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Abstract

Background: Limited availability of corn stover due to the competing uses (organic manure, animal feed,
bio-materials, and bioenergy) presents a major concern for its future in the bio-economy. Furthermore, biomass
research has exhibited different results due to the differences in the supply of enzymes and dissimilar analytical
methods. The effect of the two leading pretreatment techniques (dilute acid and alkaline) on glucose yield from
three corn stover fractions (cob, stalk, and leaf) sourced from a single harvest in Uganda were studied at temperatures
100, 120, 140, and 160 °C over reaction times of 5, 10, 30, and 60 min.

Results: From this study, the highest glucose concentrations obtained from the dilute acid (DA) pretreated cobs, stalks,
and leaves were 184 g/L (66.8% glucose yield), 16.2 g/L (64.1% glucose yield), and 11.0 g/L (49.5% glucose yield),
respectively. The optimal pretreatment settings needed to obtain these yields from the DA pretreated samples were at
a temperature of 160 °C over an incubation time of 30 min. The highest glucose concentrations obtained from the
alkaline (AL) pretreated cobs, stalks, and leaves were 24.7 g/L (81.73% glucose vield), 21.3 g/L

(81.23% glucose yield), and 15.0 g/L (51.92% glucose yield), respectively. To be able to achieve these yields, the optimal
pretreatment settings for the cobs and stalks were 140 °C and for a retention time of 30 min, while the leaves require
optimal conditions of 140 °C and for a retention time of 60 min.

Conclusions: The study recommends that the leaves could be left on the field during harvesting since the recovery of

glucose from the pretreated cobs and stalks is higher.
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Background

The desire for replacement of fossil fuels with biofuels
such as ethanol emanates from the latter’s production
efficiency, environmental friendliness (GHG benefits),
and high octane rating when blended with gasoline
(Klass 1985). However, substituting fossil fuels with
biofuels has encountered criticisms worldwide. For ex-
ample, although the US contribution to global ethanol
production is high, it has been reported that about 41%
of corn (the 1st generation feedstock) produced annually
is used as feedstock for bioethanol production (Maurice
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2011). Moreover, over-reliance on 1st generation sources
in the production of bioethanol has stimulated much
debate among researchers and policy-makers since it
creates competition with food for human consumption
(Heyne and Harvey 2013).

Lignocellulosic biomass refers to complex biological
materials that include agricultural residues (corn stover,
wheat straw, sugar bagasse, rice straw, rice hull, corn cob,
corn fiber, cotton stalks), fermentation by products, office
waste, industrial cardboard, and forestry products
(Modenbach 2013; Singh and Rakesh Kumar 2013;
Vincent 2010). Several attempts are being made to convert
lignocellulosic biomass from different plant sources such
as corn stover (Karp et al. 2014; Li et al. 2012), corn cob
(Liu et al. 2010), switch grass (Payne and Wolfrum 2015),
corn leaf (Cai et al. 2016), rice straw (Karimi et al. 2006;
Vani et al. 2015), wheat straw (Jin et al. 2013; Schmidt
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Anette and Anne Belinda 1998), soft Pinus densiflora (Lee
et al. 2007), Micanthus (Obama et al. 2012; Payne and
Wolfrum 2015), sugar bagasse (Manzoor et al. 2012), and
some few others for bioethanol production. Among the
different lignocellulosic biomass, corn stover is the most
promising and widely studied biomass feedstock for
bioethanol production and it is one of the abundant agri-
cultural residues which can be used as energy source
(Bengtsson et al. 2006; Kaar and Holtzapple 2000; Sahare
et al. 2012). Of the residue left behind, for every ton of
corn harvested, leaves constitute 20%, stalks constitute
42%, cobs constitute 14%, and husks constitute 8% by
weight, the remaining 16% is made up of sheaths, shanks,
tassels, lower ears, and silks (Hanway 1963). Even though
corn stover is an abundant residue, its availability and the
competition which comes along (organic manure, animal
feed, bio-materials, and bioenergy) still remains a major
concern for the future bio-economy (Scarlat et al. 2015).
Furthermore, the recalcitrance of lignocellulose biomass
to enzymes limits the ease with which fermentable sugars
can be extracted (Uppugundla et al. 2014). In general,
pretreatment helps to make the cellulose and hemicellu-
lose contents accessible to enzymes by reducing resistance
to biological, physical, and chemical breakdown (Bon Elba
and Maria Antonieta 2013).

