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Impact of nanoparticle inclusion on bioethanol production process
kinetic and inhibitor profile

Isaac A. Sanusia,*, Terence N. Suinyuyb, Gueguim E.B. Kanaa

aDiscipline of Microbiology, Biotechnology Cluster, University of KwaZulu-Natal, Pietermaritzburg Campus, South Africa
b School of Biology and Environmental Sciences, University of Mpumalanga, Mbombela, South Africa

A R T I C L E I N F O

Article history:
Received 3 October 2020
Received in revised form 8 December 2020
Accepted 31 December 2020

Keywords:
Band energy gap
Inhibitor profile
Nanoparticles
Bioethanol
Saccharomyces cerevisiae

A B S T R A C T

This study examines the effects of nanoparticle inclusion in instantaneous saccharification and
fermentation (NIISF) of waste potato peels. The effect of nanoparticle inclusion on the fermentation
process was investigated at different stages which were: pre-treatment, liquefaction, saccharification
and fermentation. Inclusion of NiO NPs at the pre-treatment stage gave a 1.60-fold increase and 2.10-fold
reduction in bioethanol and acetic acid concentration respectively. Kinetic data on the bioethanol
production fit the modified Gompertz model (R 2 > 0.98). The lowest production lag time (t L) of 1.56 h,
and highest potential bioethanol concentration (P m) of 32 g/L were achieved with NiO NPs inclusion at
different process stages; the liquefaction stage and the pre-treatment phase, respectively. Elevated
bioethanol yield, coupled with substantial reduction in process inhibitors in the NIISF processes,
demonstrated the significance of point of nanobiocatalysts inclusion for the scale-up development of
bioethanol production from potato peels.
© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diminishing fossil resources, in combination with environmen-
tal pollution associated with the exploitation of these resources,
make it imperative that a transition to bio-based resources is
considered [1]. The utilisation of lignocellulosic biomass is
desirable both for economic and environmental reasons, as
substrate suitability is one of the main cost factors taken into
consideration in large scale bioethanol production. It is, therefore,
crucial that ethanol production is carried out using inexpensive
and carbohydrate-rich feedstocks [2]. Agricultural waste is the
most abundant bioresource available for use as a feedstock for
biofuel production, thereby contributing to the reduction of

production costs [1]. Different techniques are employed for the
production of bioethanol from various bioresources (crops and
lignocellulosic) depending on the geographical location, crop and
the lignocellulosic biomass availability [3,4]. Potatoes (Solanum
tuberosum) are the single most prominent vegetable crop in South
Africa as the country is the number four producer of potatoes in
Africa, producing an estimated 2.3 � 106 tonnes of potatoes, with
the top three producing countries being Algeria (4.9 � 106), Egypt
(4.8 � 106) and Malawi (4.3 � 106) [5]. Potatoes are also a staple
crop across the world, currently, they became the world's fourth-
largest food crop after maize, wheat, and rice [6]. The amount of
potatoes processed is increasing yearly due to the expansion in the
fast-food industry, increase in average income of the populace,
increasing urbanisation and the inflow of international investment
through international processing companies [5]. This rise in
production and processing often leads to an increased generation
of large volumes of waste residues such as peels, usually making up
between 20–50 % of the entire tuber [6]. Most of the plant is,
therefore, underutilised and its disposal has led to environmental
concerns [7]. It is, therefore, necessary that an integrated,
environmentally friendly solution is identified and developed
[8,9].

Potato peels are a starchy, lignocellulosic waste containing
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urrently receiving great interest as its bioconversion to high-
alue products such as renewable fuels do not directly compete
ith food security [11]. The potential of waste potato material as

 feedstock for bioethanol production has recorded some
uccesses [12–14]. For instance, Fadel [15] achieved high alcohol
oncentration of 13.2 % v/v in a fermentation broth containing 25

 w/v glucose from potato waste. Likewise, Arapoglou et al. [8]
btained 18.5 g/L fermentable sugar from the enzymatic hydroly-
is of potato peel waste with a group of three enzymes and
roduced 7.6 g/L of ethanol after fermentation. Efforts towards the
se of starch-based lignocellulosic biomasses for bioethanol
roduction are being challenged by low sugar yield from substrate,
igh inhibitor production, high production cost and low fermen-
ation efficiency [16], thus highlighting the need for further
ptimisation.
Despite the vast information available on the use of pre-treated

tarch-based substrate for bioethanol production, there is a dearth
f literature on the kinetics of Saccharomyces cerevisiae growth and
ioethanol production from potato peels under nanobiocatalyst
onditions. Studies on kinetics would provide insights into the
mpact of process parameters on bioethanol formation [17,18].
oreover, kinetic modelling can be used to predict the dynamics of
ubstrate utilisation and bioethanol production rate. Usually, these
odels are employed to improve the yield and the productivity of
igh-quality product. The release of detrimental and inhibitory can
lso be minimised using these models [19]. The modified
ompertz model is employed to evaluate production lag time,
aximum product production rate, and maximum product
oncentration on a given substrate [20]. Such model could provide
aluable process products knowledge on bioethanol production
rocess using potato peels as feedstock in the presence of a
anobiocatalyst.
Nano-size materials have attracted huge interest for their

nique material properties and their corresponding practical
pplications in biotechnology [21,22] Nanoparticles (NPs) have
een used extensively in biomedicine, drug delivery, biosensors,
ater purification and environmental remediation [21,23]. Some
iological applications include immobilisation of enzymes, micro-
ial cells, as well as biocatalytic agents [23,24]. The strategy of
sing nanobiocatalytic agents in bioprocesses is to increase
rocess efficiency through increased mass and heat transfer,
nzymatic and cell metabolic activities arising from their large
urface areas, catalytic properties, growth and enzyme cofactor
unctionality [25,26]. Besides their importance as cofactor for
nzymatic activities, they are also required to aid the structural
tability of several proteins and enzymes, many could exert
ignificant control on cellular metabolic processes and ultimately
rocess performance [27]. Furthermore, nano-compounds such as
iO and Fe3O4 provide a suitable start-up environment for
ioproduct formation due to their ability to modulate oxidation-
eduction potential (ORP) values [28]. Yet, the application of this
pproach is limited because of the poor understanding of the
rocess and the limited available information on nanocatalysed
ioethanol fermentation.
Process conditions used for the pre-treatment of lignocellulosic

iomass result in the formation of inhibitory compounds [29]. The
egative impact of these inhibitors are usually longer microbial lag
ime and lower cell concentration. In addition, many of these
ompounds have been reported to influence negatively enzymatic
ydrolysis and fermentation processes. Fermentation inhibitors

and fermentation in the presence of nanocatalyts would enhance
the understanding of the interaction of the biomass and nano-
particles.

