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A B S T R A C T

This study presents a sequential sodium phosphate dodecahydrate (Na3PO4·12H2O) and sulfuric acid (H2SO4)
pretreatment to enhance sugar release from corn cobs. The effects of Na3PO4·12H2O concentration, H2SO4

concentration and solid to liquid ratio on the reducing sugar yield were investigated. The developed model had a
coefficient of determination value (R2) of 0.98. Maximum reducing sugar yield of 0.99 ± 0.01 g/g was obtained
with 12.70% Na3PO4·12H2O, 1.04% H2SO4 and 14.49% solid to liquid ratio. A 9-fold increase in the sugar yield
was observed compared to previous reports on corn cobs. An intelligent model was developed to determine
functional relationships between the input and output parameters. Reducing sugar yield was majorly dependent
on Na3PO4·12H2O concentration and fits a Weibull type of relationship. Sequential pretreatment of lig-
nocellulosic material with alkalic salt and dilute acid significantly enhanced sugar recovery and demonstrated
high efficiency for microbial production of biofuels and bioproducts.

1. Introduction

Lignocellulosic biomass provides an excellent feedstock for micro-
bial production of various biofuel processes and value-added products
since it is plentiful, cost-effective and does not compete with global
food security [1–3]. It is majorly comprised of cellulose (38–50%),
hemicellulose (23–32%) and lignin (15–25%) [4]. In the present time,
various potential biofuel lignocellulosic feedstocks are being assessed
and include bamboo shoot shell [5], sorghum leaf wastes [6], sugarcane
bagasse [7], sugarcane leaves [8], corn stover [9] and corn cobs [10],
among others. The annual global corn production exceeds 1.03 billion
metric tons. About 50% of this comprises the leaves, stalks, husks and
cobs and are commonly disposed of as waste material [11]. Corn cobs
are predominantly composed of 32–45% cellulose, 39% hemicellulose
and 6–14% lignin. Corn cobs have an energy density between 4960 and
5210MJ/kg, which is about two times higher than frequently used
biomasses such as corn stover (2550MJ/kg) and switchgrass (2500MJ/
kg). Moreover, it possesses a relatively low lignin content and this
makes it a competitive candidate for use in biofuel production processes
compared with corn stover and switchgrass [12].

Nevertheless, lignocellulosic biomass such as corn cobs present
several challenges owing mainly to resistant structural components.
The inability of industrial microorganisms to directly metabolize lig-
nocellulosic biomass represents a major limitation for biofuel produc-
tion. For example, Saccharomyces cerevisiae converts glucose to

bioethanol but cannot ferment xylose [13] whereas few microbial
strains such as Pichia stipitis, Candida shehatae, and Fusarium oxysporum
have been found capable of xylose fermentation [14,15]. Thus, the use
of lignocellulosic waste for bioethanol production necessitates effective
chemical pretreatments to degrade complex structures. This will en-
hance the enzymatic hydrolysis step leading to high fermentable sugar
yields as carbon and energy sources for microbial growth and product
formation [16].

Several chemical pretreatment strategies have been reported and
include acid [17], alkaline [18,19], inorganic salts [16] and sequential
dilute acid and alkali [20,21], among others. Despite the availability of
studies on various pretreatment systems, their industrial application has
been significantly hampered by the high energy demand. As a result,
recent pretreatment studies focus on the development of efficient, en-
vironmentally friendly and low-cost treatments. Acid pretreatment
types have shown to be effective for high solubilization of cellulose and
hemicellulose components [22]. Nevertheless, acid-catalysed treat-
ments at high concentrations results in the corrosion of pretreatment
reactors in addition to the formation of fermentation inhibitory com-
pounds such as acetic acid, furfural and 5-Hydroxymethyl furfural
(HMF). Fermentation inhibitor compounds have shown to disrupt the
bioethanol production process by affecting the microbial culture. In-
hibitory effects of these compounds observed during microbial fer-
mentation processes include a longer lag-phase, slower microbial
growth, lower cell density, low substrate intake, reduced productivity
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and fermentation efficiency [23]. Therefore, despite the lower sugar
yields, dilute acid treatments are favoured over concentrated ones
[17,24]. On the other hand, alkaline pretreatment has shown to be the
most efficient pretreatment type since it results in the removal of acetyl
groups from xylan polymers, decomposition and removal of lignin
structures, decrease in cellulose crystallinity and enhanced porosity
with low release of sugar degradation compounds and furan derivatives
[1,25].