Pretreatment from technological point of view seeks
to maximize yield of fermentable sugars and ethanol in
the hydrolysis and fermentation steps, respectively
(Amenaghawon et al. 2013; Zhu and Zhuang 2012).
However, the pretreatment and the hydrolysis steps of
biomass conversion to ethanol are expensive processes
(Oliva and Ballesteros 2008; Vani et al. 2015). The use of
an efficient pretreatment technique would lead to a
decrease in expected enzymatic loading which reduces
costs and improves feasibility (Anne 2014). Although sev-
eral types of chemical pretreatment processes exist, the
most difficult part is the identification of a cost effective
and high yielding technique which can be applied on large
scale (Mcaloon et al. 2000; Puri et al. 2012). According to
Kang et al. (2014), DA and AL pretreatment techniques
have shown a good balance between yield of fermentable
sugars, waste generation, and investment cost compared
to concentrated acid pretreatment.

Research on the effect of pretreatment on hydrolysis
and fermentation of corn stover for ethanol production
have extensively been carried out (Aden and Foust 2009;
Lloyd et al. 2005; Qureshi et al. 2015). However, (Chen
and Xia 2009) indicated that the research has exhibited
different results due to differences in supply of cellulase
enzyme and dissimilar analytical methods. In addition,
although research has dealt with optimizing pretreat-
ment conditions (chemical concentration, solid loading,
temperature, and retention time) for maximum yield of
fermentable sugars and ethanol from the whole corn
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stover, knowledge on potential of the various corn stover
fractions (cobs, leaves, and stalks) as separate feedstock
for bioethanol production is limited. This knowledge
may be important for efficient utilization in bio-
refineries without compromising on the potential
utilization of the biomass for other sustainable purposes
(Chen and Xia 2009). In this study, the optimal pretreat-
ment temperature and time for enhanced glucose yield
from corn cobs, stalks, and leaves obtained from a single
harvest were investigated using DA and AL pretreatment
techniques. Using the detergent fiber analysis method
described by Van Soest (1963) which has also been
followed by other researchers in similar studies (Liu et
al. 2010; Saha et al. 2005; Yu et al. 2009), the effect of
DA and AL pretreatment techniques on the corn stover
fractions in terms of carbohydrates (cellulose and
hemicellulose) and lignin present were also investigated.

Methods

Materials

The corn cobs, stalks, and leaves were obtained from a sin-
gle harvest from a farm at Makerere University Agricultural
Research Institute-Kabanyolo (MUARIK) in Uganda. Longe
1 which grows to a height of 240 cm, population per hector
of 53,000 and maturity period of 119 days was the cultivar
of corn used. This breed was obtained from Kawanda Re-
search Station in Uganda. After harvesting the corn, the dif-
ferent corn stover fractions were chopped into small pieces
to increase the surface area for drying, washed thoroughly
with clean tap water and sun dried for approximately 1 week
to attain a moisture content less than 10% dry weight.
Moisture content was continuously monitored by using the
oven dry method (Hames et al. 2008). The dried materials
were milled to pass through a 2-mm sieve using a labora-
tory hammer mill. The milled samples were poured separ-
ately into black polythene bags, sealed, and stored at a
temperature of 4 °C for use in all tests. Commercial
cellulase enzyme from Trichoderma reesei (ATCC 26921),
B-glucosidase, 3, 5-dinitrosalicyclic acid (D0550), and potas-
sium sodium tartarate tetrahydrate were purchased from
Sigma Aldrich, while all other standard chemicals including
Dextrose (D-glucose), sulphuric acid (H,SO,4), and Sodium
hydroxide (NaOH) were kindly donated by Uganda Indus-
trial Research Institute (UIRI) where part of the study was
conducted. The enzymes were stored in a refrigerator at a
temperature between 2 and 6 °C until needed. A laboratory
shaker incubator, vortex mixer, hot air oven, laboratory
scale hammer mill, UV spectrophotometer, and a laboratory
centrifuge were the equipment used in this study.

