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Abstract

Polyhydroxyalkanoates (PHA) are biodegradable polyesters that can be
produced from renewable resources. However, PHA biomanufacturing is costly
compared to petrochemical-based plastics. A promising solution consists of
using cassava (Manhiot esculenta) waste, abundant biomass in developing
countries, as a carbon source for PHA production. This study involved
characterising untreated and acid-hydrolysed cassava peel (CP) to confirm the

degradation of polysaccharides into fermentable sugars after pre-treatment. A



chemical and biological integrated process was developed, optimising the pre-
treatment using a central composite design. The highest conversion of CP into
reducing sugars was 97% (w/w) using 3 M H2S04, 120 min and 90 °C. The
ability of Cupriavidus necator to grow on CP hydrolysate and produce PHA was
screened resulting in up to ODsoo 15.8 and 1.5 g/L of PHA (31% (grHa/gocw)).
Flow cytometry allowed rapid, simple, and high-throughput assessment of PHA
content. These findings pave the way for developing a biorefinery platform for

PHA production from cassava waste.
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1. Introduction
Biomass can be used as a renewable energy and bioproduct source, but its
competition with food represents a challenge [1]. About 13% of the global
cropland is currently used to produce first-generation biofuels and textiles, having
significant ethical and economic concerns [2], and negatively affecting vulnerable
populations [3]. Second-generation biomass which comprises biomass waste
instead of edible crops is a promising alternative to alleviate social impacts and
environmental pollution [4].
Cassava (Manhiot esculenta) is a crop primarily grown in tropical and subtropical
regions. Significant cassava waste is produced in its processing, whereby

cassava peel (CP) constitutes around 20% of the total waste [5,6]. CP is valuable



due to its high starch, cellulose, and hemicellulose content. These components
can be hydrolysed into fermentable sugars (e.g., glucose, xylose, etc) which can
be used to co-produce bioenergy and various bio-based products such as
biopolymers [7]. However, to effectively use waste biomass for bioenergy and
bioproducts production, it is important to understand its characteristic properties,
which can vary depending on factors such as the variety, source, and treatment
method [8]. Characterizing biomass involves evaluating its chemical, physical,
and thermal properties such as proximate and ultimate analysis, elemental
composition, particle size distribution, bulk density, and moisture content [9,10].
Multiple and orthogonal characterization methods are necessary to obtain a
comprehensive understanding of biomass and accurately evaluate its potential.
Furthermore, utilizing biomass waste in its natural form for bio-based products
production is challenging due to its hygroscopic nature, high bulk volume, and
low heating value, resulting in inefficient and costly processes [11]. Therefore,
biomass pre-treatment is essential to enable conversion into value-added
products [12]. For example, acid hydrolysis is commonly used to convert biomass
into fermentable sugars. Conversions of 66% [13] and 95% [14] were achieved
from CP to reducing sugars using H2SO4 0.1 M and 1.5 M, respectively. HCI 0.25
M was tested on cassava bagasse reaching 63% conversion [13]. However,
systematic approaches to converting cassava waste into fermentable sugars are
scarce.

Fermentable sugars obtained from biomass can be upgraded into
polyhydroxyalkanoates (PHA). These biopolymers are a promising alternative to
petroleum-based plastics [15], as they can be synthesized from renewable

resources and biodegraded by microorganisms [16]. PHA are produced by



microbes and stored as cytoplasmic granules [17], providing carbon and energy
to the cell during starvation [18,19]. Additionally, PHA enhances stress resistance
and robustness of microbes when exposed to diverse environmental stressors,
including but not limited to high or low temperature, freezing conditions, oxidative
stress, and osmotic pressure [20]. There are over 100 different PHA monomers
[21], and poly(3-hydroxybutyrate) (PHB) is the most common [17]. PHA can be
used in a broad range of applications such as packaging, agricultural use, and
medical applications [22—-25]. Cupriavidus necator (C. necator) is the model
organism for PHA production under nutrient stress, such as nitrogen or
phosphorous limitation. This microorganism natively produces PHA, eliminating
the requirement for genetic engineering [26].

However, PHA commercialization is hindered by the high manufacturing cost [24],
which is 3 to 4-fold higher compared to petrochemical-derived plastics [38]. The
cost of carbon sources represents 40% of the total operating cost, and waste
biomass provides an opportunity to reduce expenses [27]. Studies have shown
PHA concentrations up to 52% (gpHa/gpocw) using waste biomass such as sugar
cane molasses and corn cob [28,29]. Few studies have used cassava waste to
produce PHB [7]. However, to the best of our knowledge, no other type of PHA
has been produced using cassava waste to date. Furthermore, such studies are
very scarce and typically involve the supplementation of additional nutrients, and
the utilization of genetically modified strains, thereby increasing the overall
process cost. Consequently, the potential of cassava waste as the sole carbon
source for PHA production using C. necator represents a gap in research.

This study aims to develop an integrated chemical and biological process for PHA

production from CP waste. Here, we provide an in-depth characterization of



untreated and acid-hydrolysed CP, and an optimization of the acid hydrolysis into
fermentable sugars using diluted H2SO4. For the hydrolysis optimization, the
interaction between acid concentration, hydrolysis time, and hydrolysis
temperature, was investigated systematically using a design of experiments
(DoE). Additionally, C. necator was screened for growth and PHA production
using cassava peel hydrolysate (CPH).

