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Abstract

Hydrolysis in bioethanol production is one of the most limiting stages in the entire production process since it is the stage
where the sugars to be converted to ethanol are obtained. Ulva fasciata, Hydropuntia dentata and Sargassum vulgare
seaweeds were examined in this study to determine the most efficient pretreatment, optimal hydrolysis conditions and
predictive models with dilute sulphuric acid and cellulase enzyme as catalysts. Dilute acid pretreatment was found to
be the most efficient in maximizing the catalytic efficiency of enzymes applied on all the three selected seaweeds. Ulva
fasciata, however, was found to be efficiently hydrolysable without any form of pretreatment. The study also found dilute
sulphuric acid hydrolysis to be less effective since it released up to 52.4% of reducing sugars in the seaweeds as compared
to the 90.9% from hydrolysis with cellulase enzyme. Also, the most efficient regression model between the seaweed
species studied was obtained for the enzymatic hydrolysis of U. fasciata with a correlation coefficient of 99.4%. This indi-
cates a high precision in predicting the reducing sugar yields from the species within boundary conditions. Overall, the
optimal enzymatic hydrolysis process was influenced most by substrate concentration for all three seaweeds examined.

Keywords Seaweed pretreatment - Enzymatic hydrolysis - Acid hydrolysis - Ulva fasciata - Hydropuntia dentata -
Sargassum vulgare
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1 Introduction also cultivated as a staple food in the country [5]. The con-

tinued use of edible feedstock for commercial bioethanol

Bioethanol is the most widely used transport biofuel
globally with a combined total production of 106 billion
litres in the year 2017 [1]. It is being used commercially in
blends with gasoline in some countries in order to reduce
carbon footprints [2, 3]. Commercial bioethanol produc-
tion has been primarily limited to edible feedstock such
as sugarcane, corn, sugar beet and rapeseed [4]. In Ghana,
commercial bioethanol is produced from cassava, which is

production could result in issues over food security, com-
petition for arable land and fresh water use and the exces-
sive use of pesticides and fertilizers [6]. Seaweeds have
been studied extensively as potential alternative biomass
for use in bioethanol production [7, 8]. This is primarily
due to their high growth rate, high yield per hectare, no
arable land requirement, no fertilizer requirement and low
pretreatment costs [9].
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The production of bioethanol from seaweeds also goes
through the typical processes of pretreatment, hydroly-
sis (saccharification), fermentation and ethanol recovery
through distillation and dehydration. The hydrolysis pro-
cess in bioethanol production is one of the most limiting
stages in the entire production process since it is the stage
where the sugars to be converted to ethanol are obtained.
Hydrolysis of seaweeds for bioethanol production involves
the breakdown of polysaccharides (complex sugars) such
as cellulose, laminarin, ulvan, alginate, carrageenan, man-
nitol and agar to simple sugars (monosaccharides) such
as glucose, galactose, rhamnose, mannose, fucose, xylose
and arabinose for fermentation to ethanol [10]. A poor
hydrolysis of the seaweed biomass would therefore lead
to a poor ethanol yield [8]. The two most commonly used
hydrolysis methods are the dilute acid hydrolysis and enzy-
matic hydrolysis.

Dilute acid hydrolysis (or pretreatment) is considered
the most economical and time-saving form of hydrolysis
currently available for algal biomass [11]. Acid concen-
trations as low as 0.006 M along with a 15 min reaction
time have been reported with appreciable reducing sugar
yields [12, 13]. Nonetheless, enzymatic hydrolysis is consid-
ered the most efficient form of hydrolysis for algal biomass
available, despite concerns in various studies over the high
cost of enzymes and longer reaction times [14, 15].

In this study, the interactions between the critical fac-
tors affecting dilute acid and enzymatic hydrolysis were
separately examined on three tropical seaweeds: Ulva
fasciata, Hydropuntia dentata and Sargassum vulgare.
This was done in order to improve the fermentable sugar
yields while attempting to minimize catalyst dosages and
reaction times, which in turn reduces catalysts costs for
bioethanol production. The hydrolytic data obtained were
used to develop novel predictive models which describes
the total reducing sugar yields from cellulase enzymes and
sulphuric acid in the hydrolysis of the selected tropical sea-
weeds representing the three groups of macroalgae.

2 Materials and methods

2.1 Harvesting and pre-processing of selected
seaweeds

The seaweed species selected for this study were U. fas-
ciata, H. dentata (an agarophyte) and S. vulgare. These
species were selected because they are the most densely
distributed across both the east and west coast of Ghana.
They are also representative of the three groups of sea-
weeds, which are known to vary in composition and cel-
lular structure [16].
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The selected seaweeds were harvested in February
2016 from Prampram (5.5717°N, 0.1332°W) and Mum-
ford (5.2660°N, 0.7542°E) on the east and west coast of
Ghana (West Africa), respectively. The seaweeds were
pre-processed through washing and sorting to remove
sand, debris and any unwanted material. They were then
sun-dried for 3-4 days to reduce the moisture content to
<15% from an initial moisture content of 80-90%. The dry
seaweeds were milled to a particle size of <1 mm, bagged
in zip lock bags and stored in a dry cabinet before use.

