.58 h and 
1.04 h, respectively, compared to the current study which had 
no lag phase (0 h). This further confirms that the addition of 
CuO NP and detoxification of pretreated hydrolysate before 
and during the fermentation process had a significant effect 
on the bioethanol production lag phase, maximum potential 
bioethanol production, and production rate and thus can be 
used to enhance bioethanol production performance.

3.5 � Merits, demerits, and outlook on the use 
of black liquor in lignocellulosic biorefineries

Lignocellulosic biorefinery systems use the integration of 
different aspects of bioprocessing for waste valorization. 
Presently, there are scarcity of literature and limited knowl-
edge on the use of wastewaters for biomass pretreatment 
[21]. This bioprocess development approach will provide 
data and  system towards high productivity, low energy 
usage, waste management coupled with the technoeconomic 
feasibility, the industrialization of lignocellulosic biorefinery 
systems. Pretreatment processes account for over 40% of the 
total cost in lignocellulosic biorefinery systems because this 
process requires specialized equipment, high energy input, 
costly chemicals, and freshwater usage. The high cost of 
the pretreatment stage could be a hindrance to large-scale 
biorefinery system implementation [21, 36]. Hence, a lot 
of research efforts have been geared towards biorefinery 
systems implementation that could harness waste-based 
approaches to mitigate these challenges. In this regard, the 
present work optimized a novel black liquor and potato peel 
pretreatment method followed by the utilization of the pre-
treated potato peel hydrolysate for bioethanol bioprocessing. 

Fig. 4   S. cerevisiae biomass growth (A) and bioethanol production 
(B) during the SSF process
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On the other hand, the use of black liquor as a pretreatment 
solvent presents merits of waste management, and the utili-
zation of the inherent metal ions that typically would have 
been detrimental to the environment. Additionally, black 
liquor as a pretreatment agent selectively degrades lignin 
from the biomass for the release of useful hemicellulose 
and cellulose carbohydrates. Another efficient use of black 
liquor is that it is not corrosive and consequently has the 
potential to lower the overall production cost when black 
liquor from paper milling plants is integrated to lignocellu-
losic bioprocessing [21, 36]. To put this into perspective, the 
present study revealed a suitable hydrolysate with high sugar 
yield and reduction in process inhibitor concentration for the 
optimized black liquor-nano pretreatment. The pretreated 
hydrolysate was subjected to bioethanol production and gave 
a high bioethanol concentration of 21.37 g/L. The results 
from this study have demonstrated the potential for waste co-
valorization in biorefinery systems towards improved pro-
cess economics and productivity, while significantly (100%) 
conservating freshwater in lignocellulosic bioprocessing as 
well as generation of valuable bioproducts that is line with 
global sustainable development goals.

3.6 � Conclusion

In this study, SPW and black liquor co-valorized to produce 
bioethanol while saving costs and conserving freshwater was 
successfully achieved. The SEM and the FTIR confirmed 
the removal of lignin and the recovery of fermentable car-
bohydrates from pretreated SPW. Remarkably, the inclu-
sion of CuO NP significant reduced process inhibitors (fur-
fural = 1.26-fold, HMF = 5.68-fold, and phenols = 1.03-fold). 
Moreover, the optimized process resulted in bioethanol con-
centration of 21.37 g/L. Evidently, the use of black liquor and 
autoclave pretreatment in the presence of CuO NP enhances 
potential commercial viability of lignocellulosic-based bioeth-
anol production since shorter pretreatment times, inhibitory 
compound detoxification, freshwater conservation, and high 
bioethanol productivity could be achieved. Furthermore, 
assessment of the scalability of the developed model towards 
commercialization is necessary. This commercialization could 
generate an extra income stream from other potential value-
added products to further boost the overall net revenue that 
could make up for the costs incurred in the scale-up process. 
Moreover, in the light of these findings, the feasibility of the 
developed model as demonstrated by the present study pro-
vides an opportunity to explore interdisciplinary approaches 
for developing sustainable energy solution. This report pro-
vides major insights for eliminating chemical application in 
lignocellulosic biorefineries representing a huge leap towards 
renewable and sustainable energy solution with the potential 
to significantly reduce capital costs associated with chemicals 
and also alleviate the burden on water security.
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