2. Materials and methods
2.1 Feedstock and feedstock pre-treatment
Cassava peel (CP) was collected from a small cassava processing plant in
Bawjiase, Ghana. CP was subsequently dried overnight at 60 °C before being
milled. Subsequently, the total carbohydrate composition was determined, being
88%, as described elsewhere [30]. All chemicals and materials used in this
study were purchased from Fisher Scientific (Loughborough, UK) unless
specified.
CP was pre-treated using acid hydrolysis to release fermentable sugars. For
characterization purposes, CP was hydrolysed with 0.6 M H2SO4 (>95%, CAS
7664-93-9), at 107 °C for 58 min. These conditions enable high conversion
(82%) from CP to total reducing sugars (TRS) while preserving a non-converted
portion (18%) for characterization purposes. The optimization study used a
combination of the H2SO4 concentrations, hydrolysis times, and temperatures
as presented in Table 1. The reactions were performed using 20 mL of a
solution containing 10% (w/v) of cassava peel in two-neck round bottom 50 mL
pressure flasks (Aldrich®, Merck, Darmstadt, Germany). The hydrolysis
reactions were carried out d in a Starfish workstation (Radleys, Essex, UK).

Experiments carried out below 100 °C were fitted with a condenser to avoid



sample loss due to evaporation. To achieve temperatures above 100 °C, the
flasks were sealed to maintain them pressurised. Subsequently, the samples
were vacuum filtered through an 11 pm cellulose filter paper (Whatman, Cytiva,
Washington D.C, United States), resulting in solid (treated CP) and liquid
fractions (CPH). The solid fraction was air-dried and stored at room temperature
until analysis. The liquid fraction, constituting the CPH was neutralized to pH 7
using 12.5 M NaOH. 1 mL aliquots were stored at -20 °C for sugars analysis.
CPH for culture media were sterilized by vacuum filtration through a 0.2 pm

polyethersulfone (PES) filter and stored at room temperature.

2.2 Cassava peel characterization

2.2.1 Thermogravimetric analysis

A thermogravimetric analyser TGA/DSC3+ STARe System (METTLER
TELEDO, Ohio, USA) was utilized to assess the thermal properties of both
untreated and treated CP. Alumina crucibles were loaded with 3 mg of each
sample and subjected to a temperature range from 25 to 900 °C at a heating
rate of 10 °C/min under a nitrogen atmosphere (30 mL/min) to maintain an inert
atmosphere. The sample mass was recorded and used to determine the mass

loss and mass loss rate percentage as follows:

Mass of sample

0 — _Viass ot sample
Mass loss (A) W/W) Mass sample 25°C

x 100 (Eq.1)

Amass
Atime

Mass loss rate (% w/(w min))= x 100 (Eq.2)
2.2.2 Proximate and ultimate analysis

Data obtained from the TGA was used for the proximate analysis to determine

moisture and volatile matter as follows [31]:



Mass of sample at 25 °C- Mass of sample at 105 °C
%W/W)= P P x 100 (Eq. 3)

Moisture ( Mass of sample at 25 °C

Mass of sample at 105 °C- Mass of sample at 900 °C
x1 Eq.4
Mass of sample at 105 °C 00 ( q )

Volatile matter (%ow/w)=

Ash content was determined by the ignition of samples in a muffle furnace at
575 °C for 3 h according to ASTM E-1755-01 standard method. The remaining
residue after combustion of the organic material represented the ash content

and was calculated as follows [31]:

Ash content (%w/w)= m:zz Z: z::i:: :: f;: g x 100 (Eq. 5)

The fixed carbon (FC) was calculated as follows [31]:

FC (%w/w))= 100 - (moisture (%)+ volatile matter (%)+ ash (%)) (Eq. 6)
Ultimate analysis was carried out to determine the elemental composition. A
FLASH 2000 CHNS/O analyser (ThermoFisher, Waltham, USA) was used to
determine Carbon (C), Hydrogen (H), Nitrogen (N), and Sulphur (S) content.
The oxygen (O) content in the cassava peel samples was determined by
difference (Eq. 7).

O (%w/w))= 100 - (C (%)+ H (%)+ N (%) + S (%)) (Eq.7)

2.2.3 Functional group analysis

Fourier transform infrared (FT-IR) spectroscopy was carried out using a
NICOLET iS50 (ThermoFisher, Waltham, USA) equipped with attenuated total
reflectance (ATR) to characterise chemical functional groups. Spectra were
recorded at a wavenumber range of 400 — 4000 cm™' at a resolution of 4 cm™.
2.2.4 Surface morphology analysis

The surface morphology of the untreated and treated CP was evaluated using
scanning electron microscopy (SEM, JSM-7800F Prime, JEOL, Japan). Images

were acquired at 1200x magnification at 5.0 kv.



2.3 Experimental design

Optimisation of CP hydrolysis was carried out to maximise the release of
fermentable sugars. Solids concentration was selected based on previous
cassava acid hydrolysis studies [32—34].

A design of experiments (DoE) based on a central composite design (CCD) and
response surface methodology (RSM) was used to determine optimum CP
hydrolysis conditions. The effect of three variables (H2SO4 concentration
([H2SO4], M); time (t, min); and temperature (T, °C)) was evaluated on the
response (TRS concentration (g/L).

Table 1 shows the independent variables and levels used in the design. Central
points were repeated six times to obtain a close approximation of the
experimental error. The independent variables and their ranges were guided by
preliminary experiments (not published) and literature data [13,14].

Table 1. Independent variables and their levels used in the central composite

design (CCD).