2.2 Characterisation of seaweeds

The seaweeds were characterized for their total carbohy-
drates, total proteins, lipid content, moisture content, total
solids, volatile solids and ash content. The total solids and
moisture content were determined as described by Sluiter
et al. [17] (adapted from ASTM E1756-01). The lipids con-
tent was obtained through Soxhlet extraction as described
in Borines et al. [3]. It involved the heating of the sample
in a solvent (petroleum ether) using a Soxhlet extraction
apparatus for 16 h. The solvent was recovered through
evaporation while the flask containing the lipids extract
was cooled and weighed. Total proteins were determined
as described in Hames et al. [18]. The volatile solids and
ash content were determined as described in Sluiter et al.
[19] (adapted from ASTM E1755-01). It involved the dry
oxidation of the biomass at 575 °C until a constant residue
weight is obtained. The total carbohydrate was obtained
using a modified form of the method described in Van
Wychen and Laurens [20] (adapted from ASTM E1758-01).
It involved the sequential hydrolysis of the biomass with
72% sulphuric acid at 30 °C for 1 h and 4% sulphuric acid
at 121 °C for 1 h. The liquid fraction of the hydrolysate
obtained was analysed for total sugars using the PAHBAH
(4-hydroxybenzoic acid hydrazide) assay [21].

Since seaweeds are known to be composed of a hetero-
geneous mixture of monomeric sugars in their structure,
it was essential to determine the fractions of monomeric
sugars present in the selected species. The monomeric
sugars composition was determined using a modified
form of the method described in Van Wychen and Laurens
[20] (adapted from ASTM E1758-01). It also involved the
sequential hydrolysis of the biomass with 72% sulphuric
acid at 30 °Cfor 1 h and 4% sulphuric acid at 121 °Cfor 1 h.
The liquid fraction of the hydrolysate obtained was ana-
lysed for monomeric sugars via high-performance liquid
chromatography (HPLC) as specified in Sect. 2.6.

2.3 Seaweed pretreatment methods

In this study, various pretreatments were examined to
assess their relevance in algal ethanol production, their
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effect on sugar recovery and the best condition that sup-
ports enzymatic hydrolysis. Six unique pretreatment con-
ditions and two controls were considered. Each condition
was followed by enzymatic hydrolysis with a commercial
enzyme, Cellic CTEC Il (Novozymes, Denmark) at 5 FPU/g
DM (dry matter) for 72 h at 50 °C with 5% substrate con-
centration while shaking at 150 rpm in an incubator shaker
(Lab Companion SIF5000, Jeio Tech-Korea). All pretreat-
ments considered were carried out at a substrate concen-
tration of 10%. The pretreatments used were dilute acid,
dilute alkaline, hot buffer, extremely low acid, dry heat and
hot water wash with buffer-less and buffered enzymatic
hydrolysis as controls. All three pre-processed seaweeds
were screened with these pretreatments using the condi-
tions summarized in Table 1.

2.4 Optimisation of dilute acid hydrolysis
of selected seaweeds

The general full factorial experimental design was used
in finding the ideal conditions for dilute acid hydrolysis of
the selected seaweeds. The design was composed of three
factors with three levels per factor. The factors examined
were sulphuric acid concentration (0.1, 0.2, 0.3 M), reaction
time (15, 30, 60 min) and reaction temperature (100, 120,
130 °C). The boundary conditions were kept narrow due to
the extensive reports on the optimal conditions of dilute
acid hydrolysis of seaweeds [11]. The experimental design
matrix was generated with Minitab 17 statistical software.
A total of 27 experimental runs were performed on each
seaweed species in triplicates. The interactions between
the factors (hydrolysis conditions) and the response vari-
able (TRS: Total reducing sugars) were modelled with the
aid of multiple regression analysis using Minitab 17 statis-
tical software.

For each unit, pre-processed seaweed was added to
10 ml of acid solution (of known concentration) in 100 ml
Duran bottles to form a substrate concentration of 10%

w/v dry basis. The mixture was heated in a convection
oven (VWR Dry-Line, Germany) at each specified temper-
ature and time from the experimental design matrix. The
mixture was cooled to room temperature and centrifuged
at 6000 rpm for 5 min. An aliquot of the liquid fraction
was analysed for total reducing sugars using the PAHBAH
assay [21].

2.5 Optimisation of enzymatic hydrolysis
of selected seaweeds

The central composite rotational factorial experimental
design was used to examine the interactions between
enzyme dosage, reaction times and substrate concentra-
tion to optimize the total reducing sugar yield. The design
was composed of 3 factors with 3 levels per factor. The
factors examined were enzyme dosage (2, 5, 8 FPU/g dry
biomass), reaction time (24, 48, 72 h) and substrate con-
centration (5, 10, 15% w/v dry basis). The experimental
design matrix was generated with Minitab 17. A total of
20 experimental runs were performed on each seaweed
species in triplicates. The interactions between the factors
(hydrolysis conditions) and the response variable (TRS)
were modelled with the aid of multiple regression analy-
sis using Minitab 17.