The primary biological technique for the production of
bioethanol from lignocellulosic feedstock is the instantaneous
saccharification and fermentation process. During this process
lignocellulosic feedstock is first saccharified by hydrolytic pro-
cesses to release fermentable sugar, which is simultaneously
fermented to produce bioethanol [26]. In instantaneous sacchari-
fication and fermentation (ISF), the overall process is limited by the
need to optimise enzymatic and cellular activities for maximum
sugar release and subsequent ethanol formation as well as to
minimise inhibitor formation during the pre-treatment and
fermentation processes [16]. Recent studies have examined
parameter optimisation as a technique to improve the efficiency
of instantaneous saccharification and fermentation process [31,16].
Attempts to include nanoparticles as biocatalytic agents to
enhance heat and mass transfer rates, buffering capacity,
enzymatic activities and cellular functionality continue to attract
great interest [23,24,26,32,33]. Very little is known on the
instantaneous saccharification and fermentation process with
nanobiocatalyst inclusion at various process namely, liquefaction
and pre-treatment stages.

This study therefore examines the impact of nanoparticle
inclusion at different stages of ISF, using waste potato peels as
substrate and to model the bioethanol production using the
modified Gompertz model. In addition, the effect of nanoparticle
inclusion on the process volatile compounds profile was also
evaluated.

2. Materials and methodologies

2.1. Potato peel powder preparation

Potato peels were collected from food vendors in the
Pietermaritzburg metropolis, KwaZulu-Natal province, South
Africa. They were immediately oven-dried at 50�55 �C and milled
to 1�2 mm particle size using a centrifugal miller. Composition
analysis [34] of pulverised waste potato peels show 20 % starch, 14
% structural carbohydrate, 4 % cellulose, 10 % hemicellulose, 6 %
lignin and 46 % others (lipids, protein, moisture content and ash
contents).

2.2. Soaking assisted thermal pre-treatment (SATP)

The powdered waste potato peels (Fig. 1) were subjected to
previously optimised process parameters of pre-treatment [35].
Briefly, 0.92 % (v/v) HCl solution at a solid-to-liquid (S:L) ratio of 10
% solid loading was soaked in a water bath without shaking for 2.34
h at 69.6 �C and followed by 5 min autoclave treatment (121 �C).
The pH of the treated potato peel biomass was thereafter brought
to neutrality in preparation for the enzymatic hydrolysis (the
Fig. 1. Flowchart of SATP pulverised waste potato peels.
nclude aliphatic acids, ketones, phenolic compounds, furan-
erivatives and alcohols [30]. Their concentrations differ, depend-
ng on the structure of the lignocellulosic biomass employed and
he pre-treatment techniques implemented [29,30]. Knowledge of
rofile of inhibitory compounds from various stages of biomass
onversion, namely, pretreatment, liquefaction, saccharification
2
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hydrolytic enzymes-amylase and amyloglucosidase used were
purchased from Sigma-Aldrich, South Africa).

2.3. Microorganism and inoculum preparation

An Erlenmeyer flask containing 100 mL Yeast-Peptone-Dextrose
broth was inoculated with S. cerevisiae BY4743 and grown at 120
rpm, 30 �C overnight, to attain an exponential growth phase. This
cultivation was subsequently used as seed-culture (10 %) source for
the instantaneous saccharification and fermentation.

2.4. Preparation of nanomaterials

NiO nanoparticles (NPs) were synthesised by dissolving an
appropriate amount of NiCl2.6H2O in distilled water. Then NH3

solution is added dropwise to reach a pH of 10. The solution was
treated with microwave irradiation operated at a power of 700 W
for 180 s, and the culmination of the reaction was signalled by the
precipitation of light green NiO NPs. The NiO nanoparticle obtained
were washed a few times with deionized water and oven dried for
six hours [24].

Iron (III) oxide nanoparticles (Fe3O4 NPs) were synthesised by
dissolving 1.0 g of FeSO4.7H2O in distilled water, and the pH was
adjusted to 12, then the volume was made up to 200 mL. The
solution was heated in a microwave oven at 700 W for 600 s. The
obtained black magnetic Fe3O4 NPs precipitate was rinsed a few
times and dried at 70 �C for a couple of hours [36].

2.5. Characterisation of nanoparticles

The morphology of NiO and Fe3O4 NPs was determined by a
scanning electron microscope (SEM, ZEISS-EVO/LS15, ZEISS
instrument, Germany). Each sample was mounted on an alumini-
um grid coated with carbon prior to scanning electron microscopy
(SEM) analysis. Transmission electron microscopy (TEM) was used
to study the shape and the particle size of the NPs. TEM image was
captured on JEM-1400 electron microscope operating at 120 kV.
The ultra-violet visible (UV–vis) absorption spectral properties of
the nanoparticles were investigated by absorption spectroscopy
using an ultra-violet visible spectrophotometry (200�700 nm).

2.6. Nanoparticle inclusion in instantaneous saccharification-
fermentation (NIISF)

The NIISF experiments were carried out using hydrolysate from
the SATP [32] pre-treatment stage. The NIISF process (50 mL)
contained pulverised and pre-treated potato peels; 10 % solid
loading, 0.212 mL liquefying amylase (at 90 �C, pH 7, for an hour),
0.295 mL saccharifying amyloglucosidase and fermentation
nutrients: yeast extract-5 g/L, KH2PO4-2 g/L, MgSO4-1 g/L,
(NH4)2SO4-1 g/L. S. cerevisiae inoculum (10 %) was introduced,
then, the different NIISF set-up in replicates were incubated at 37 �

C and 120 rpm over 24 h until glucose concentrations were
depleted. Aliquot of 0.5 mL were extracted at regular interval for
sample analysis. The NIISF designs [24] with nanoparticle
supplementation at various process stages are shown below
(Fig. 2).