Factor level
Independent variables Units  Notation 168 -1 0 1 é.6
H2SOa4 concentration 3.0
([H2504]) M X1 0.01 0.60 1.50 2.40 0
Time (t) Min X2 15 58 120 182 225
Temperature (T) °C X3 60 72 90 108 120
Experiments were conducted towards the construction of a mathematical
model. The TRS concentration (y) was determined using the following
polynomial equation [35]:
=Byt T4 BXi+ Thy B X+ Thy T B XX, (Eq. 8)
y 0 i=1 MM i=1 Mji/Ni i=1 L] Fij 17Y q



where y is the response variable; x;, x; and xx are the corresponding actual
values of the variables; Bo is the regression coefficient of the fitted response at
the centre point of the design; Biis the linear term coefficient, Biiis the
regression coefficient for quadratic effects and B and B;; are the interaction
terms coefficients.

Subsequently, non-significant terms were removed from the equation using the
backward elimination methodology, followed by the addition of higher degree
factors to the polynomial equation [36]. The effect and regression coefficients of
individual linear, quadratic, and interaction terms were determined using
analysis of variance (ANOVA). The RSM was applied to the experimental data
using the commercial statistical package Design-Expert version 11.1.2.0. A
confidence interval of 95% was chosen, hence p-values lower than 0.05 were
considered statistically significant [37].

2.4 Total reducing sugars (TRS) determination

TRS concentration in CPH was carried out using the DNS (Di-nitrosalicylic acid)
test, adapted from Miller (1959) [38]. The DNS reagent composition was as
follows (% (w/v)): 0.63 DNS; 0.5 NaOH; 18.2 KNaC4H40s6 - 4 H20; 0.5 Na2S20s
and 0.5 % (v/v) CsHsO. 0.5 mL of sample was mixed with 0.5 mL of DNS
reagent and subsequently, boiled in water for 5 min and cooled down to room
temperature. Absorbance was measured at 575 nm using a Jenway 6310
Spectrophotometer (Keison Products, Chelmsford, UK). Absorbance values
were interpolated to calculate sample concentrations based on a calibration

curve prepared using pure synthetic D-(+)-glucose (CAS 2280-44-6).
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2.5 Strain and microbial cultivation

Cupravidus necator (C. necator) H16 was used to perform the biotransformation
from sugars to PHA. C. necator H16 was originally a fructose consumer.
However, for the purposes of our research, it was mutated to obtain a glucose-
utilizing strain via adaptive evolution. Bacteria and mutation protocol were kindly
provided by Dr. Katalin Kovacs of the University of Nottingham (October 2019).
Screening of microbial growth using CPH as a sole source of nutrients was
carried out in triplicates using 24-well microplates using 1 mL of neutralized
CPH inoculated at ODsoo 0.1 and incubated for 48 h, 30 °C and 250 rpm in a
shaker incubator (Incu-Shake MAXI®, SciQuip Ltd, Newtown, UK). For the
inoculum, one loop of cryostock, stored at - 80 °C in 15% (w/w) glycerol, was
aseptically transferred into 10 mL of inoculum media containing (g/L): 10,
peptone; 10, beef extract and 5, NaCl. The pH of the medium was adjusted to 7
using NaOH 1 M and subsequently sterilised by autoclaving at 121 °C for 20
min. Inoculums were cultured overnight at 30 °C and 250 rpm in a shaker

incubator (Incu-Shake MAXI®, SciQuip Ltd, Newtown, UK).

2.6 Screening of microbial growth and PHA production

Microbial growth was analysed by optical density at a wavelength of 600 nm
using a Jenway 6310 Spectrophotometer (Keison Products, Chelmsford, UK).
PHA determination from microtiter samples was adapted from elsewhere [18].
Briefly, bacterial samples were resuspended in phosphate-buffered saline (PBS)
and stained with pyrromethene-546 (Pyr-546) (Exciton, Lockbourne, USA). Pyr-
546 stocks were stored at -20 °C in DMSO and added to the bacterial solution

at a concentration of 5 yg/mL. Stained samples were incubated for 1 min and
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analysed with a flow cytometer BD Accuri™ C6 Plus Flow Cytometer (Becton,
Dickinson and Company, Oxford, UK) using a 488 nm solid-state laser.
Fluorescence was detected using a 533/30 BP filter (FL1-A) .

A correlation between PHA concentration (%) quantified using GC-MS and
fluorescence values from Pyr-546-stain cells, was performed to calculate the
concentration of PHA from FCM data and are available in the Supplementary
materials.

PHA quantification was performed by acid propanolysis followed by GC-MS
analysis, adapted from elsewhere [39].

The bacterial pellet was freeze-dried in a Lablyo benchtop freeze dryer (Frozen
in Time Ltd, York, UK) at -50 °C and 1-5 Pa, overnight. Propanolysis was
performed using 5 mg of lyophilized bacteria in 1 mL of chloroform and 1 mL of
1-propanol containing 15% of 37% (v/v) HCI in an 8 mL glass tube (Duran®,
Mainz, Germany). 50 pL of 1 mg/mL solution of benzoic acid in 1-propanol was
added as the internal standard. The mixtures were incubated for 2 h at 100°C in
an oven (Memmert, Schwabach, Germany). After cooling to room temperature,
1 mL of distilled water was added followed by vortexing for 30 s, and left
standing for 5 min to allow for phase separation. The upper aqueous phase was
discarded, and the washing step was repeated to eliminate impurities. 1 mL of
the organic phase containing derivatised PHA was filtered with 0.2 ym nylon
filters and transferred to a GC-MS vial. The standard sample of poly(3-
hydroxybutyric acid-co-3-hydroxyvaleric acid) (PHBV, PHV content 8 mol %
80181-31-3, Merck, Darmstadt, Germany) was used to prepare the standard
calibration curve. Analysis was performed using a Single quadrupole gas