For each unit, pre-processed seaweed was first pre-
treated with 0.2 M H,SO, at 130 °C in a convection oven
for 15 min with a substrate concentration of 20% w/v
dry basis (adapted from Meinita et al. [8]). The mixture
was cooled to room temperature after heating. The pH
was adjusted to the range of 5-6 with 4.5 M NaOH. The
amount of enzyme as specified in the experimental design
matrix was added to the mixture. The enzyme applied
in this study was Cellic Ctec Il (Novozymes, Denmark), a
commercial enzyme whose cellulase activity, measured
in filter paper units (FPU), was determined using a modi-
fied form of the method described by Adney and Baker
[24]. The final substrate concentration of the mixture was

Table 1 Summary of

- Type of pretreatment  Conditions References
pretreatment conditions
applied to seaweeds Catalyst Tempera- Time (min)  Substrate con-
ture (°C) centration (%
w/v)
Dilute acid 0.2 MH,SO, 130 60 10 [8]
Dilute alkaline 0.2 M NaOH 130 60 10 [8]
Extremely low acid 6 mM H,SO, 130 60 10 [12]
Hot buffer 50 mM Citrate buffer 130 60 10 [22]
Dry heat Water 130 60 10 [22]
Hot water wash Water 50 90 10 [23]
Buffer-less control Water - - - -
Buffered control 50 mM Citrate buffer - - - -
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also adjusted to 5% w/v dry basis with distilled water. The
mixture was incubated in an incubator shaker (Lab Com-
panion SIF5000, Jeio Tech-Korea) at 50 °C while shaking
at 150 rpm for the length of time specified in the experi-
mental design matrix. After the specified time, the mix-
ture was cooled to room temperature and centrifuged at
6000 rpm for 5 min. A 100 pl aliquot of the liquid fraction
(supernatant) was taken and analysed for total reducing
sugars using the PAHBAH assay. The experimental data
obtained were analysed using multiple regression analy-
sis in Minitab 17 statistical software to obtain the optimal
process conditions.

2.6 Analysis of sugar recovery

In the analysis of sugars, individual monomeric sugars
were identified and quantified via HPLC while the total
reducing sugars were quantified via PAHBAH assay. The
analysis of monomeric sugars in the seaweeds was per-
formed on a Shimadzu LC10/20 HPLC equipped with a
refractive index detector. Monomeric sugars were ana-
lysed in the HPLC on a Rezex RPM column (Phenomenex,
USA) operating at a column temperature of 80 °C and a
detector temperature of 40 °C with ultrapure water as
mobile phase at a flow rate of 0.6 ml/min. The HPLC was
calibrated with high-purity standards of glucose, xylose,
mannose, cellobiose, rhamnose, arabinose, fucose, galac-
tose, galacturonic acid and mannitol. The sample injection
volume for all the analytes was 10 pl, which were filtered
(0.2 um) before the analysis.

The concentration of total reducing sugars in the vari-
ous hydrolysates obtained was quantitatively measured
using the PAHBAH assay [21]. This assay exploits the reduc-
tion effect of the aldehyde group in the structure of reduc-
ing sugars with chromogenic agents. In this study, 0.5%
w/v of the chromogenic reagent, 4-hydroxybenzoic acid
hydrazide (PAHBAH) in 0.5 M NaOH was reacted with ali-
quots of the hydrolysates obtained to form a bright yel-
low colour when heated in a test tube at 100 °C for 5 min.
The absorbance of the colour formed was measured at a

wavelength of 410 nm with a spectrophotometer (Genesys
10S VIS, Thermoscientific-USA). The absorbance obtained
was measured against a standard glucose calibration curve
to obtain the concentration of total reducing sugars in the
hydrolysate. The total reducing sugar yields obtained were
used to evaluate the catalytic efficiency of the catalysts
used during the hydrolysis of the seaweeds. Catalytic effi-
ciency in this context refers to the ratio of total reducing
sugars released to the total carbohydrates in the biomass
expressed as a percentage. The total reducing sugar yield
and catalytic efficiency were calculated using Egs. 1 and 2.
For total reducing sugar yield,

Total reducing sugars

100
[Dry biomass| % M

For catalytic efficiency,

Total reducing sugar yield
Total carbohydrate content

Catalytic efficiency =

3 Results and discussion
3.1 Composition of the selected seaweeds

The composition of seaweeds or any other biomass con-
sidered for bioethanol production is critical in determining
whether it may be a suitable raw material for this purpose.
The three seaweeds sampled in this study were examined
for various components, which are relevant to bioethanol
production. After pre-processing through washing, sun
drying and grinding, the total solids increased to 82-90%
from 10 to 15% in the freshly harvested biomass (Table 2).
Sun drying which is regarded as one of the oldest and sim-
plest methods of biomass preservation and drying was
effective in reducing the moisture content in the selected
seaweeds. The high efficiency of the drying method is very
favourable and cost-efficient for potential seaweed farm-
ing and processing in Ghana, where coastal fishing com-
munities are mostly poor.