2.7. Analytical methods

2.7.1. Glucose, bioethanol and cell concentration determination
The glucose concentration in the sampled aliquot was deter-

mined using D-glucose Assay Kit (Megazyme, Ireland).
The amount of bioethanol produced was determined using a

bioethanol vapour sensor (LABQUEST12, Vernier, USA) [24].

2.7.2. Kinetic model constants
The bioethanol empirical data were used to fit the modified

Gompertz model. The model Eq. (4) is shown below.

P ¼ Pm :exp �exp
rp:m :exp 1ð Þ

Pm
:  tL � tð Þ þ 1

� �
ð4Þ

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 of
bioethanol production (h).

2.7.3. Calculation of bioethanol yield (wt.%) and bioethanol
productivity (g/L/h)

Glucose utilisation, fermentation efficiency, bioethanol yield
and bioethanol productivity were obtained using the following
Fig. 2. Process flow diagram showing stages of nanoparticle inclusion in the ISF process. Nanoparticles (0.02 wt.% relative to biomass weight) were added at the pre-treatment
(NSLISF), the liquefaction (SNLISF) and the saccharification (SLNISF) stages. The control is without nanoparticle inclusion (SLIS).
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qs. (5)–(7) respectively.

ugar utilisation  %ð Þ ¼ Initial sugar content � f inal sugar content
Initial sugar content

 

�  100

ð5Þ

thanol yield  g=gð Þ ¼ Maximum ethanol concentration  g=Lð Þ
Utilized glucose  g=Lð Þ

ð6Þ

thanol productivity  g=L=hð ÞMaximum ethanol concentration  g=Lð Þ
Fermentation time  hð Þ

ð7Þ

.7.4. Analysis of volatile organic inhibitory compounds
Analysis of inhibitory compounds such acetic acid, furfural, 5-

ydroxymethylfufural (HMF) and ketones from the fermentation
roth was carried out using with Varian 3800 gas chromatography
Varian Palo Alto, California, USA) and Varian 1200 mass
pectrometry [30].

. Results and discussion

.1. Characterization of NiO and Fe3O4 nanoparticles (NPs) with SEM
nd TEM

In Fig. 3A, SEM-EDS analyses showed the surface morphology
nd elemental constituent of Fe3O4 nanoparticles. Strong signals
orresponding to Fe (56.06 %), and oxygen (30.19 %) were observed.
ther elemental constituent of Fe3O4nanoparticles were C (13.40
t %) and Si (0.34 at %). Similarly, the Scanning Electron micrograph
howed the aggregated NiO nanoparticle, and the elemental
omposition obtained using the SEM-EDS machine is Ni (31.46 at
), C (35.04 at %), O (32.53 at %), Cl (0.50 at %) and Si (0.48 at %). The
EM micrograph (Fig. 4A) shows that Fe3O4 particles were roughly
pherical with particle size in the range of 18�39 nm with a mean

size of 31 nm. Equally, the TEM image of NiO nanoparticle is
depicted in Fig. 4B with an average mean size of 29 nm.

Ultraviolent visible (UV) absorption spectra of NiO and FeO4NPs
were presented in Fig. 5. The UV–vis absorptions showed sharp
absorption at 220 and 282 nm due to nickel and iron oxide metal
nanoparticles respectively [37]. This can be attributed to the
Surface Plasmon Resonance (SPR). The SPR originates from
resonance of collective conduction electrons with incident
electromagnetic radiations. The frequency and width of the
Surface Plasmon Absorption (SPA) usually depends on the size
and shape of the nanomaterials. In addition, the dielectric constant
of the metal itself and the surrounding medium influences the SPA
[38]. Also, the profile of the resonance peak can be qualitatively
related to the nature of the NPs. NiO NPs with a small and uniform-
sized narrow distribution (23�37 nm) produces a sharp absor-
bance, however, Fe3O4NP with a larger particle size and aggrega-
tion shows a broad absorbance [37,38].

3.2. Effect of nanoparticle band gap energy on bioprocessing

From the curve in Fig. 5, the band gap energy of Fe3O4 NPs and
NiO NPs were 4.04 eV and 4.51 eV, respectively [39]. The inclusion
of NiO nanoparticle in the fermentation process resulted in better
process efficiency and consequently, higher productivities when
compared to Fe3O4 NPs supplemented fermentation process
(Table 1). This impact by NiO NPs inclusion can be attributed to
the size of it band energy gap which is typical of efficient catalyst
[40,41]. Activation energy and NPs catalytic potentials are usually
dependent on band gap energy. In other words, lower activation
energy is associated with higher energy gap, such as obtained in
this study. Consequently, band energy gap could impact the
interaction/affinity between the nanoparticles, the yeast and the
substrate [24]. The process time for nanoparticle supplemented
fermentation process achieved peak ethanol production after 16 h.
This was two-fold faster than the result obtained in the control
experiment. This clearly indicates the presence of the nano-
particles had high catalytic effect on the biochemical processes to
improve bioethanol production. This catalytic activity could also be
ascribed in part to its band energy gap. Likewise, the efficiency of
heat and mass transfer which are vital bioprocess conditions, could
Fig. 3. Scanning electron microscopy (SEM) image and EDX Spectrum of Fe3O4 NPs (A) and NiO NPs (B).

4
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with suitable band energy gap would enables the optimal electron
transfer and catalytic properties, that could support high process
performance.

3.3. Bioethanol production from potato peels

Bioethanol evolution under Fe3O4 NIISF (Fig. 6A) and NiO NIISF
(Fig. 6B) fermentation processes revealed a short lag time (4 h) for
all modes in both nano systems. The NSLISF (NiO NIISF) process
showed a sharp increase in bioethanol concentration up to 36.04 g/
L, the highest obtained of the NiO NIISF processes which occurred
from 4 to 20 h in comparison to 25.13 g/L (Mode SLNISF), the
highest of the Fe3O4 NIISF processes. Maximum bioethanol
concentrations were obtained during the log yeast cell growth
stage in the NSLISF (NiO NIISF) and SLNISF (Fe3O4NIISF) and were

Fig. 4. Transmission electron microscopy (TEM) micrographs of Fe3O4 NPs (A) and NiO NPs (B) showing the shape and weak agglomeration of the nanoparticles.