Pretreatment

Dilute acid pretreatment

For the DA pretreatment, 15 g each of milled cobs,
leaves, and stalks were poured separately into 250 mL
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Erlenmeyer flasks. Then, 200 mL of 2% (w/v) H,SO, was
prepared and poured into the flasks containing the sam-
ples as performed by Chen and Xia (2009) with some
modifications made on the acid concentration to ensure
uniform conditions with AL pretreatment. The 2% (w/v)
of H,SO, used in this study was also used by other
researchers in similar studies (Behera et al. 2014; Idrees
et al. 2014; Li et al. 2016). The DA pretreatment temper-
atures studied were 100, 120, 140, and 160 °C over
pretreatment retention times of 5, 10, 30, and 60 min
(Amenaghawon et al. 2013; Idrees et al. 2014; Jin et al.
2013). After incubating at a specific temperature and
pretreatment time, the flasks were cooled to room
temperature and the samples were filtered using What-
man no. 1 filter paper. The recovered pretreated solids
were washed thoroughly in deionized water (6-10
volumes) to a neutral pH and then dried in an oven at
50 °C for 48 h. The dried samples were placed into
Ziploc freezer bags and stored at a temperature of 4 °C
until enzymatic hydrolysis. DA pretreatment experi-
ments were conducted in duplicate for each stover
fraction as performed in other studies (Li et al. 2016).

Alkaline pretreatment

The AL pretreatment followed the same procedure used
for DA pretreatment except that NaOH was used as the
pretreatment chemical. Milled corn stover fractions
(15 g) were separately weighed into 250 mL Erlenmeyer
flasks. Into each flask, 200 mL of 2% (w/v) NaOH was
placed following procedure described in other studies
(Chen and Xia 2009; Modenbach 2013). The AL pre-
treatment temperatures studied were 100, 120, 140, and
160 °C over retention times of 5, 10, 30, and 60 min
(Amenaghawon et al. 2013; Idrees et al. 2014; Jin et al.
2013). After incubating at a specific temperature and
pretreatment time, the flasks were cooled to room
temperature and the samples were filtered using What-
man no. 1 filter paper. The recovered pretreated mate-
rials were washed thoroughly in deionized water (6—10
volumes) to a neutral pH and oven dried at 50 °C for
48 h. The dried samples were placed into Ziploc freezer
bags and stored at a temperature of 4 °C until further
enzymatic hydrolysis. AL pretreatment experiments
were conducted in duplicate for each stover fraction
as performed in a similar study by Li et al. (2012).

Enzymatic hydrolysis

The hydrolysis step was carried out in a 250 mL
Erlenmeyer flask. It was performed using 4% solid loading
adjusted to 100 mL with 0.05 M citrate buffer (pH to 4.8)
and placed in a shaker incubator set at 50 °C and rotational
speed of 145 rpm for 48 h (Chen and Xia 2009). Microbial
infection was prevented by the addition of 100 pL of pre-
pared 0.02% sodium azide. Furthermore, cellulase (obtained
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from Trichoderma reesei) was added at a low enzymatic
loading of 12.5 FPU/g of biomass which as stated by
(Axelsson 2011) is a more realistic dose for industrial appli-
cation as opposed to higher enzymatic loading (>15 FPU/g)
applied by other researchers in similar studies. The cellulase
enzyme obtained from Trichoderma reesei (74 FPU/mL)
was also supplemented with f-glucosidase (10 IU/g of dry
biomass) in the ratio of 1:1. The purpose of 3-glucosidase
was to prevent cellulose inhibition by cellobiose accumula-
tion as stated by Xu et al. (2011). During the hydrolysis
process, samples were withdrawn periodically at 0, 12, 24,
36, and 48 h for quantitative determination of glucose. The
enzymatic hydrolysis tests were performed in duplicate for
all samples under consideration.