Table2 Composition of the

Component (% w/w dr
selected seaweeds P 6 y

Seaweed species

biomass) - -
Ulva fasciata Sargassum vulgare Hydropuntia dentata
Total solids 82.4+0.0° 85.6+0.0° 90.5+0.0¢
Moisture content 18.5+0.0° 15.7+0.0° 10.0+£0.0°
Volatile solids 55.5+0.6 60.2+0.6 51.6+0.5
Ash content 28.0+0.5 27.2+0.6 38.7+£0.7
Total lipids 1.5+0.0 1.0£0.0 3.2+£0.0
Total proteins 14.4+0.0 11.2+£0.0 10.3+£0.0
Total carbohydrates 31.3+1.8° 32.6+0.8° 31.2+2.1°

*Means in the same row with different letters are significantly different (Tukey’s HSD, p < 0.05)
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The selected seaweeds were composed of 31.2-32.6%
total carbohydrates (Table 2) with no significant difference
between them (p value <0.05). The total carbohydrate
content is of utmost importance in bioethanol produc-
tion since it is the principal component that is converted
by fermenting organisms such as yeast to ethanol. The
carbohydrate values obtained for U. fasciata (31.3%), H.
dentata (31.2%) and S. vulgare (32.6%) compare favour-
ably with 45% from Marquez et al. [25], 39% from Rhein-
Knudsen et al. [26] and 19.4% from Marinho-Soriano et al.
[27], respectively, for the same species. The carbohydrate
content in the selected seaweed species can be consid-
ered high enough for substantial ethanol recovery of up
to 15% of the biomass assuming the theoretical maxi-
mum ethanol recovery of 51.2% of the reducing sugars
can be achieved. The selected species were therefore con-
sidered as adequate potential substrates for bioethanol
production.

3.2 Monomeric sugar composition of the selected
seaweeds

The total carbohydrates fraction in seaweeds and most
biomass are made up of various monomeric sugars (reduc-
ing sugars). Seaweeds are known to be composed of a
broad diversity of monomeric sugars or monosaccharides
as compared to other biomass such as cassava, sugarcane
and elephant grass used in bioethanol production [28].
This study found the major monomeric sugars in U. fas-
ciata to be glucose, xylose and rhamnose at 15.1, 7.6 and
5.4%, respectively; S. vulgare had glucose and fucose at
15.3 and 4.0%, respectively; and H. dentata had galactose
and glucose at 13.1 and 12.0%, respectively, of dry biomass
(Table 3). There was no significant difference between the
glucose content, which formed the largest fraction of
monomeric sugar in both U. fasciata and S. vulgare spe-
cies at 15.1 and 15.3%, respectively. The glucose fraction
for H. dentata was, however, significantly lower at 12.0%. In
H. dentata, galactose formed the largest monomeric sugar

fraction at 13.1%. These results indicate that the overall
fermentable hexose (C-6 sugars) fraction of the mono-
meric sugars was higher than the pentose (C-5 sugars)
fraction in all three seaweeds studied. This was cumula-
tively between 16 and 27%. This is particularly preferred
since the hexose fraction of carbohydrates is much easier
to ferment via the glycolytic metabolic pathway used by
most yeast strains in the fermentation of sugars to ethanol
[29]. It is reported that most common fermenting organ-
isms such as the yeast, Saccharomyces cerevisiae, used in
bioethanol production prefer hexose monomeric sugars
such as glucose and mannose over pentose monomeric
sugars such as xylose and arabinose [29]. The difference
in hexose and pentose fraction could, however, impose a
challenge through a possible reduction in ethanol yield
unless the fermenting organism chosen demonstrates
some significant pentose to ethanol conversion capability.
The selection of the fermenting organism to process sea-
weeds to ethanol would, therefore, have a critical impact
on ethanol yield.

3.3 Effect of pretreatments on enzymatic catalytic
efficiency

In this study, various pretreatments were examined to
assess their relevance in macroalgal ethanol production,
their effect on reducing sugar recovery efficiency and the
best condition that supports enzymatic hydrolysis. Six
unique pretreatment conditions and two controls were
considered in this study. Each condition was followed by
the application of the commercial enzyme, Cellic CTEC II.
The catalytic efficiency of the enzymes applied after each
pretreatment was used as the metric of comparison.

Ulva fasciata responded best to dilute acid, hot buffer
and interestingly, the buffered control (with no treatment)
with catalytic efficiencies of 69.6, 67.2 and 55.1%, respec-
tively (Fig. 1). There was no significant difference between
them (p value < 0.05). The dilute acid and hot buffer done
at 130 °C for 60 min with 0.2 M H2504 and 0.05 M citrate

Table 3 Monomeric sugar

Component (% w/w dr
composition of the selected P 06 y

Seaweed species

biomass)

seaweeds Ulva fasciata Sargassum vulgare Hydropuntia dentata

Rhamnose 5.4+0.2° - 15+3.1°

Xylose 7.6+1.9° 1.9+0.6° 1.0+£0.2°

Arabinose - 0.7+0.4° 0.6+0.0°

Fucose 0.2+0.0? 40+03° -

Mannose 1.2+0.3° 1.6+0.9% 3.4+0.7°

Glucose 15.1+0.22 153+1.12 12.0+0.3°
Galactose 0.9+0.0° 29+0.2° 13.1+£24°
Galacturonic acid 0.8+0.1° 0.6+0.1° 0.6+0.0°

*Means in the same row with different letters are significantly different (Tukey’s HSD, p < 0.05)
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buffer as catalysts, respectively, were both considered the
most extreme between selected treatment methods. This
was due to the high heat energy required and toxic cata-
lysts used. The buffered control, which was not subjected
to any pretreatment but was hydrolysed directly with the
enzyme in a citrate buffer medium, was, however, milder
and less energy intensive. Trivedi et al. [22] adopted a
similar approach in screening several pretreatments on
U. fasciata. They identified pretreatment with hot acetate
buffer at 120 °C for 60 min as most efficient for high sugar
recovery.