Fig. 5. Fe3O4 NPs (A), NiO NPs (B), Tauc plot of Fe3O4 NPs (C) and Tauc plot of NiO NPs (D).

Table 1
Performance of ISF processes with nanoparticle inclusion.

ISF mode with NiO NPs SNLISF SLNISF SLISF (control) NSLISF

Glucose utilization (%) 96.00 100,00 100.00 99.00
Bioethanol yield (g/g) 0.50 0.50 0.40 0.70
Bioethanol concentration (g/L) 25.85 25.63 22.53 36.04
Bioethanol productivity (g/L/h) 0.90 0.80 0.90 2.25

ISF mode with Fe3O4 NPs SNLISF SLNISF SLISF NSLISF

Glucose utilization (%) 97.00 100.00 100.00 96.00
Bioethanol yield (g/g) 0.93 0.60 0.46 0.79
Bioethanol concentration (g/L) 23.99 25.49 22.49 23.75
Bioethanol productivity (g/L/h) 1.99 1.60 0.90 1.98
be influenced by band gap size. Mass transfer phenomena are
considered under the Poole–Frenkel effect and small-polaron
mechanism: these are band energy gap dependent [40,41]. The
most remarkable correlation is: the smaller the particle size, the
higher the energy gap, that could occasion lower activation energy
hence, high process performance. The synthesis of a nanomaterial
5

higher than the control experiment (Mode SLISF) in both systems.
These were linked with precipitous utilisation of glucose by the
yeast and bioethanol formation. Further increment in bioethanol
concentration was not observed after the log phase, due to nutrient
exhaustion besides fermentable sugar depletion. Ethanol yields of
0.48, 0.48, 0.42 and 0.71 g-ethanol/g-glucose (Table 1)
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orresponding to productivities of 0.92, 0.80, 0.92 and 2.25 g/L/h
ere achieved for NiO NPs ISF Mode SNLISF, SLNISF, SLISF and
SLISF respectively. Similarly, ethanol yield of 0.93, 0.58, 0.46 and
.79 g/g was obtained, corresponding to 2.00, 1.58, 0.92 and 1.98 g/
/h productivity for Fe3O4 NPs ISF Mode SNLISF, SLNISF, SLISF and
SLISF respectively during the same fermentation period. The
ffect of NiO and Fe3O4 NPs inclusion on the processes were
ubstantial. For instance, ethanol yield in the NiO NPs ISF process
as 1.69-fold higher than the control set-up while a twofold (2.02-

old) increment in ethanol yield in comparison with the control
et-up was observed in the Fe3O4 NPs ISF process. Micronutrients
uch as nickel and iron have a significant impact on S. cerevisiae
rowth and bioethanol formation [2,42]. Additionally, nickel oxide
anoparticles have been reported to exhibit a glucose-nanoparticle
lectropositive interaction [42], and this is advantageous for
ubstrate to cell contact. Moreover, nanoparticles have stronger
ffinity for electrons due to their redox potential and small atomic
ize [43]. Strong affinity within few nanometres distance of
icrobes and nanoparticles under anaerobic conditions was
btained in previous reported [44]. Furthermore, the possibility
f nanoparticles being adsorbed to the cell surface as well as cell
dsorption to the surfaces of NPs have been reported [28,33].
ence, improved S. cerevisiae substrate contact, cellular metabo-
ism and process performance were obtained for the nano-
ermentation processes [33,45,46].

In comparison, higher bioethanol concentrations were achieved
ith NPs inclusion in the ISF processes in relation to previous
tudies using potato wastes as feedstock for bioethanol production.
or instance, 1.7-fold increase in the bioethanol concentration was
bserved in the NiO NPs ISF process compared to the study of
hawla et al. [14]. Likewise, 4.7-fold and 6.5-fold higher ethanol

concentration were achieved in the NiO NPs ISF process compared
to studies by Arapoglou et al. [8] and Hashem and Darwish [12],
respectively. Similarly, the Fe3O4 NPs ISF process had higher
bioethanol concentration, 25.49 g/L (4.6-fold increment), com-
pared to previous study on potato starch residue (5.52 g/L, [12]).
Again, in another related study, a 3.4-fold increase in bioethanol
concentration was also obtained with the Fe3O4 NPs ISF process
compared to the study by Arapoglou et al. [8], where the authors
obtained highest bioethanol concentration of 7.6 g/L from potato
peel waste using Saccharomyces cerevisiae var. bayanus. The higher
bioethanol concentration in the current study is desirable and
might be ascribed mainly to the nanobiocatalyst employed, which
increases the chances of S. cerevisiae substrate contact, utilisation
and ultimately, enhanced process performance.

Furthermore, the highest bioethanol productivity of 2.25 g/L/h
was achieved with NiO NPs inclusion during the pre-treatment
stage in the present study (Table 2). By comparison, lower ethanol
productivity, in the range of 0.15 to 0.25 g/L/h from previous
studies was achieved by Arapoglou et al. [8] and Khawla et al. [14],
both also using potato peel as substrate. Similarly, Hashem and
Darwish [12] reported ethanol productivity of 0.15 g/L/h which was
15-fold lower than the current study. Additionally, in two different
studies, Izmirlioglu and Demirci [13] and Izmirlioglu and Demirci
[47] reported bioethanol productivities of 0.29 and 0.27 g/L/h,
respectively using waste potato mash as feedstock. The obtained
productivities were 7.8-fold and 8.3-fold, respectively lower when
compared to the current study. The reported variations observed in
these bioethanol productivities can be attributed mainly to the
presence of nano additives as well as the different potato waste
feedstock, yeast strain, and the fermentation approach employed
[48].

Fig. 6. Production of bioethanol as a function of fermentation time showing the impact of Fe3O4 NPs (A) and NiO NPs (B) inclusion.

able 2
omparison of bioethanol productivity with previous studies.