chromatograph-mass spectrometer GCMS-QP2010 (Shimazu, Milton Keynes,
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UK). One uL was injected into an analyser with a 30 m SH-Rtx-5MS column
(Shimazu, Milton Keynes, UK) at 280°C. The flow rate was set at 1.25 mL/min
and the ionization detector at 240°C. Column temperature was programmed
from 40 to 250°C at a rate of 5°C/min. The total measurement time for each
sample was 40 min. PHBV was identified using the internal libraries NIST17s
and NIST17-1 available in GC-MS Postrun Analysis Software (Shimazu, Milton
Keynes, UK). PHBV amount of each sample was normalised by the weight of
the lyophilised bacteria and expressed as a percentage of polymer weight/cell
dry weight.

3. Results and discussion
3.1 Cassava peel characterization
3.1.1 Thermal characterization
Thermogravimetric (TGA) and differential thermogravimetric (DTG) curves for

untreated and treated CP are presented in Figure 1.
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Results reveal three primary stages of degradation, stage 1 (25-150 °C), stage

2 (150-450 °C), and stage 3 (450-900 °C). Stage 1 (25 — 150 °C) shows a 4%

mass loss in both samples, which can be attributed to the evaporation of
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humidity and degradation of light compounds [40]. The sharper peak emerging
in the treated CP at 100 °C may correspond to the degradation of light
compounds, such as sulfur groups, that appeared after the acid hydrolysis.
Stage 2 (150 to 450 °C) corresponds to the degradation of volatile substances,
such as hydrocarbons, Hz, CO, CHs, and incombustible gases [41], including
the major constituents of cassava (starch, cellulose, hemicellulose, and lignin),
showing a degradation temperature (Tq) of 310 °C. Both samples exhibited a
weight loss of approximately 60% in stage 2 (Figure 1) [60]. In Figure 1A, the
presence of a single peak (150 to 450 °C) is likely due to overlapping
degradation temperatures of cassava constituents [42].

In contrast, the treated CP displayed two degradation temperatures (Tq), in
Stage 2, at 254 and 342 °C (Figure 1B). This can be explained by the presence
of less thermally stable components resulting from the acid hydrolysis whereby
CP composition undergoes changes due to the breakdown of complex
carbohydrates into simpler sugars. For example, the appearance of a peak at
254 °C might correspond to the degradation of simpler sugars formed during
acid hydrolysis, whereas the peak at 352 °C might be related to the degradation
of remaining components, such as starch, cellulose, or lignin, in the treated CP
[43]. Furthermore, the potential incomplete degradation of biomass cross-
linkages between lignin and cellulose and hemicellulose can affect the
degradation temperature, causing a shift in the curves towards higher
temperatures compared to the untreated sample [44].

Stage 3 (450 to 900 °C) is often associated with char formation. A biomass loss
of 12% and 13% was observed for untreated (Figure 1A) and treated (Figure

1B) CP, respectively. The loss of mass corresponds to the degradation of the
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remaining lignin, and minerals, and the production of char following
devolatilisation [45].

A remaining residue of 18% and 25% was observed for untreated and treated
CP, respectively (Figure 1). The increased residue in the treated CP may be due
to the effect of the acid hydrolysis on the CP constituents. Lignin has higher
thermal stability than starch, cellulose, and hemicellulose. Therefore, when the
treated biomass is subjected to TGA, the remaining lignin contributes to a
higher overall residue than the untreated biomass and these observations are in
agreement with previous studies [46].

Overall, the primary organic materials in cassava peels were decomposed
below 450 °C and these findings are consistent with previous studies
suggesting temperatures around 500 °C for thermal degradation of cassava

[42,45].

3.1.2 Proximate and ultimate analysis

Figure 2A presents the proximate analysis of CP, including moisture content,
volatile matter, ash content, and fixed carbon composition. The treated CP had
a lower moisture content (3.8%) than the untreated CP (7.4%). Idris et al.
reported similar moisture content as the treated CP [47]. Other works also
reported comparable moisture contents for the untreated CP [45,48-50]. The
moisture content of biomass can be variable, as it depends on different

conditions such as storage, drying conditions, and variety of feedstock.
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cassava peels (n=3).

The moisture content from the proximate analysis was compared to the TGA
analysis (Figure 1) results, showing 4% moisture content in both samples. The
treated CP exhibited consistent moisture content between TGA and proximate
analysis. However, the untreated CP had a moisture content of 7.4% in

proximate analysis.
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The untreated and treated CP showed volatile matter concentrations of 80 and
74%, respectively. TGA analysis estimated a volatile content of approximately
60% for both samples (Figure 1). The variation is attributed to differences in the
methodology used in each technique. The volatile matter results in Figure 2A
align with most values documented in the literature [42,48,51]. Due to the
influence of various factors, such as the origin and processing, on volatile
matter content, it is critical to characterize biomass for optimal utilization [52].
The ash concentration of untreated and treated CP was 6.7% and 4.4%,
respectively, consistent with previous studies [48,53—-56]. Other studies found
an 8-19% decrease in ash content when the peels were subjected to hydrolysis
[567,58].