In recent times, alkalic salts that function as weak bases have been
reported as potential alternatives to commonly used expensive alkali-
based pretreatments such as sodium hydroxide (NaOH) [1]. Alkalic
salts are categorized as inorganic salts along with metal type salts
[1,16]. Inorganic salts have recently attracted considerable attention as
an effective chemical pretreatment method due to their cost-effective-
ness and recyclable nature [9]. The mechanisms of alkalic and metal
type salts have different effects on the chemical composition and bio-
mass structure [1,5,16]. Alkalic salts that have been investigated in
lignocellulosic treatment include Na3PO4·12H2O [1], NaCO3 [5] and
Na2S [1]. These salts result in lignin and hemicellulose dissolution, de-
esterification of intermolecular ester bonds [26], rearrangement and
alteration of lignin and the crystalline state of cellulose [27]. Metal salts
reported in lignocellulosic pretreatment include ZnCl2 [16], FeSO4 [28]
and FeCl3 [9]. They form metal cations that act as Lewis acids when in
solution and cleave glycosidic linkages within lignocellulosic structures
[29]. Some combinations of alkalic or metal salts with other chemicals
for efficient lignocellulosic pretreatment have been reported
[1,5,10,30]. For example, alkalic salts have been combined with other
inorganic salts [1] as well as oxidative agents [5] while metal type salts
have been combined with organic acids [10], inorganic acids [30],
organosolvents [31] and oxidative agents [32]. Qing et al. [5] explored
a combination of Na3PO4·12H2O and H2O2 on bamboo shoot shell and
observed a high fermentable sugar yield of 86%. In the same vein, Qing
et al. [1] optimized a combined Na3PO4 and Na2S pretreatment strategy
and reported a 91.11% reducing sugar yield on corn stover. Similarly,
reports on sequential and simultaneous combination of metal salts with
other chemical treatments are limited. Park et al. [31] examined a
combined MgCl2 and C2H6O pretreatment type for pitch pine which
gave a 75.8% glucose yield. Ramadoss and Muthukumar [32] in-
vestigated a combined TiO2 and H2O2 treatment regime on sugarcane
bagasse and reported a 78.72% delignification. A combined FeCl3 and
CH3COOH of corn cobs gave a 54.79% delignification [10].

Few studies have reported on combined inorganic salt and inorganic
acid lignocellulosic pretreatments [30,33–34], and have raised great
concerns about the salt metathesis reactions which render the chemical
pretreatment inefficient [35]. Salt metathesis also referred to as a
double replacement reaction consists of a biomolecular process where
chemical molecules containing counter ions are interchanged. Com-
monly used inorganic salt combined with acid treatments employ
H2SO4 and FeCl2. However, when these reactive species are in aqueous
state, H2SO4 and FeCl2 react to form HCl and FeSO4, thus indicating
that HCl results in the net chemical pretreatment effect [36]. Therefore,
the application of sequential pretreatments avoids the occurrence of
salt metathesis reactions. In addition, the application of dual chemical
pretreatments effectively disrupts the resistant lignocellulosic matrix
that usually prevents enzymatic attack of the glucose rich cellulose
polymer. Alkalic salts such as sodium phosphate behave like strong
alkaline catalysts such as NaOH and result in effective delignification
and hemicellulose removal whereas dilute acid is known for high
hemicellulose solubilization [24].