Substrate Yeast Productivity (g/L/h) References

Waste potato peels S. cerevisiae BY4743 0.92 This study (NiO NP Mode SNLISF)
Waste potato peels S. cerevisiae BY4743 0.80 This study (NiO NP Mode SLNISF)
Waste potato peels S. cerevisiae BY4743 0.92 This study (NiO NIP Mode SLISF-control)
Waste potato peels S. cerevisiae BY4743 2.25 This study (NiO NP Mode NSLISF)
Waste potato peels S. cerevisiae BY4743 1.99 This study (Fe3O4 NP Mode SNLISF)
Waste potato peels S. cerevisiae BY4743 1.59 This study (Fe3O4 NP Mode SLNISF)
Waste potato peels S. cerevisiae BY4743 0.92 This study (Fe3O4 NP Mode SLISF-control)
Waste potato peels S. cerevisiae BY4743 1.98 This study (Fe3O4 NP Mode NSLISF)

Waste potato peels S. cerevisiae 0.25 [15]
Waste potato peels S. cerevisiae var. bayanus 0.15 [9]
Waste potato peels S. cerevisiae y-1646 0.15 [12]
Waste potato mash S. cerevisiae (ATCC 24859) 0.29 [13]
Waste potato mash Aspergillus niger (NRRL 330) and

S. cerevisiae (ATCC 24859)
0.27 [45]

6
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The maximum bioethanol yield of 0.93 g/g was achieved in the
current research. This was achieved with Fe3O4 NPs inclusion
(NIISF Mode SNLISF). Ethanol yields between 0.38 and 0.46 g/g
have been reported in previous studies [8,47]. These were 2.4 and
2.0-fold lower than the ethanol yield (0.93 g/g) obtained in present
study. These observations further underscore the potential of
nanobiocatalyst in the fermentation of waste potato peels and
other feedstock for bioethanol production [49].

The high glucose release during the pre-treatment process can
be attributed to the enhanced enzymatic hydrolysis of pre-treated
waste potato peels [25]. The recovery of fermentable sugars in the
nano systems was observed to be slightly higher in comparison to
the control experiments (Fig. 7) and this can be ascribed to
increased enzyme activities under the nanobiocatalyst conditions
[50–54]. In a related study, Ban and Paul [25], reported an increase
in intracellular β-glucosidase (BGL) activity up to 28 % with 5 mM
ZnO nanoparticle process inclusion. Furthermore, the high glucose
availability for immediate utilisation by the yeast cells could
promote glycolytic rates and consequently, increase ethanol
production instead of cell development, which further explains
the higher bioethanol concentration observed in the nano systems.

The depletion of glucose occurred from 0 to 28 h in the Fe3O4

NPs inclusion ISF processes (Fig. 7A). The percentage glucose
utilisation of 97.00 %, 100.00 %, 100.00 % and 94.00 % were observed
under the four fermentation conditions (SNLISF, SLNISF, SLISF and
NSLISF, respectively). Similarly, rapid glucose depletion was
observed in the NiO NPs inclusion ISF processes from 0 to 36 h
(Fig. 7B). And the maximum glucose utilisation of 96.00 %, 100.00
%, 100.00 % and 99.00 % (Table 1), was observed for SNLISF, SLNISF,
SLISF and NSLISF processes respectively, further suggesting the
nano catalysts favoured glucose uptake and utilisation by S.
cerevisiae.

3.4. NIISF processes bioethanol production kinetics

The observed data fitted the modified Gompertz model (R2

value >0.98) for the ISF NiO and Fe3O4 NPs inclusion modes,
respectively (Table 3). The modified Gompertz kinetic model is
widely used for bioproduct formation study [55,56]. This model
gives information on the process lag time, the maximum
bioethanol production rate, and the potential maximum bioetha-
nol concentration. The kinetic coefficients for the highest
maximum potential bioethanol concentration (Pm), maximum
bioethanol production rate (rp.m), and the lowest lag time obtained
in the present study were 32 g/L, 4.50 g/L/h, and 1.56 h, obtained
for the ISF NPs inclusion processes, NSLISF (NiO NPs inclusion),
SNLISF (Fe3O4 NPs inclusion) and SNLISF (NiO NPs inclusion),
respectively. All the NIISF results suggest that the presence of these

nanomaterials effectively improved the bioactivity of S. cerevisiae
and subsequently increase the formation and yield of ethanol from
glucose. Also, these metals are bio-active agents such as cofactor
enzymes stabilizer and activators that enhance anaerobic bio-
ethanol fermentation [57]. Besides their role as growth factors and
enzyme cofactors, they are important in stimulating the formation
of cytochromes and ferroxins (Fd) which are vital for cell energy
metabolism [42]. Furthermore, NPs have been reported to
modulate the oxidation-reduction potential (ORP) values in
bioprocessing [28]. Low ORP value enhances bioprocessing, by
providing a suitable process environment for bioproduct formation
such as bioethanol production [28].

Table 3 shows the comparison of modified Gompertz coef-
ficients obtained in this study with previous studies. In the present
study, maximum bioethanol production of 31.84 g/L obtained was
2.77-fold higher compared to the report by [58] and 1.5-fold higher
than that achieved by [17]. Similarly, the maximum bioethanol
production rate of 4.50 g/L/h was 18.75 times, 8.65 times and 1.03
times that achieved by [58] from oil palm frond juice, Rorke and
Gueguim Kana [59] from sorghum leaves and Dodic et al. [19] from
sugar beet raw juice, respectively. The highest Pm and rp.m observed
in the present work coincided with NPs’ presence. This further
highlighted the potential of nanoparticles as efficient biocatalyst
for starch-base lignocellulosic bioethanol production from ISF
processes.