The results for U. fasciata first imply that high tempera-
tures favour structural breakdown. However, in the case of
dilute acid treatment, higher concentrations of catalysts
are also required since both the extremely low acid and
dry heat treatments were done at the same temperature
as dilute acid treatment. High catalyst loads have been
reported to increase the number of active catalytic sites
for the substitution reaction by acids [30]. The second
implication of the results (Fig. 1) is that buffers used in the
hot buffer pretreatment and buffered medium play a sig-
nificant role especially for the enzymatic hydrolysis that
follows pretreatment. Enzymes are known to be very pH
sensitive; thus, stable pH provided by the buffers during
hydrolysis improved the reducing sugar recovery.

Sargassum vulgare responded best to dilute acid and
hot buffer treatments with catalytic efficiencies of 56.0
and 39.3%, respectively (Fig. 1). They were significantly
different from each other and significantly higher than all
the other treatments (p value < 0.05). Hot water wash also
recorded a considerable catalytic efficiency of 24.2%. All
the other treatments recorded similar catalytic efficien-
cies ranging between 2.0 and 6.5% after the enzyme was
applied (Fig. 1). The response of S. vulgare to the pretreat-
ments is quite similar to the case of U. fasciata particu-
larly, their preference for heat application. The use of an
acid catalyst such as sulphuric acid in the presence of heat
as used in the dilute acid pretreatment and citric acid as
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used in the citrate buffer medium were both favourable
for recovering reducing sugars. The high concentrations
of the acids also greatly impact the cellular breakdown
as seen in the change in difference in catalytic efficien-
cies between the dilute acid and extremely low acid treat-
ments (Fig. 1).

The buffered medium control, which was effective
in supporting the hydrolysis of U. fasciata without any
pretreatment, was ineffective in S. vulgare. This could be
attributed to the significant structural difference between
the two seaweeds. The structure of S. vulgare is considered
more stable than U. fasciata due to the presence of the
hydrocolloid, alginate as compared to the weak hydrocol-
loid, ulvan in U. fasciata.

Dilute acid pretreatment gave the highest catalytic effi-
ciency (67.9%) for H. dentata (Fig. 1). The H. dentata sea-
weed formed a gel when treated with dry heat, extremely
low acid, hot buffer and dilute base. These gels were not
analysed further since solid-state hydrolysis of biomass
to recover reducing sugars would be ineffective. The gel
formation which was also reported by Kim et al. [31] using
0.05-0.20 N Ca(OH), could be attributed to the interac-
tions between the hydrocolloid, agar found in the H. den-
tata species and the OH- ions in water and bases at high
temperatures. This phenomenon of gel formation in water
is what gives hydrocolloids their gelling properties for use
as thickeners in the food and pharmaceutical industries
[25].

From the six pretreatments applied, only dilute acid
and hot water wash were favourable for use on H. dentata.
Dilute acid gave a significantly higher catalytic efficiency
of 67.9% as against 5.2% from the hot water wash after
enzyme application (p value <0.05) (Fig. 1). The buffered
control also gave a significantly higher catalytic efficiency
(14.2%) than the hot water wash (p value <0.05). Since only
the acid catalyst interacted favourably with the sulphated-
galactans predominant in agarophytes such as H. dentata,
the selection of pretreatments for use on red seaweeds is
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very limited. This would in turn impact considerably on
pretreatment and hydrolysis costs for commercial-scale
bioethanol production.

All three seaweeds responded well to the dilute acid
pretreatment with catalytic efficiencies between 55 and
70% (Fig. 1). This emphasizes its extensive use by numer-
ous seaweed bioethanol production researchers [8]. Dilute
acid pretreatment was selected as the most efficient pre-
treatment method from the six studied. However, U. fas-
ciata maintains an important hydrolytic advantage over
the other two seaweeds since it can be efficiently hydro-
lysed without any pretreatment.

3.4 Dilute acid hydrolysis of the selected seaweed

3.4.1 Optimal acid-catalysed hydrolysis of the selected
seaweed

Dilute acid hydrolysis was optimized using response sur-
face methodology, where the independent variables con-
sidered were time, temperature and acid concentration.
Multiple regression analysis was used to analyse the data
obtained to generate model equations that can describe
and predict yields from each species within boundary
conditions. Table 4 shows the three model equations for
each seaweed hydrolysed. The equations were made up of
the total reducing sugar yields expressed as a function of
the independent variables, time (X;), temperature (X,) and
acid concentration (X;). The model equation obtained for
U. fasciata was expressed as a second-degree (quadratic)
polynomial equation while the models for S. vulgare and
H. dentata were first degree (linear) polynomials (Table 4).
The model equation for H. dentata excludes the X, term
indicating that reaction temperature has the least effect
on its TRS yield. This observation is further highlighted in

the optimal conditions (Table 5) obtained, which shows
that the ideal condition for hydrolysing H. dentata species
is independent of temperature.