The fixed carbon concentrations of the untreated and treated CP were 5.9 and
18.2%, respectively. The results of this study indicate that treated CP has a
higher fixed carbon than untreated CP. This finding aligns with previous studies
that found an increase in fixed carbon concentration following biomass
hydrolysis. The increase can be attributed to the removal of inorganic materials,
resulting in a decrease in ash content [48,59].

Figure 2B depicts the ultimate analysis of untreated and treated CP showing
carbon, hydrogen, nitrogen, sulfur, and oxygen relative abundances. The values
observed for all elements (except oxygen) are consistent with previous
literature. Carbon concentration has been reported in the range of 36.96% [60]
to 54.9% [48], hydrogen concentration in the range of 3.98 [60] to 10.19 [48],
nitrogen concentration in the range of 0.26 [48] to 3.32 [60], sulphur
concentration in the range of 0.04 to 0.18 [50], and oxygen concentration in the

range of 32.27 [48] to 44.68 [50]. The presence of sulfur in the treated sample
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can be attributed to the diffusion of sulphuric acid into the biomass during the
acid hydrolysis process [61]. Furthermore, the emergence of a new peak in the
DTG spectra at 105 °C (Figure 1B), potentially associated with the degradation
of light compounds, further supports the presence of new sulfur groups in the
sample.

3.1.3 Functional group analysis

Untreated and treated CP were characterized using FT-IR to determine the
alterations in functional groups that occurred following acid hydrolysis. CP,
being a biomass source with high amounts of both starch and lignocellulosic
material, is a rich source of functional groups, including but not limited to
alcohols, ketones, and aromatics [62]. Figure 3 depicts the corresponding
spectra whereby the emergence of distinctive absorption peaks can be
observed. Some shifts in the peak position were also observed when comparing

the untreated and treated CP.
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Figure 3. FT-IR spectra of untreated (black line) and treated (dotted line)

cassava peel.
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The peak observed at 3279 cm! corresponds to the O-H stretching, which is
likely associated with the hydroxylic groups present in both starch and cellulose
[54,62]. The reduction in the peak intensity in the treated sample might be
linked to the reduced moisture content and is in line with the results presented
in Figure 2A. It has been proposed that this peak may be a result of sample
dehydration [42]. The presence of a distinct peak at 2959 cm' suggests the
stretching vibration of C-H in CH2 and CHs groups that are present in starch,
cellulose, hemicellulose, and lignin [63]. The intensified peak in the treated
sample could be due to the solubilisation of starch, cellulose, and hemicellulose
in the form of fermentable sugars following acid hydrolysis [63]. The peak
detected at 1619 cm™! indicates the existence of C=0 and C=C functional
groups, which are present in hemicellulose and lignin [47,62]. This peak may
also be attributed to the carbonyl groups in the starch chain [63]. The peak
detected at 1369 cm! may represent the O-H bending vibration of starch and
cellulose [64]. Additionally, it may also be associated with the C-H bending
vibration of the carboxylic groups [47]. The peak observed at 1222 cm™' may
correspond to the C-O stretching of hemicellulose and lignin, as well as the
deformation of C-H in aromatic rings [47]. The increase of this peak may be due
to the presence of pseudo-lignin, which is formed through the re-polymerization
of degradation products of polysaccharides. The formation of pseudo-lignin is a
characteristic phenomenon associated with dilute acid hydrolysis [65]. The
signal detected at 995 cm™', which exhibits the largest intensity in the untreated
cassava peels disappears entirely following acid treatment, and might be

associated with the C-O-C stretching of the 3-glycosidic linkage in cellulose.
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The absence of this peak in the treated sample may be due to the breakdown of
cellulose into reducing sugars during the acid hydrolysis process.

Aruwajoye et al. conducted an analysis of the functional groups of cassava
peels before and after an acid pre-treatment using 3.68 v/v HCI, for 2.57 h and
at 69.62 °C [54] and confirmed that acid hydrolysis alters the structural
composition and properties of CP. The acidic environment leads to the cleavage
of the chemical bonds in polysaccharides; resulting in an increased
concentration of smaller molecules, such as reducing sugars, and a reduced
concentration of polysaccharides and larger molecules such as starch,
cellulose, hemicellulose, and lignin [66]. Furthermore, other structures, such as
pseudo-lignin, can be formed due to a repolymerization process. The impact of
different hydrolysis conditions (e.g., acid concentration, hydrolysis time,
hydrolysis temperature, etc.) on CP can result in differences in the biomass
degradation, resulting for example in variable presence of reducing sugars
hence, affecting the process yields whilst affecting the structural integrity and

properties of the resulting hydrolysate.

3.1.4 Surface morphology analysis

Scanning Electron Microscopy (SEM) was employed to characterize the surface

of untreated and treated CP (Figure 4).
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Figure 4. Scanning electron microscopy (SEM) of (A) untreated, and (B) treated

cassava peel. Red arrows indicate some of the starch granules.

Starch granules can be observed in the untreated CP, which contributes to the
non-uniform surface of the sample. This result is supported by previous authors,
who observed globular starch granules covering the surface of cassava peel
[67]. However, starch granules are less noticeable, in the treated CP, indicating
the effect of the acid pre-treatment in breaking down the polysaccharides.
Aruwajoye et al. observed a similar effect upon acid and thermal pre-treatment
of CP. Our results confirm the surface structural changes in polysaccharides
resulting from acid hydrolysis, as it offers detailed images of the surface
morphology of biomass.