3.5. GC–MS volatile organic inhibitory profile

Fig. 5 shows the profile of obtained volatile organic inhibitory
compounds (VOIcs) under the various modes of nano inclusion
during instantaneous saccharification and fermentation (NIISF) of
potato peels. Major VOIcs groups found were organic acids,
alkanols and ketones. Lower fractions of aldehydes, benzenoids,
sulphur-compounds, phenolic compounds, alkanals, amines and
amides were also found. Frequently reported volatile inhibitory
groups in bioprocessing include aliphatic acid, alcohol, aldehydes,
benzenoids, phenolic compounds and ketones [28,30]. Table 4
represents the VOIcs distribution observed under different NIISF
designs. The largest VOIcs part obtained was the aliphatic acids (69
%), with acetic acid making a large part (94 %), corresponding to a
concentration of 16.07 g/L (Table 4). The formation of acetic acids
has been reported in the pre-treatment of starch-based lignocel-
lulosic biomass due to the release of acetate (acetyl groups of
hemicelluloses) upon hemicellulose hydrolysis and fermentation
of hexose sugars [35]. Acetic acid within the neutral cell
environment dissociates and leads to a decline in pH which
consequently impedes cellular activities. Therefore, before pro-
ceeding to fermentation, it is important that acid is neutralised,
Fig. 7. Effect of inclusion of NPs on glucose utilisation during fermentation process; Fe3O4 NPs (A) NiO NPs (B).
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hile during fermentation metabolic shift away from acid
ormation will favour ethanol production [28]. Other aliphatic
cids produced were, among others, propanoic acid (<0.17 g/L),
sobutyric acid (<0.13 g/L), larixinic acid (<0.20 g/L) formic acid
<0.15 g/L), sorbic acid (<0.20 g/L), hexanoic acid (<0.10 g/L) and
evulinic acid (<0.16 g/L). Aliphatic acids such as levulinic acid and
ormic acid are typically formed upon the degradation of 5-
ydroxymethylfufural and furfural. It has been reported that the
resence of these acids affects process performance by reduction
f biomass formation and consequent inhibition of ethanol
roduction. This occurs when less ATP is available for biomass
ormation resulting from intracellular build-up of anions within
he fermentative microbes due to dissociation of these acids [30].

The next largest volatile fraction were the ketones, amounting
o a maximum of 47 %, with 2,3-dihydro-3,5-dihydroxy-6-methyl-
H-Pyran-4-one being the most prominent, up to 93 % (4.65 g/L).
sually, 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-Pyran-4-one is
ormed from the intermediate product of Maillard reaction of
extrose, maltose and hexoses such as glucose [60]. Other ketones
ormed include 1-hydroxy-2-propanone (<2.48 %), 2-Pyrrolidi-
one (<2.16 %), ethenone (<8.33 %) and 2,5-Dimethyl-4-hydroxy-3
2 H)-furanone (<16.98 %), corresponding to concentrations of 0.21,
.07, 0.27 and 0.55 g/L respectively. Generally, the formation of
etones occurs due to pentose sugars such as xylose degradation.
imilarly, ketones are degradation compounds formed during
ignocellulosic biomass pre-treatment and subsequently ethanol
ermentation. Like other volatile compounds they have inhibitory
ffect on enzymes and yeast activities [61].
Phenolics such as 2-methoxy phenol and 2-methoxy-4-vinyl-

henol observed in this study were formed due to partial
egradation of lignin [1]. Phenolic compounds formation can also
e due to degradation or protonation of carbohydrates such as D-
lucose, D-xylose and L-arabinose [61]. These phenolic compounds
mpede enzymatic saccharification and can lead to the destruction
f cellular electrochemical gradients [30].
Other groups found were aldehydes, amines, amides, lactones,

ulphur-containing compounds and alkanal fractions (Table 4).
ldehydes, mainly furfural, 5-Methyl-fufural and 5-Hydroxyme-
hylfufural (HMF) were detected, which were products of xylose
rotonation that occurs at elevated pre-treatment conditions [61].

Furthermore, as shown in Fig. 8, aliphatic acids concentration
(up to 69 %), was observed to be higher in the control experiment
(Mode SLISF) compared to the NiO nano systems: Mode SNLISF (59
%), Mode SLNISF (62 %) and Mode NSLISF (55 %). Likewise, in the
Fe3O4 nano systems (Mode SNLISF, 58 %; Mode SLNISF, 59 %; Mode
NSLISF, 55 %), aliphatic acids concentrations were lower when
compared to the control set-up (69 %). This suggests metabolic
shift away from ethanol production in the control set-up towards
organic acid formation, especially acetic acid formation (Table 4),
while the opposite can be suggested for the nano-administered
processes. The formation of less acetic acid is of benefit to ethanol
production by S. cerevisiae [28]. This agrees with the observation in
this study, where higher bioethanol concentrations were associat-
ed with the NIISF processes, which had lesser acetic acid
concentrations when compared to the control experiment (ISF
without nanoparticles). Cellular accumulation of acetic acid is
detrimental to the cell and the overall fermentation process
performance. Also, notable is the lowest acid concentration (55 %)
obtained in Mode NSLISF of both nano systems, suggesting the
stage of NPs inclusion was vital to its impact on the acid inhibitor
formation. Furthermore, in this study, high ethanol yield (>0.93 g/
g), lower concentration of aliphatic acids (<69 %), benzenoids (<7
%), lactones (<0.08 %), sulphur-containing compounds (<0.35 %),
phenolics (<0.08 %) and alkanal (<0.08 %) were associated with
nano supplementation. The distribution of metabolites formed
during ethanol production is a crucial signal in assessing the
efficiency of the process [43]. To maximise the yield of ethanol, the
metabolic activities (by S. cerevisiae) must be directed away from
these volatile organic inhibitory compounds. In this study, the shift
in metabolic pathway away from volatile organic inhibitory
compound formation, towards ethanol production can be ascribed
to the presence of nanobiocatalyst [62]. Noticeable is the disparity
in the concentrations of VOIcs obtained in the nano-administered
processes and the control experiments. For instance, lower
concentrations of acetic acid (<7.837 g/L) and levulinic acid
(<0.104 g/L) were observed in the nano system as against the
control experiments (>16.073, >0.162 g/L, respectively), represent-
ing a 105 % and 56 % reduction in acetic and levulinic acid
respectively in the nano system. Similarly ketone, such as 1-
Hydroxy-2-propanone (<0.055 g/L), was in lesser concentration in

able 3
odified Gompertz model process parameters for NIISF processes compared to previous studies.