The correlation coefficient (R?) value, which represents
the percentage variation explained by the model, was
highest for U. fasciata at 79.9%. Sargassum vulgare and
H. dentata were, however, marginally lower at 68.8 and
41.7%, respectively (Table 4). This implies that the models
can predict the interactions between the variables under
study for each species but with considerable limitation.
The model for U. fasciata had the highest adequacy in
predicting the TRS yield based on its correlation coef-
ficient which is a measure of model strength. The lower
R? value for H. dentata from dilute acid hydrolysis could
be attributed to the poor interactions between hydroly-
sis conditions. The relationship between the Y (TRS yield)
and X values in all three models was statistically signifi-
cant at p <0.005. The use of fitted models for the dilute
acid hydrolysis optimization of all three types of seaweed
is not only informative but also novel in comparison with
literature on bioethanol from seaweed.

The optimal conditions for dilute acid hydrolysis of all
three selected species were similar, with a time of 60 min
and an acid concentration of 0.3 M with minimal varia-
tion in temperature (Table 5). The reaction temperature
of U. fasciata must be reduced to 120 °C from 130 °C to
obtain its optimal yield. This temperature reduction for
only the green seaweed can be attributed to the weaker
a-1,4-glycosidic linkages found in the starch fraction of
U. fasciata. These are easier to breakdown than the 3-1,4-
glycosidic linkages (between mannuronic and guluronic
acid) found in the alginate fraction of S. vulgare and the
B-1,3-glycosidic linkages in agar found in H. dentata which
are structurally more stable [32].

Table 4 Summary of regression models for dilute acid hydrolysis of seaweed

Seaweed species Regression model equations R? value (%) p value
Ulva fasciata TRS = —200.8 — 0.0072X; + 3.21X, + 113X; — 0.01316X2 — 263X32 +0.770X, X; 80.0 <0.001
Sargassum vulgare TRS = 1.70 + 0.0794X, — 0.0361X, — 61.4X; + 0.709X,X; 68.8 <0.001
Hydropuntia dentata TRS = 14.70 — 0.0970X; — 34.6X; + 0.950X;X; 41.7 0.005

*X, is reaction time (minutes), X, is reaction temperature (°C) and Xj is acid concentration (M)

Table 5 Optimal acid hydrolysis conditions obtained for the seaweed

Seaweed species Optimal conditions

Model Predicted TRS yield Experimental TRS

/100 g DM ield (/100
Time (min) Temperature (°C) Acid concentra- (9 9bM) )ISM) (9 9
tion (M)
Ulva fasciata 60 120 0.3 18.5 16.1+£1.2
Sargassum vulgare 60 130 0.3 11.0 12119
Hydropuntia dentata 60 100-130 0.3 15.6 16.3+1.1
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Meinita et al. [33] noted a reaction time, temperature
and catalyst concentration of 15 min, 130 °C and 0.2 M,
respectively, as the optimal dilute acid hydrolysis condi-
tion from their work on the red seaweed, Kappaphycus
alvarezii. They obtained a TRS yield of 38.5% DM (dry mat-
ter). The difference between the optimal conditions in this
study and theirs can be attributed primarily to the use of
the carrageenophyte (a group of red seaweed), K. alvarezii.
This is structurally different from the agarophyte, H. den-
tata used in this study due to the presence of the hydro-
colloid, agar. Other factors that could account for the vari-
ation include geographical location, light intensity, water
quality and harvest season.

Even though considered cost-effective, the dilute acid
hydrolysis optimization released a maximum of 16.3 g
TRS/100 g DM from H. dentata from a possible 31 g/100 g

a Ulva fasciata
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carbohydrate content. This represents a sugar recovery
efficiency of 52.6%. This indicates that a more efficient
hydrolysis method may be needed to complement or
replace the dilute acid hydrolysis process to maximize
sugar recovery. This study, therefore, examined enzymatic
hydrolysis as an alternative.

3.4.2 Effect of acid hydrolysis conditions on TRS yields

The effects of the independent variables considered in the
dilute acid hydrolysis process were examined to determine
which variable had the most influence on TRS yields as
shown in Fig. 2. The results are represented using contour
plots which allow the examination of the relationship
between three variables in a two-dimensional view. Two
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Fig.2 Contour plots of the effects of various acid hydrolysis parameters on TRS yields for U. fasciata (a), S. vulgare (b) and H. dentata (c)
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independent variables are represented on the x and y-axis
of the plot while the response variable is represented by
the contours (red gradient: low yields, green gradient: high
yields).

From the contour plots of U. fasciata, acid concentration
and time had the biggest combined effect on TRS yield as
seen in Fig. 2a. Longer reaction times and higher catalyst
concentrations favoured TRS yields of 15% DM or higher
(Fig. 2a). Temperatures below 105 °C were less favourable
with yields of less than 9% DM. This implies that longer
reaction time, higher catalyst loading, and higher temper-
atures are required to maximize TRS yields for U. fasciata.

For S. vulgare, acid concentration had the highest influ-
ence on TRS yield even though marginal (Fig. 2b). The plot
for S. vulgare is dominated by red regions, which indicates
TRS yields below 9% DM. Low yields are found in all the
interactions between the variables tested. This indicates
the upper boundary conditions set for the S. vulgare opti-
mization may not be favourable since TRS yields greater
than 9% DM were reported after reaction temperatures of
125 °C and catalyst concentrations of greater than 0.26 M
(Fig. 2b). This further implies that stronger conditions may
be required to breakdown the cellular structure of S. vul-
gare to release the reducing sugars.