Analytical method

Chemical composition of raw and pretreated corn stover
fractions

The untreated corn stover fractions and recovered corn
stover fractions from pretreatment were analyzed for car-
bohydrates (cellulose and hemicellulose), lignin, and ash
contents using detergent fiber analysis method described
by Van Soest (1963) which has also been followed by other
researchers in similar studies (Liu et al. 2010; Saha et al.
2005; Yu et al. 2009). The neutral detergent fiber (NDF)
separates the soluble and insoluble fiber thereby exposing
the cell wall materials (cellulose, hemicellulose, and lig-
nin). The residue left after the determination of NDF were
used to determine acid detergent fiber (ADF) sequentially.
The lignin content was determined by the estimating acid
detergent lignin (ADL). The cellulose content was also de-
termined by the difference between ADF and ADL. Hemi-
cellulose content was obtained by subtracting ADL from
neutral detergent fiber (NDF). Ash content was deter-
mined by burning a sample in a muffle furnace at a
temperature of 550 °C for 6 h. Each analysis was run in
triplicate. The effect of pretreatment technique on lignin
removal, hemicellulose removal, and biomass weight were
computed using Egs. 1, 2, and 3, respectively.

Delignification (%) = w
u

x 100 (1)
where L, represents the lignin content in the untreated
corn stover fraction and L, represents the lignin content
in the pretreated corn stover fraction.

Hy)-(H
Hemicellulose removal (%) = (L[[)_[M x 100
u

(2)

where H,, represents the hemicellulose content in the
untreated corn stover fraction and H, represents the
hemicellulose content in the pretreated corn stover
fraction.
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(Wu)-(W,)

Biomass weight loss (%) = x 100 (3)
where W, represents the weight of untreated corn stover
fraction and W), represents the weight of pretreated corn
stover fraction.

Enzymatic activity and glucose content in hydrolysates

The activity of the B-glucosidase quoted from Novozymes
was directly used in this study. However, the cellulase
activity was determined following the 3,5 dinitosalicyclic
acid method (DNS-method) (Ghose 1987; Miller 1958)
which has also been applied by other researchers in
similar studies (Amenaghawon et al. 2013; Barten Ty and
Ty Jason 2013; Shuang Shuang-Qi and Chen 2016; Zhang
2012; Zhao and Xia 2009). By definition, filter paper unit
(FPU) refers to the quantity of enzyme that releases 1 pmol
of glucose from Whatman no. 1 filter per minute. What-
man no. 1 filter paper of 1.0 x6.0 cm strip (weighing
approximately 50 mg) was added to a solution containing
1.0 mL of 0.05 M Na-citrate buffer (pH 4.8) in a test tube.
The mixture was then incubated at 50 °C for 60 min and
cooled to room temperature. After cooling, 2.0 mL DNS
was added to the mix and boiled in a water bath at a
temperature of 95 °C for another 5 min to terminate the
enzymatic hydrolysis process. The absorbance was read in
a UV spectrophotometer set at 540 nm. A standard curve
of absorptivity against glucose concentration was plotted
and used to determine the glucose concentration in each
sample. The concentration of enzyme which releases
2.0 mg of glucose was estimated, and the enzyme activity
was calculated using Eq. 4.

0.37

Filter paper unit (FPU/mL) = |

(4)
where [E] represents concentration of enzyme which
released 2 mg of glucose.

Similarly, the concentration of the reducing sugar (in
this case glucose) from the hydrolysates of the pretreated
corn stover fractions was also determined using the 3,5
dinitosalicyclic acid method (Ghose 1987; Miller 1958).
The procedure used is similar to the one used for
determining filter paper activity except that in this case,
4 ml of hydrolysates were pipetted from each flask and
centrifuged (at 4000 rpm for 25 min). After centrifuga-
tion, 1 ml of each sample was directly pipetted into a
test tube and mixed with 2 mL DNS reagent before
boiling and cooling to room temperature. Standard
curves prepared from known concentrations of glucose
were used to determine reducing glucose content in the
unknown sample by extrapolation. Glucose yield was
calculated as the ratio of liberated glucose during
enzymatic hydrolysis to the theoretical glucose (Eq. 5)
according to Chen and Xia (2009).
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G]

= x 100

Glucose yield (%) = 0.9 x (5)
where:
[G] represents glucose concentration (g/L)
C; represents the amount of cellulose in substrate (g/L)