Feedstock Pm (g/L) rp,m (g/L/h) tL (h) Reference

Waste potato peels 24.64 1.56 1.56 This study (NiO NP Mode SNLISF)
Waste potato peels 24.17 1.90 1.79 This study (NiO NP Mode SLNISF)
Waste potato peels 21.85 3.02 3.18 This study (NiO NIP Mode SLISF-control)
Waste potato peels 31.84 This study (NiO NP Mode NSLISF)
Waste potato peels 23.24 4.50 3.47 This study (Fe3O4 NP Mode SNLISF)
Waste potato peels 24.83 3.26 3.59 This study (Fe3O4 NP Mode SLNISF)
Waste potato peels 22.35 2.30 2.86 This study (Fe3O4 NP Mode SLISF-control)
Waste potato peels 23.59 This study (Fe3O4 NP Mode NSLISF)
Beet raw juice 73.30 4.40 1.00 [20]
Sweet sorghum Juice 88.48 2.17 2.98 [21]
Waste sorghum leaves 17.15 0.52 6.31 [49]
Oil palm frond juice (10–20 years) 3.79 0.08 0.77 [48]
Oil palm frond juice (3–4 years) 11.50 0.24 0.12 [48]
Corn cobs waste 42.24 2.39 1.98 [17]
Corn cobs waste 32.09 3.25 2.68 [17]
Corn cobs waste 37.87 2.14 2.66 [17]
Corn cobs waste 27.62 2.33 3.12 [17]
nhibitory mechanisms of furfural and HMF in bioprocesses
nclude furfuryl alcohol from yeast metabolism of furfural that
nhibits anaerobic growth of S. cerevisiae and subsequently
mpedes ethanol production. Similarly, S. cerevisiae metabolises
MF to 5-hydroxymethyl furfuryl alcohol, resulting in a prolonged
ag phase in microbial growth.
8

comparison to the control experiments (0.063 g/L), also represent-
ing a 15 % reduction in 1-Hydroxy-2-propanone concentration in
the nano system. Furthermore, the sulphur compound, dimethyl
trisulfide was 7.9-fold less in the nano systems in comparison to
the control set-up. These results further vindicate the inclusion of
nanoparticles in the ISF process.



Table 4
Relative amounts (g/L) of volatile organic inhibitory compounds from ISF processes with nanoparticle (NiO and Fe3O4) inclusion.

Compounds NiO NPs ISF Fe3O4 NPs ISF

1 2 3 4 5 6 1 2 3 4 5 6

Amines
3-methyl-pyridine 0.022 0.026 0 0.010 0.013 0 0 0 0 0 0 0

Amides
Acetamide 0 0 0 0 0 0.032 0 0 0 0 0 0

Alcohols
3-Methyl-1-butanol 0.152 0.123 0.295 0.177 0.026 0 0 0.081 0.090 0.167 0 0
Pentanol 0 0 0 0 0 0 0.054 0 0 0 0 0
2,3-Butanediol 0 0 0 0 0 0 0 0 0 0 0 0
2-Furanmethanol 0.293 0.125 0.114 0.203 0.105 1.137 0.105 0.076 0.151 0.141 0.210 0.598
5-Methyl-2-furanmethanol 0.059 0.020 0 0.062 0.071 0.226 0.059 0.033 0.049 0.046 0.044 0.192
3-(methylthio)-1-Propanol 0.056 0.047 0.090 0.053 0.047 0 0.060 0.057 0.045 0.082 0 0
2-Methoxy phenol 0.055 0 0.018 0 0.092 0 0 0 0 0 0 0
Phenylethyl Alcohol 0.602 0.422 0.375 0.582 0.292 0 0.374 0.498 0.353 0.667 0 0
Benzyl alcohol 0 0 0 0 0 0.297 0.026 0 0 0 0
4-hydroxy-benzenemethanol 0 0 0 0 0 0.061 0 0 0 0 0.026 0.055
Cinnamyl alcohol 0.092 0 0.128 0.099 0.098 0 0 0 0 0 0 0.019
1-(2-Furyl)-,2-ethanediol 1.559 1.138 1.223 1.672 0.919 0.164 1.002 1.567 0.825 1.657 0.085 0.072

Aldehydes
Fufural 0.098 0.098 0.107 0.228 0 2.798 0.150 0.083 0.098 0.152 0.726 1.808
5-Methyl-fufural 0.263 0.278 0 0.307 0.220 3.367 0.348 0.323 0.352 0.406 0.387 1.427
5-Hydroxymethylfufural 0 0 0 0 0.054 5.844 0 0 0 0 2.509 4.781

Aliphatic acids
Acetic acid 7.837 7.187 16.073 7.642 2.464 7.220 6.032 6.966 7.016 7.416 1.171 4.573
Formic acid 0 0 0.127 0.022 0 0 0 0 0.043 0 0.020 0.148
Propanoic acid 0.090 0.064 0.162 0.111 0.044 0 0 0.103 0 0.170 0.023 0.038
Isobutyric acid 0.077 0.064 0.133 0.071 0 0 0.111 0.083 0.053 0.075 0.031 0.048
4-Hydroxybutanoic acid 0 0 0 0 0 0 0.084 0.174 0.084 0 0.026 0.077
Butanoic acid 0.055 0.046 0 0.091 0.320 0 0 0 0 0.083 0.026 0
Isovaleric acid 0 0 0 0 0 0 0.061 0 0 0 0 0
2-Methylhexanoic acid 0.064 0.036 0.165 0.095 0.059 0 0 0.067 0.049 0.076 0 0
Valeric acid 0 0 0 0 0 0 0 0 0.070 0 0 0
Hexanoic acid 0.059 0.057 0.086 0.090 0.051 0 0.071 0.076 0.056 0.104 0.053 0.098
Larixinic acid 0.063 0.062 0.198 0.082 0.059 0.084 0.075 0.068 0.075 0.090 0.013 0.065
Sorbic acid 0.116 0.151 0 0.171 0.046 0 0.070 0.123 0.054 0.202 0.036 0.198
Octanoic acid 0 0 0 0 0 0 0 0 0 0 0.083 0.052
Levulinic acid 0.078 0.097 0.162 0 0.031 0.081 0.076 0.095 0.100 0.104 0.042 0.043