For H. dentata, reaction time was the most influential
factor with temperature having no visible effect on TRS
yield (Fig. 2¢). TRS yields were greater than 12% DM for
reaction times higher than 40 min. This was, however, lim-
ited to acid concentrations greater than 0.15 M. Trends for
interactions between acid concentration and temperature
with H. dentata were, however, difficult to predict.

Generally, the three seaweeds studied favoured high
temperatures, high catalysts loading and longer reten-
tion times to maximize TRS yields. But further increase in
these variables has been reported to result in fermenta-
tion inhibitor formation. Meinita et al. [8] noted that even
though these conditions favour high TRS yields, thresh-
olds exist which if exceeded decreased TRS yields. In their
study, high temperatures and high acid catalyst loads
which exceeded 120 °C and 0.2 M, respectively, caused
the formation of sugar degradation products or inhibi-
tors in the form of hydroxymethylfurfural and levulinic
acid. These inhibitors were, however, not found in this
study even though those thresholds were exceeded. The

thresholds of acid hydrolysis must, therefore, be identified
uniquely in each study for each species when dilute acid
hydrolysis is used. The TRS yields from this study indicate
that the boundary conditions for dilute acid hydrolysis
with the selected species especially H. dentata must be
redefined to maximize yield. This, nonetheless, must be
done with the risk of inhibitor formation in mind.

3.5 Enzymatic hydrolysis of the selected seaweed

3.5.1 Optimal enzyme-catalysed hydrolysis of the selected
seaweed

Enzymatic hydrolysis was also optimized in this study
using response surface methodology. The independent
variables considered were time, substrate concentration
and enzyme concentration. Multiple regression analysis
was also used to analyse the TRS yields obtained in order
to generate model equations that can predict the possi-
ble yields from each species within boundary conditions.
Table 6 shows the three model equations for each species
with TRS yields expressed as a function of the independ-
ent variables considered. The models obtained for all three
seaweeds were expressed as second-degree polynomial
equations (Table 6). The relationship between the Y (TRS
yield) and the X values in all three models was statistically
significant with p <0.001, a good initial indicator that the
three models will be quite efficient in predicting the reduc-
ing sugar yields.

The correlation coefficient (R?) for U. fasciata was highest
at 99.4%, a strong indicator of its precision in predicting
the TRS yields from the species within the boundary con-
ditions. This also indicates that the model can explain the
bulk of the variation between variables and that the experi-
mental values are almost fitted perfectly by the model. The
models from S. vulgare and H. dentata were also acceptable
with R? values 61.3 and 75.2%, respectively, even though
considerably lower than U. fasciata (Table 6). Pilavtepe et al.
[34] also used response surface methodology along with
regression modelling to describe the relationship between
enzyme concentration, substrate loading and reaction time
on TRS yields for the green seaweed, Posidonia oceanica.
Their correlation coefficient of 93.2% was lower than that
obtained for the green seaweed, U. fasciata in this study.

Table 6 Summary of regression models for enzymatic hydrolysis of seaweed

Seaweed species Regression model equations R? value (%) p value
Ulva fasciata TRS = 25.61 + 1.124X, — 1.067X, — 0.0432X; + 0.02805X2 + 0.001526X2 — 0.02794X,X, ~ 994 <0.001
—0.00927X, X; — 0.00580X,X;
Sargassum vulgare TRS = 12.55 4+ 1.019X; + 0.922X, — 0.1183X; — 0.0646X22 + 0.002247X32 —0.01520X, X; 61.3 <0.001
Hydropuntia dentata ~ TRS = 31.53 + 0.822X; — 1.765X, — 0.0876X; + 0.0530X2 — 0.0585X2 + 0.00549X,X; 75.2 <0.001
*X, is Enzyme concentration (FPU/g dry biomass), X, is substrate concentration (% w/v) and X; is time (h)
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This was, however, expected due primarily to variations in
the species and their geographical harvest location. Gen-
erally, the models obtained in this study from the optimi-
zation of the enzymatic hydrolysis for all three seaweeds
were adequate in describing the relationship between the
variables under study.

Interestingly, the same optimal condition of 8 FPU/g
DM, enzyme dosage; 5% w/v, substrate concentration and
24 h, hydrolysis time were obtained for all three seaweeds
studied (Table 7). This implies that the hydrolysis of the
seaweed was favoured by high enzyme concentration for
a shorter time with a lower substrate concentration. Gen-
erally, a high enzyme load is reported to result in high TRS
yield due to an increase in the ratio of substrate to enzyme
[34]. Nonetheless, the enzyme dosage levels used in this
study were lower than the range of 15-30 FPU/g DM often
used [35]. This was done due to the positive corresponding
effect it would have on overall hydrolysis costs.

3.5.2 Effect of enzymatic hydrolysis conditions on TRS
yields

The effects of the various independent variables consid-
ered in the enzymatic hydrolysis process were examined
to determine their influence on the TRS yields as shown in
Fig. 3. It was observed that U. fasciata seaweed recorded
TRS yields below 20% DM at substrate concentrations
above 7.5% w/v irrespective of the enzyme concentration
as shown in Fig. 3a. Similarly, TRS yields below 20% DM
were obtained at substrate concentrations above 10% w/v
irrespective of the reaction time. This indicates that both
time and enzyme concentration had the least influence on
TRS yields from U. fasciata. This variation could be attrib-
uted to efficient mobility and cleavage of the enzyme to
the substrate particles to cause their break down due to
an increased enzyme to substrate ratio. A system with a
high substrate loading may, therefore, require more time
for effective hydrolytic activity by the enzyme. It can be
inferred from the TRS yields obtained for U. fasciata that
efficient enzymatic hydrolysis can be achieved over a short
period with minimal enzyme dosage.