Despite the aforementioned advantages on the use of sequential
chemical pretreatments, a significant knowledge gap exists on alkalic
salts such as sodium phosphate with dilute acid for lignocellulosic
biomass pretreatment. Modelling and optimization of pretreatment
conditions is crucial to understand possible functional relationships
between pretreatment inputs and fermentable sugar production to ul-
timately improve the yield. Artificial Neural Networks (ANNs) are

mathematical tools that are highly efficient in modelling non-linear
complex processes [6]. Therefore, this study modelled and optimized a
novel sequential alkalic salt (Na3PO4·12H2O) and dilute acid (H2SO4)
pretreatment strategy for the enhancement of sugar recovery from corn
cobs. Functional relationships between these pretreatment inputs and
the reducing sugar yield were extracted using a developed Artificial
Neural Network (ANN) model. Additionally, physical structural prop-
erties of native and pretreated biomass were assessed using Scanning
Electron Microscopy (SEM) and Fourier Transform Infrared (FTIR)
analysis.

2. Materials and methods

2.1. Materials

Corn cobs were obtained from the Ukulinga research farm
(Pietermaritzburg, South Africa) (29° 67′ E, 30° 40′ S). The corn cobs
were oven dried at 60 °C for 24 h then milled to a particle size of less
than 1–2mm using a centrifugal miller (Retsch ZM-1, South Africa).
The milled corn cobs were then stored at room temperature. The native
(untreated), controls and optimally pretreated biomass composition
was analysed using the National Renewable Energy Laboratory method
[37]. Native corn cobs consisted of 34.21% cellulose, 39.08% hemi-
cellulose and 6.32% lignin. All chemicals were purchased from Merck,
South Africa. Cellic CTec 2, a cellulase-based enzyme was generously
provided by Novozymes (Novozymes A/S, Denmark). The enzyme ac-
tivity of Cellic CTec 2 was 160 FPU/ml and was determined according
to the Laboratory Analytical Procedure (LAP) of the National Renew-
able Energy Laboratory [38].

2.2. Primary screening

A primary screening was performed to determine the effect of the
alkalic salt (Na3PO4·12H2O) and dilute acid (H2SO4) (combined and
sequential pretreatments) on the enzymatic hydrolysis of corn cobs. All
preliminary experiments were carried out using a total volume of
100mL and a solid to liquid ratio of 10% (w/v). The Na3PO4·12H2O and
H2SO4 concentration ranges were selected based on previous studies
[5,39]. The combined pretreatment (COM–Na3PO4·12H2O–H2SO4) was
performed in a single stage system and consisted of 10% (w/v)
Na3PO4·12H2O and 2% (v/v) H2SO4. The sequential pretreatment
(Na3PO4·12H2O–H2SO4) was carried out using 10% (w/v)
Na3PO4·12H2O (first stage) and 2% (w/v) H2SO4 (second stage). The
reverse sequential order was also evaluated (H2SO4–Na3PO4·12H2O).
Control experiments were performed and these included water alone,
10% (w/v) Na3PO4·12H2O alone and 2% (v/v) H2SO4 alone. The pre-
treatment process was carried out in a laboratory autoclave at 121 °C
for 30min (15min per stage for the sequential pretreatment) according
to a previous report on corn cobs [40]. The reducing sugar yield ob-
tained after enzymatic hydrolysis was considered as the efficiency index
for the pretreatment.

2.3. Experimental design for process modelling and optimization

The Box-Behnken design was used to generate a total of seventeen
experimental runs for model development. The pretreatment input
parameters consisted of Na3PO4·12H2O concentration (5–15%), H2SO4

concentration (1–3%) and solid to liquid ratio (5–15%) (Table 1).

2.4. Pretreatment process

Milled corn cobs (g) were submerged in 100mL of alkalic salt so-
lution then dilute acid according to the experimental design (Table 1).
Na3PO4·12H2O and H2SO4 were used for the first and second pre-
treatment stages, respectively. Corn cobs were pretreated with
Na3PO4·12H2O for 15min at 121 °C and were thereafter washed with
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