Benzenoids
Benzeneacetaldehyde 0.461 0.371 1.283 0.733 0.344 0.815 0.587 0.446 0.389 0.581 0.030 0.393
Benzoic acid 0 0.155 0.497 0 0 0 0 0.175 0.119 0.185 0.061 0.206

Ketones
Acetoin 0 0 0 0 0.187 0 0 0 0 0 0 0
1-Hydroxy-2-propanone 0.034 0.037 0.043 0.028 0.051 0.213 0.055 0.048 0.063 0.027 0.076 0.133
Ethenone, 1-(2-furanyl) 0 0 0.485 0.087 0.033 0.138 0 0 0 0.065 0.035 0.186
2-Pyrrolidinone 0.051 0.039 0.071 0.058 0.022 0 0.041 0.045 0.040 0.049 0 0
Ethenone 0.198 0.140 0.268 0.255 0.130 0.158 0.136 0.173 0.145 0.207 0.054 0.061
Furyl hydroxymethyl ketone 0 0 0 0 0 0.116 0 0 0 0 0.019 0.051
2,5-Dimethyl-4-hydroxy-3(2 H)-furanone 0.242 0.260 0.555 0.339 0.140 0.247 0.247 0.223 0.200 0.315 0.105 0.144
2,3-dihydro-3,5-dihydroxy-6-
methyl-4H-Pyran-4-one

1.595 1.271 1.815 1.956 1.538 7.601 1.391 1.562 1.397 2.034 4.649 6.170

4-cyclopenetene-1,3-dione 0 0 0 0 0 0 0 0 0 0 0.082 0.169

Lactones
5-Methyl-2(5 H)-Furanone 0 0 0 0 0 0 0 0 0 0 0 0.026
2(5 H)-Furanone 0 0 0 0 0 0 0 0.008 0.010 0 0.014 0.038

Sulphur compounds
Dimethyl disulphide 0 0 0 0 0 0 0 0 0 0 0 0.031
Dimethyl trisulfide 0.009 0.007 0.087 0.011 0 0 0 0.007 0.009 0.011 0 0

Phenolic compounds
2-Methoxy phenol 0.055 0 0.018 0 0.092 0 0 0 0 0 0 0
2-Methoxy-4-vinylphenol 0.084 0.073 0.172 0.100 0.017 0.180 0.062 0.076 0.063 0.139 0.019 0.110

Alkanal
Methional 0 0 0 0 0 0.129 0 0 0.009 0.011 0 0

1- SNLISF, 2-SLNISF, 3-SLISF-control, 4-NSLISF, 5-SLIS and 6-NSLIS.

I.A. Sanusi, T.N. Suinyuy and G.E.B. Kana Biotechnology Reports 29 (2021) e00585
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.6. Effects of stage of nanoparticle inclusion in the ISF inhibitor
ompounds profile

There were differences in the concentrations of bioethanol and
olatile organic compounds observed in the NIISF processes
esulting from the different stages of nanoparticle inclusion in the
SF processes. Inclusion of NiO NPs at the pre-treatment stage
Mode NSLISF), suggests an improved alcoholic metabolic pathway
esulting in the highest bioethanol concentration of 36.04 g/L and
onsiderable reduction in acetic acid formation (27 %). The results
btained with NPs administered at the liquefaction, saccharifica-
ion and fermentation stages (Modes SNLISF and SLNISF) indicate
he enzymatic and yeast metabolic activities were shifted away
rom sulphur-containing and phenolic compound formation. Also,
he acetic acid was reduced by administering NPs at these stages,
ut to a lesser extent (10 %). The impact of nanoparticles on volatile
nhibitory compound formation may be ascribed to the proton-
tion degradation of potato peel biomass during the physiochem-
cal pre-treatment process and the enzymatic activities during the
IISF processes [51]. Protonation site initiating substrate degrada-
ion determines the mechanism and degradation pathway,
onsequently, the degradation products [61]. Similarly, the
egradation products depend on operating conditions and could
e regulated by controlling the process parameters. In addition, the
ormation of organic metabolites also occasion by the amounts of
nzymes and co-factors such as nickel and iron present, thus, from
nzyme regulatory mechanisms, and the need to maintain a
elatively steady intracellular pH [63]. Inclusion of metallic
upplement in bioprocessing performs various functions such as
nzyme activator, enzymes stabilisers, enzymes cofactor, growth
actor and chelating of other compounds hence, reducing their
oxicity [57]. Moreover, volatile organic inhibitory compounds

the same for various metals; and this is also dependent on
operating conditions [27]. Consequently, the VOIcs formed, and
their chelating activities in bioprocesses play vital roles in metal
ions’ availability to microorganisms, metabolic activities and
ultimately process performance.

4. Conclusions

The impact of inclusion stage of NiO and Fe3O4 nanoparticles on
bioethanol production and volatile inhibitory organic compound
formation in the instantaneous saccharification and fermentation
(ISF) of potato peels is elucidated in detail. Addition of NiO NPs at
the pre-treatment stage (NSLISF mode) resulted in the production
of optimal concentration of bioethanol (36.04 g/L). Likewise,
inclusion of Fe3O4 NPs during pre-treatment (NSLISCF) and
liquefaction (SNLISF) stages lead to the best bioethanol concen-
tration values of 23.99 and 23.75 g/L respectively. Higher ethanol
yield (0.93 g/g) with inclusion of Fe3O4 NPs during liquefaction and
productivity (2.25 g/L/h) with inclusion of NiO NPs during pre-
treatment were obtained with the NIISF processes. Moreover,
substantial reduction in inhibitory organic compounds was also
achieved with the NIISF (nanoparticle inclusion) strategy. Nano-
particle band gap energy property had a pronounced effect on
bioethanol bioprocessing. These nano additives are effective
biocatalysts; their individual inclusion had significant impact on
the biomass conversion processes (pre-treatment, liquefaction,
saccharification and fermentation). Hence, NiO and Fe3O4 nano-
particles could be an efficient biocatalyst for the industrial
bioethanol production from potato peels.
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