Data analysis

Experimental data were statistically analyzed using the
GLM procedure embedded in Minitab 17 (Minitab Inc.,
State College, PA, USA) statistical package. Compositional
analysis results were expressed as mean + deviation of
triplicate. A 3 x 2 x 4 x 4 factorial design with four inde-
pendent variables (fraction type, pretreatment technique,
temperature, and time) was used. The choice of this fac-
torial design for determining the optimal conditions was
based on previous studies (Idrees et al. 2014; Satimanont
et al. 2012; Vani et al. 2015). The effect of the independent
variables on glucose concentration was analyzed using
ANOVA to assess if differences existed in glucose concen-
tration. Where differences existed, Tukey-Kramer’s HSD
(honestly significantly different) pairwise comparison test
was used to assess all possible differences between the
different combinations of pretreatment temperature and
time. The significance was set at p value less than 0.05.

Results and discussion
Chemical composition of the different corn stover fractions
The major (cellulose, hemicellulose, and lignin) and the
minor chemical constituents (for example, ash) prior to
pretreatment of the three corn stover fractions were
determined (Table 1). The data presented are averages +
standard deviations of triplicate estimations. The ANOVA
results showed that significant differences existed between
the various corn stover fractions. As shown in Table 1,
identical letters within a row represent no significant
difference in the observed data at 5% level significance.
Lignin is known to provide the rigidity in plant cell
walls and protects them against microbial and physical
breakdown (Hendriks 2008). The strong bond between

hemicellulose and lignin generally prevents easy
Table 1 Composition of untreated corn stover fractions
(percentage of dry matter)

Composition Cob Stalk Leaf
Cellulose (%) 32560197 4045+146° 3356+089°
Hemicellulose (%) 3842 +145° 2066+ 1.15¢ 2500+ 1.63¢
Lignin (%) 1559 +0.56° 19.75 + 0.65° 1435+032°
Ash content (%) 139+0.01° 225+0.10° 570+0.25
Others (%) 12.04+0.00 16.76 +0.00 21.32+0.00

As shown in Table 1 the superscripts (a, b, ¢, d, e, f and g) indicate comparison
in composition between the different constituents

Identical letters within a row represent no significant difference in the
observed data at 5% level significance
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accessibility of the cellulose fraction during enzymatic
hydrolysis (Roslan et al. 2011; Satimanont et al. 2012).
In this study, the cellulose content in the untreated stalk
(40.45%) was highest among the three corn stover
fractions and this trend was in agreement with studies
by other researchers (Cui et al. 2012; Idrees et al. 2014;
Pointner et al. 2014). Also, the hemicellulose content
was significantly higher in cobs (38.42%) compared to
stalks (17.76% less) and leaves (13.42% less) (p < 0.05).
The study by Pointner et al. (2014) observed similar
trend in corn cob where the cellulose content (38.8%)
was significantly lower than the hemicellulose content
(44.4%). Other researchers also identified a higher
content of hemicellulose in untreated corn cob as
compared to the cellulose which was similar to the
trend found in this study but with some slight changes
in quantity (Garlock et al. 2009; Li et al. 2016). Contrary
to this, the cellulose content of corn cob was reported
to be higher than the hemicellulose content in similar
studies (Bandikari et al. 2014; Dominguez et al. 1997;
Liu et al. 2010). The variation in chemical composition
could be due to the time taken for crop to mature, dif-
ferences in hybrid, climatic effects, or other effects;
however, the differences are not so different. In terms of
lignin content, the results indicate that the lignin con-
tent in the stalk (19.75%) was significantly higher than
that of leaf (14.35%) and cob (p < 0.05). A close look at
the results could mean that the stalk could pose much
difficulty in pretreatment and subsequent enzymatic hy-
drolysis due to its high lignin contents (Adney et al
2009). Finally, the content of ash in leaf (5.7%) was sig-
nificantly higher compared to the 1.39 and 2.25% found
in cob and stalk, respectively. The ash content present
in the leaf in this study was also higher than the 2.2% re-
ported by Arana-cuenca et al. (2014). The higher ash
content in the leaf could be due to high content of su-
berized and silica cells caused by the presence of many
epidermal cells in leaf (Arana-cuenca et al. 2014; Jin et
al. 2013). The presence of highly stable silica is also
strongly impeded delignification in the leaf (Arana-
cuenca et al. 2014).