The surface morphology analysis together with the TGA, proximate, ultimate,
and functional group analysis presented in this study offers a comprehensive
evaluation of the structural differences between untreated and acid hydrolysed
CP. The results confirm the degradation of intricate polysaccharides into
smaller, more readily fermentable sugars after acid pretreatment. Consequently,
this pre-treatment method enables the subsequent conversion of these sugars

into value-added products, thereby resulting in the valorisation of CP waste.
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3.2 Optimization of cassava peel hydrolysis

RSM is a useful tool comprised of mathematical and statistical techniques
commonly used to optimize one or several responses of a process [37]. To
reduce the number of experimental trials, a CCD was performed to determine
the optimum conditions for the hydrolysis of CP. The effect of the three variables
on the TRS concentration in the hydrolysate was investigated: H2SO4
concentration, hydrolysis time, and hydrolysis temperature. The experimental
design matrix and response values are shown in Table 2.

Table 2. Central Composite Design matrix cassava peel hydrolysis along with

the response (total reducing sugars, TRS) values.

Factor x3 Response TRS
Factor x1 Factor x2 :
Run [H2S04] (M) Time (min) Temperature concentration
Q) (g/L)
1 -1 1 -1 17.1
2 -1 1 1 62.0
3 -1 -1 1 82.1
4 -1 -1 -1 14.2
5 1 -1 1 72.1
6 1 -1 -1 37.9
7 1 1 -1 82.1
8 1 1 1 60.0
9 -1.68 0 0 3.5
10 1.68 0 0 85.7
11 0 -1.68 0 77.0
12 0 0 -1.68 12.4
13 0 0 1.68 72.9
14 0 1.68 0 78.3
15 0 0 0 66.4
16 0 0 0 65.0
17 0 0 0 54.6
18 0 0 0 73.4
19 0 0 0 66.3
20 0 0 0 72.1
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Results presented in Table 2 were analysed by Design Expert using ANOVA and
the fitted equation model was obtained. Table 3 shows the results of the
ANOVA, which indicate that the model is significant, with an F-value of 28.55
and a p-value lower than 0.0001. These values imply that an F-value of this
magnitude is only 0.01% likely to occur due to noise. Furthermore, the F-value
0.9404 and p-value 0.5101 of the lack of fit imply that this is not significant
relative to the pure error. Since the fit of the model is desirable, the
insignificance of the lack of fit means that the model has good predictability. The
coefficient of variation (CV) is 13.14% and lies below an acceptable limit of 15%
[68]. The fitness of the model was assessed by the coefficient of determination
R? (0.9694). This value indicates that the variables account for more than 96%
of the variation and that the model cannot explain less than 4% of the total
variance. Adequate precision measures the signal-to-noise ratio and values
greater than 4 are desirable. The ratio of 16.2 indicates that the signal for the
model is adequate which can be used to navigate the design space. The
adjusted R? (0.9147) is in reasonable agreement with the predicted R? (0.8003),

showing a difference lower than 0.2 [37].

Table 3. Analysis of variance (ANOVA) of the central composite design reduced

cubic model.

Source Sum of squares df Mean square F-value p-value
Model 12442.36 10 12442.36 28.55 <0.0001
X1 3406.78 1 3406.78 78.18 <0.0001
X3 3787.83 1 3787.83 86.92 <0.0001
X1X2 303.32 1 303.32 6.96 0.0270
X1X3 1267.06 1 1267.06 29.08 0.0004
X2X3 789.63 1 789.63 18.12 0.0021
X12 890.83 1 890.83 20.44 0.0014
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X3? 1047.60 1 1047.60 24.04 0.0008
X1X22 759.42 1 759.42 17.43 0.0024
Residual 692.21 9 692.21 - -

Lack of fit 168.38 4 168.38 0.9404 0.5101
Pure error 223.83 5 223.83 - -

Cor Total 12834.57 19 12834.57 -

C.V =13.14%; R?=0.9694; Adj R?=0.9147; Pred R?= 0.8003; Adeq Precision
= 16.2130. x7: H2SO4 concentration; x2: time; x3: temperature

Table 3 also shows the statistics of the individual factors and the interactions
between them, which were used to build the polynomial model equation.
Equation 9 (Eq. 9) shows the enhanced polynomial model for the estimation of
TRS concentration:

y=69.49+24.85x1+16.69x3+6. 16x1x2-12.59x1x3-9.94X2x3-8.39x1%-8.96X5°-
15.25x1x2? (EQ. 9)

The coefficient sign (+/-) defines the direction of the relationship between each
of the factors and the response. A positive coefficient means that as the value of
the independent variable increases, the dependent variable will also increase. A
negative coefficient indicates that as the independent variable rises, the
dependent variable falls [69]. Table 3 shows that H2SO4 concentration and
temperature poses significant linear, quadratic, and interactive effects on the
model. The linear (x2) and quadratic (x2?) coefficients for time were removed
from the model due to their non-significance. However, the interactions of time
with H2SO4 concentration and temperature (x1x2, x2x3 and x1x2%) produced p-
values below 0.05 indicating their significance to the model.

In conclusion, the ANOVA analysis confirms the significance and good
predictability of the fitted equation model. The obtained results, indicate that the
variables accounted for a significant proportion of the variation and the model

can be reliably used for navigating the design space.
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The predicted vs. actual values plot (Figure 5A) shows that the predicted values

agree with the experimental results. All points lie very close to the line,
indicating an excellent fit where x=y. The strong fit of this model confirms that
the reduced cubic model can be used to estimate and optimize the TRS

concentration in the CPH.
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Figure 5. (A) Total reducing sugars (TRS) concentration predicted vs. actual
values plot; (B) Perturbation plot over TRS concentration (g/L). (x1) H2SO4
concentration; (x2) time; (x3) temperature.