A similar observation was made for H. dentata for inter-
actions between hydrolysis time and enzyme dosage

(Fig. 3¢). Both were the least influential with substrate con-
centration being the predominant factor. TRS yields of 20%
DM or greater were obtained for substrate concentrations
below 7.5% w/v. Sargassum vulgare, however, showed a
higher tolerance for high substrate concentration since it
recorded TRS yields greater than 16.5% DM at substrate
concentrations as high as 12% w/v regardless of the reac-
tion time (Fig. 3b).

Generally, the TRS yields after the enzymatic hydrolysis
of all the three seaweeds studied were very high (>20%
DM) and should be considered strongly as the hydrolysis
method of choice for seaweeds. This was, however, pre-
ceded by dilute acid pretreatment which means additional
cost would be incurred for species such as S. vulgare and
H. dentata which require pretreatment before enzyme
application. This study also shows that in the enzymatic
hydrolysis of seaweeds, substrate concentration should
receive the most consideration to maximize TRS yield.

3.6 Comparison of acid and enzyme-catalysed
hydrolysis of seaweed

Dilute acids and enzymes are currently the most common
catalysts used during the hydrolysis stage of seaweed
bioethanol production. Sulphuric and hydrochloric acids
are the most extensively used chemical catalysts in the
acid form of hydrolysis while cellulases are the dominant
enzymes used in hydrolysing seaweeds enzymatically [3,
8]. The fundamental factors apart from one being chemi-
cal (acids) and the other biological (enzymes) that differ-
entiate the acids and enzymes are: reaction time, catalyst
costs, by-products and environmental effects. The dilute
acids are considered efficient, lower in cost and faster in
reaction time than other methods but come with the risk
of inhibitor formation [36]. Enzymes are considered more
efficient and non-toxic but more expensive [14]. Neither
catalysts are considered effectively recoverable after use.

Table 8 shows a comparison of the catalytic efficien-
cies of dilute acid and enzymes after their application
to the three selected seaweeds. Catalytic efficiencies
significantly increased by 39.4, 39.7, and 42.4% for U.
fasciata, S. vulgare and H. dentata, respectively, when
enzymes were used in place of acids. This shows the use

Table 7 Optimal enzymatic hydrolysis conditions obtained for the seaweed

Seaweed species Optimal conditions

Model Predicted TRS yield Experimental TRS

/100 g DM ield (/100
Enzyme concentration  Substrate concentra-  Time (h) (9 9bM) )ISM) (9 9
(FPU/g DM) tion (% w/v)
Ulva fasciata 8 24 26.2 265+1.7
Sargassum vulgare 8 24 19.5 20.0£0.1
Hydropuntia dentata 8 24 26.8 283+1.7
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Fig.3 Contour plots of the effects of various enzymatic hydrolysis parameters on TRS yields for U. fasciata (a), S. vulgare (b) and H. dentata (c)

of enzymes has a considerably higher efficiency when
used to catalyse the hydrolysis of seaweeds. For each of
the seaweeds studied the enzymatic hydrolysis process
was the most efficient in recovering the reducing sugars.

The results indeed emphasize that the enzymes are
more efficient in sugar recovery. Concerns over costs are
indeed valid since the seaweeds were pretreated before
enzymes were applied. However, this additional cost
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Table8 Summary of catalytic efficiencies from dilute acid and
enzymatic hydrolysis

Seaweed species used Type of hydrolysis process

Dilute acid hydroly-  Enzymatic
sis (%) hydrolysis
(%)
Ulva fasciata 51.3+3.9 84.7+54
Sargassum vulgare 37.1+5.9 61.5+0.4
Hydropuntia dentata 524+34 90.9+5.3

can be avoided based on the seaweed species selected
for use as evident in Fig. 1 for U. fasciata, which can be
hydrolysed efficiently without pretreatment.

4 Conclusions

This study established that dilute acid pretreatment was
the most efficient in treating all the three selected sea-
weeds before hydrolysis. Ulva fasciata, however, can be
hydrolysed with cellulase in a buffered medium without
any form of pretreatment. The study also found dilute sul-
phuric acid hydrolysis to be less effective since it released
up to 52.4% of reducing sugars in the seaweeds as com-
pared to the 90.9% from hydrolysis with cellulase enzymes.
The optimal enzymatic hydrolysis process was influenced
most by the substrate concentration used for all three sea-
weeds examined. Individual fitted regression models were
also developed for the dilute acid and enzymatic hydroly-
sis of all three seaweeds studied. The TRS yields from the
three seaweeds showed that seaweeds in Ghana have con-
siderable prospects as efficient substrates for commercial
bioethanol production. Nonetheless, a techno-economic
analysis of the entire process chain including the cultiva-
tion stage must be appropriately evaluated before com-
mercial consideration.
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