Optimal pretreatment temperature and time for
enhanced glucose recovery

Selecting an appropriate pretreatment temperature
and time combination during bioethanol production
has prominent effect on biomass composition, hy-
drolysis, and fermentation steps of the ethanol pro-
duction process (Idrees et al. 2013; Modenbach 2013).
Generally, different pretreatment techniques have
different impact on the yield of fermentable sugars
from biomass (Gao et al. 2014). Figures 1 and 2
summarize the effect of pretreatment temperature and
time on glucose concentration during enzymatic
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hydrolysis of DA and AL pretreated corn stover frac-
tions, respectively. Data presented are averages +
standard deviations of duplicate experiments.

From Fig. 1, it can be observed that increasing the
temperature of pretreatment resulted in an increase in the
maximum achieved glucose concentrations for the different
corn stover fractions from 100-160 °C. Another critical
observation made was that, DA pretreatment at 100 °C
required pretreatment time of 60 min for high yield of
glucose whereas at high temperature conditions, such as for
samples pretreated at 160 °C, a shorter pretreatment time of
about 30 min was needed to record high glucose concentra-
tions in all DA pretreated samples. Girisuta et al. (2008) in a
similar study explained that at high temperatures, DA pre-
treatment requires shorter pretreatment time since a longer
pretreatment time may result in a higher production of
chemicals such as furfural and 5-hydroxyfurfural. In the
current study, the optimal pretreatment conditions for the
high glucose concentration in all DA pretreated samples
occurred at pretreatment temperature of 160 °C over a time
of 30 min. Under the set optimal conditions, the highest
achieved glucose concentrations from the hydrolysate of the
DA pretreated cob, stalk, and leaf were 18.4 g/L (66.8%
glucose yield), 16.2 g/L (64.1% glucose yield), and 11.0 g/L
(49.5% glucose vyield), respectively. Statistically, there existed
significant differences between the glucose yield from the
three corn stover fractions (p < 0.05). In general, increasing
the pretreatment time to about 60 min resulted in a decline
in glucose concentration in all samples. The high glucose
content found in DA pretreated cob could be due to high
removal of hemicellulose contents compared to the stalk
and leaf (Jeevan et al. 2011; Singh and Rakesh Kumar 2013).
Also, the least glucose concentration found in leaf could be
due to other factors such as the highly recalcitrant nature of
the lignin present, which as explained in literature may be
due to high content of suberized and silica cells in the leaf
(Arana-cuenca et al. 2014; Jin et al. 2013). The pres-
ence of higher proportion of silica cells is strongly ex-
pected to impede delignification in the leaf (Arana-
cuenca et al. 2014).

Also, the results of the AL pretreatment on corn cobs,
leaves, and stalk as shown in Fig. 2 indicate that
pretreatment conditions affects glucose concentration
during the hydrolysis step. Data presented are averages +
standard deviations of duplicate experiments. Unlike
DA pretreatment, the maximum achieved glucose
concentration for the different pretreatment tempera-
tures (100,120,140, and 160 °C) increased from 100—
140 °C in all AL pretreated corn stover fractions;
however, it declined for samples pretreated at 160 °C.
The reduction in glucose concentration at 160 °C means
that AL pretreatment at milder conditions results in higher
removal of lignin; hence, a higher glucose concentration and
this conclusion are consistent with findings by Karp et al.
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u DA pretreated cob

u DA pretreated stalk

DA pretreated leaf

12
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Glucose concentration(g/L)

o N B O

10 30
100 °C

presented are averages + standard deviations of duplicate experiments
o

Operating temperature (°C) and time (minutes) for pretreatment

Fig. 1 Effect of DA pretreatment temperature and time on glucose recovery at optimum pretreatment conditions (160 °C and 30 min). Asterisk,
number sign, and plus sign indicate significance between the glucose concentration in DA pretreated cob, stalk, and leaf at p < 0.05. The data

10 30 60
160 °C

(2014). AL pretreatment at severe conditions caused
condensation reactions which led to the formation of
strong carbon-carbon bonds within the lignin units,
thereby preventing lignin removal as indicated by
Xuejun et al. (2004). In addition, extreme pretreatment
temperature conditions result in high carbohydrate loss
which occurs through random chain cleavage and peeling
reactions, which can greatly reduce the sugar yield from
the overall process (Chen et al. 2013; Hart et al. 2012.