Results shown in Figure 5B examines the single effect of the three factors
involved in the design. As can be observed, the increase in H2SO4
concentration and temperature leads to an increase in TRS concentration.
However, time shows a reduced effect at all ranges, confirming its non-
significance in the model as a single factor.

The analysis of the interactions between variables was further investigated

based on the contour and 3D response surface plots, as presented in Figure 6.
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Each pair of plots (A, B, and C) shows the response as a function of two
parameters while maintaining the third parameter at a fixed central level. As can
be seen, TRS concentrations exceeding 80 g/L can be achieved through
various combinations of the independent variables. Figure 6A illustrates the
interaction between H2SO4 concentration and time, where the highest TRS
concentration can be obtained by using H2SO4 higher than 2 M with reaction
times between 90 and 175 min. Figure 6B shows the interaction between H2SO4
concentration and temperature, where H2SO4 concentrations higher than 2 M
and temperatures ranging from 80 °C to 105 °C yields TRS concentrations
higher than 83 g/L. Finally, Figure 6C shows the interaction between
temperature and time, indicating that the maximum TRS concentration can be
achieved by using temperatures exceeding 99 °C within 90 min. Overall, our
results indicate that increasing H2SO4 concentration and temperature leads to
higher TRS concentration. Therefore, it can be concluded that the duration of
the hydrolysis reaction, in combination with the other two independent variables,
has a significant impact on the TRS concentration. Onyelucheya and co-
workers used H3POato hydrolyse CP and found that increasing the acid
concentration led to a reduction in the required hydrolysis time [34]. However,
their study did not provide a systematic approach to optimize the hydrolysis of
CP nor explore optimal conditions. In contrast, our study, employing a DoE
approach, revealed a more intricate interaction between acid concentration and
hydrolysis time. The analysis of the 3D and contour plots presented in Figure 6
revealed that H2SO4 concentrations from 2 M, time between 70 and 175 min,

and hydrolysis temperatures from 85 °C yield over 80 g/L of TRS.

28



We carried out an independent experiment to validate our model employing 2.2
M H2S04, 150 min reaction time, and 102 °C, achieving 80.31 g/L of TRS. The
predicted TRS concentration was 80.71 g/L, being an acceptable error of 0.5%
between the experimental and the predicted value.

Considering the carbohydrate concentration of 88% in CP [30], a maximum
conversion of 97% of carbohydrates into reducing sugars was achieved in the
CPH in this study. Upon comparison with other studies, hydrolysis with H2SO4
has been reported to yield 66 and 94% of TRS conversion from cassava peel at
t 110 °C [14] and 135 °C [13], respectively. Nevertheless, these works show
disparities in the optimal concentration of acid and did not conduct a systematic
study. Our research shows that H2SO4 concentrations higher than 2 M and
temperatures around 85 °C lead to conversion yields of 97%. Ajala and co-
workers reported an optimum H2SO4 concentration of 1.5 M to achieve 94%
conversion, being in close agreement with our findings [14]. In contrast, Yoonan
and Kongkiattikajorn report 0.1 M H2SO4 as the optimal concentration for the
hydrolysis of cassava peels. However, the authors only achieved 66%
conversion [13], significantly lower than our results. Focusing on the reaction
time, we found that conducting the hydrolysis between 70 to 175 min leads to
conversions up to 97%. The aforementioned studies used hydrolysis times of
120 min and 90 min respectively [13,14]. Nevertheless, the optimization of the
process variable time and the interaction of the three different factors was not
described. While our process requires slightly higher concentrated H2SOs4,
theirs employ a higher temperature. The interest in using lower temperatures
and times is not only due to the lower energy demand but also to the mitigation

of glucose degradation. High temperatures and prolonged reaction times can
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lead to the degradation of glucose, which may lead to lower conversion yields
[34]. Furthermore, our study employs a systematic optimization approach,
considering three variables simultaneously, whereas the study performed by
Ajala and co-workers employed a fixed time [14].

The present study was optimised to hydrolyse cassava peel using H2SO4 as the
catalyst, achieving a maximum conversion of 97% from CP to TRS. To the best
of the authors knowledge, this is the highest conversion reported to date.

Other acids can be used to show similar conversion rates. Various authors
report varying concentrations of HCI achieving 94.5 and 93% of conversion
[32,54]. It is important to consider that the variations in yields may be attributed
to the feedstock variability, as well as differences in the acid used,
concentration, reaction time, and temperature. For example, due to its chemical
structure, starch is more easily digestible than cellulose and hemicellulose. This
is because the a-1,4 and a-1,6 glycosidic bonds of starch are not as strong as
the B-1.4-glycosidic bonds of cellulose and hemicellulose, hence they are more
resistant to dilute acids. Therefore, the hydrolysis of cellulose and hemicellulose
usually requires more severe conditions than starch [70]. Some authors have
suggested that the total conversion of cellulose and hemicellulose into reducing
sugars is not possible [71], which may explain the presence of 3% undegraded
carbohydrates in our study. To the best of our knowledge, our study yields the
highest conversion rate of cassava to reducing sugars, via a systematic

optimization study.
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3.3 Screening of microbial growth and PHA production from CPH