Overall, the highest glucose concentrations were 24.7 g/L
(corresponding to 81.73% glucose yield), 21.3 g/L (corre-
sponding to 81.23% glucose yield), and 15.0 g/L (corre-
sponding to 51.92% glucose yield) for cob, stalk, and leaf
pretreated at a temperature of 140 °C. Statistically, there
existed significant differences between the glucose concen-
trations of the three corn stover fractions (p <0.05). In
addition, the time taken for the pretreatment reaction also
had significant influence on glucose concentrations in all

u AL pretreated cob
28

m AL pretreated stalk

AL pretreated leaf

24 A
22 A
20 4
18 4
16
14
12

Glucose concentration(g/L)

o N B O

5 10 30 60 5 10 30

100 °C

120°C

Operating temperature (°C) and time (minutes) for pretreatment

5 10 30 60 5 10 30 60

140 °C 160 °C

Fig. 2 Effect of AL pretreatment temperature and time on glucose recovery at optimum pretreatment conditions (160 °C and 30 min). Asterisk,

number sign, and plus sign indicate significance between the glucose concentration in DA pretreated cob, stalk, and leaf at p < 0.05. The data
presented are averages + standard deviations of duplicate experiments

.
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AL pretreated samples as observed in the DA pretreatment.
Other studies have also reported that time taken for AL
pretreatment affects glucose yield (Idrees et al. 2014; Jeevan
et al. 2011). The AL pretreatment illustrated in Fig. 2
showed that the optimal pretreatment temperature and
time combination for the highest glucose concentration
were 140 °C and 30 min for the cob and stalk, while the leaf
required pretreatment operation condition of 140 °C and
60 min. Considering that the high temperature and longer
retention time has the potential to maximize lignin
removal, and therefore enhance digestibility, providing high
severity pretreatment conditions may also lead to sugar loss
through dissolution and degradation of hemicellulose. Jin et
al. (2013) noted that, at 140 °C, high content of lignin is
removed by AL pretreated corn stovers and concluded that
pretreatment above this temperature may reduce the
removal of lignin. Interestingly, compared to the stalk and
cob, the leaf which showed a lower lignin content in its
untreated form needed longer pretreatment retention time
to achieve its highest concentration. Another study by Li et
al. (2012) also observed that alkaline sodium sulfite
pretreatment of corn stover at a relatively low temperature
of 140 °C results in higher delignification. In the current
study, the longer pretreatment time required for pretreating
leaf indicates that the pretreatment temperature and time
combination of 140 °C and 30 min were probably not
enough for adequate lignin removal; hence, the longer time
might have effectualized lignin removal. As explained in
literature, the presence of highly stable suberized and silica
cells in leaf is known to impede delignification (Arana-
cuenca et al. 2014; Jin et al. 2013). As indicated in the
results, the glucose concentrations obtained in the AL
pretreated samples at optimal conditions were 24.0, 21.3,
and 15.0 g/L from the pretreated cob, stalk, and leaf, re-
spectively. Montross and Crofcheck (2004) observed similar
trend in glucose concentration for the different fractions
after applying biological pretreatment except that the con-
centration of glucose obtained were lower than the results
obtained in this study explaining how effective this chem-
ical pretreatment technique could be. In an experiment to
optimize the variety of alkali and acids including HCI,
H,SO, C,H,(COOH),, NaOH, H3PO,; CH3;COOH,
NH30H, and H,O as a catalyst at different temperatures
(thus, from 100-130 °C) and reaction time ranged (0.5-
5 h) by Idrees et al. (2013), the recovery of glucose was
highest in NaOH compared to the other chemicals. This
proves that although other chemicals exhibit significant ef-
fect on glucose recovery, NaOH pretreatment seems to be
the best option which was also proven in this study.