The 15 different CPH obtained from the hydrolysis experiments with different
TRS concentrations (Table 2) were utilised to screen the growth of C. necator
and its ability to produce PHA (Figure 7). Results are presented after 48h of
culture, indicating that C. necator was able to metabolise all the CPH to different
extents and produce PHA at varying levels. Growth varied from ODsoo 0.7 using
the CPH (1.5 M H2S0O4, 15 min and 90°C), to ODsoo as high as 15.8 using the
CPH (0.6 M H2S0O4, 58 min and 107 °C). The latter value is comparable to
experiments using 10 g/L of commercial glucose as the carbon source whereby
ODeoo 16 was achieved after 48h of culture. With ODsoo values of 14.4; 15.3 and
15.8 (Figure 7A), three out of the 15 experiments showed growth comparable to
the cultures using synthetic glucose. To understand what might be affecting the
microbial growth in the experiments presenting lower growth, different factors
such as substrate inhibition and volume of alkali were analysed [94]. Substrate
inhibition was disregarded in our study since Figure 7B shows that the culture
that produced the greatest growth corresponds to the CPH that contained the
highest amount of TRS, 75.2 g/L. The initial sugar concentration in the culture
had no beneficial impact on the growth either. The culture presenting ODeoo
14.4 had a starting TRS concentration of 27.6 g/L. Nevertheless, the CPH (1.5
M H2SOs4, 15 min, and 90 °C) resulted in ODesoo lower than 1, having an initial

sugar concentration of 66.4 g/L.
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Figure 7. Screening of C. necator growth and PHA production using different
cassava peel hydrolysates (CPH). Grey column, ODseoo; (®) Relative fluoresce
values of pyr-546-stained cells measured by Flow cytometry and corresponding
to PHA content (n=3) and (o) NaOH (M) used for CPH neutralization (A); Total
reducing sugars (TRS) concentration (B) obtained from each hydrolysis
condition. (*) Average and standard deviation values are given for the central
point (1.5M, 120min, and 90 °C) (B); Fluorescence microscopy images of Pyro-
546-stained cells indicating polyhydroxyalkanoates (PHA) production in CPH
from a representative experiment obtained under hydrolysis conditions of 0.01

M, 120 min and 90 °C (C); and 0.6 M, 58 min and 107 °C (D).

Figure 7A shows the concentration of alkali used to neutralise the culture media
and its impact on microbial growth. All the CPH obtained using 0.6 M presented
the highest growth results. All these experiments required NaOH concentrations
lower than 2 M to be neutralised. Cultures that needed less alkali grew more on
average. CPH (0.01 M H2SO4, 120 min, and 90 °C) did not require a
neutralisation step. However, the growth only reached ODe00 5.15. This might be
a result of the low availability of TRS in the media, being 3.5 g/L. The more
alkaline solution is added to an acidic solution, the higher is likelihood that salts
will be formed in the media, and high salt concentrations may prevent bacterial
growth [72]. To the best of the author’s knowledge, this study presents the
pioneering investigation of C. necator growth through a comprehensive
screening utilising various CPH. The findings of this research provide a
benchmark for the utilisation of CPH and serve as a valuable reference for

future studies in this area.
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FCM was used to rapidly assess relative PHA, specifically PHBV, content within
individual bacteria by staining with the lipophilic fluorophore pyr-546 [73]. This
dye has the ability to enter bacteria and stain PHA green. As shown in the
correlation between PHA concentration (%) quantified using GC-MS and
fluorescence values from FCM, higher fluorescence values mean higher PHA
content (supplementary materials).
Figure 7C and 7D represents a fluorescence microscope image showing
representative samples with low and high fluorescence values of pyro-546-
stained cells grown on CPH (0.01 M, 120 min, and 90 °C) and CPH (0.6 M, 58
min and 107 °C), corresponding to PHA accumulation of 10 and 31 % PHA (g
pHA/gDcw), equivalent to 0.15 and 1.5 g/L of PHA, respectively. Therefore, we
have employed FCM analysis as a rapid and high throughput method to screen
and confirm the potential of C. necator to produce PHA from CPH. Vega-Castro
and co-workers reported the production of 0.064 g/L of PHA using acid-
hydrolysed cassava peels [74]. Our work whereby 31% PHA corresponds to
1.38 g/L of PHA, clearly shows improved yields than the previously published.
Furthermore, to the best of our knowledge, the application of FCM for assessing
PHA production from CP has not been previously reported. The use of FCM in
this study confirmed the ability of C. necator to produce PHA from CPH.

4. Conclusions
We developed an integrated strategy for converting waste into PHA using
chemical and biological conversion technologies. Comparison of acid-untreated
and treated CP revealed thermal, physicochemical, and morphological changes.
Our optimization study achieved the highest conversion value using a

systematic study, to the best of the author’s knowledge. Screening using CPH
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demonstrated the ability of C. necator to produce PHA and showed the high
potential of biomass waste to be valorised into high-value bioproducts. This
work contributes to the sustainable and integrated development of biorefinery
systems using biomass waste contributing to meeting Net Zero targets.
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Highlights

Cassava peel (CP) is a renewable resource with great valorisation
potential

Physico-chemical characterisation of CP is key to unlock its valorisation
potential

CP was converted into polyhydroxyalkanoates (PHA) via chemical and
microbial routes.

Optimisation of CP acid hydrolysis resulted in 97% conversion into
reducing sugars

The integration of chemical and biological processes resulted in 31% of
PHA

Flow cytometry allowed rapid, simple and high-throughput assessment of

PHA content.
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