Effect of optimal pretreatment conditions on the
composition of corn stover fractions

Using the optimal conditions obtained from the pretreat-
ment optimization experiment (Section 3.2), the effect of
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the different pretreatment techniques on chemical com-
position and biomass weight loss were determined
(Fig. 3). As reported in literature, biomass weight loss
during pretreatment comes as a results of the
solubilization of lignin and hydrolysis of hemicellulose
(Gao and Lars 2014; Idrees et al. 2014).

The weight loss in DA pretreated samples was 41.3%
in cob, 38.7% in stalk, and 33.3% in leaf (Fig. 3a), indicat-
ing that the leaf recorded the least weight loss after
pretreatment. The weight loss observed in DA pre-
treated samples could have resulted from hydrolysis of
hemicellulose into monomeric sugars such as xylose (Li
et al. 2016; Singh et al. 2015). Furthermore, the compos-
itional analysis performed on the raw and pretreated
samples indicated that the cellulose content increased
from 32.56 to 64.60% in the DA pretreated cob, from
40.45 to 57.00% in the DA pretreated stalk and, finally,
in the leaf the content increased from 33.20 to 50.00%.
The hemicellulose content reduced from 38.42 to 3.70%
(corresponding to 90.4% hemicellulose removal) in the
DA pretreated cob, from 20.66 to 2.08% (corresponding
to 86.0% hemicellulose removal) in the stalk and, finally,
from 25.00 to 3.50% (corresponding to 86.0% hemicellu-
lose removal) in the leaf. Consequently, the removal of
high hemicellulose content from the DA pretreated corn
cob compared to stalks and leaves resulted in maximum
weight loss in the cobs recovered after pretreatment.
Although the initial cellulose content in the untreated
corn cob was least compared to the leaf and stalk, the
removal of high amount of hemicellulose increased the
cellulose content to approximately 64.6%, compared to
the 57.0 and 50.0% found in DA pretreated stalk and
leaf, respectively. The least weight loss observed in the
DA pretreated leaf could be due to inadequate removal
of the hemicellulose compared to the cob which may
probably be due to the rigid nature of the bonds in the
cell wall structure of the leaf thereby making it more
recalcitrant than the others (Jeevan et al. 2011; Singh
and Rakesh Kumar 2013). The high hemicellulose re-
moval in DA pretreated cob compared to DA pretreated
stalk and leaf could have resulted in highest glucose
content found in the hydrolysate of the DA pretreated
cob (see Section 3.2). The lignin content also increased
from 15.59 to 26.89% in the DA pretreated cob, from
19.75 to 32.26% in stalk, and from 14.35 to 25.75% in
the DA pretreated leaf. Finally, as reported earlier in the
results, the DA pretreated samples indicated an increase
in lignin content in all samples. Modenbach (2013) also
observed an increase in lignin content of about 9% in
pretreated corn stover fractions. Furthermore, (Li et al.
2016) explained that the increase in lignin content in the
recovered pretreated samples could mainly be due to the
removal of contents other than lignin in the DA
pretreated samples.
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In the case of AL pretreatment at optimal conditions,
the samples showed significant reduction in weight as
compared to the DA pretreated samples (Fig. 3a). The
results presented in Fig. 3 showed that AL pretreatment
contributed to about 38-50% loss. It was evident that
the overall descending order of weight loss in the AL
pretreated samples at optimal conditions were cob
(49.7%) > stalk (41.3%) > leaf (37.6%). As presented in the
results, it was shown that AL pretreatment was able to
reduce lignin content in the untreated corn cob from
15.59% to about 2.1% in the pretreated sample (repre-
senting 87% lignin removal). Therefore, lignin in cob
and stalk was removed easier even under a mild condi-
tion than the leaf. Consequently, this contributed to the
low solid recovery rate during the AL pretreated sam-
ples. This reduction in lignin in the AL pretreated cob is
consistent with a similar study by Liu et al. (2010) who
indicated that AL pretreatment removed majority of the
lignin in AL pretreated corn cobs to merely 3.2%. Idrees
et al. (2014) also observed a similar trend where AL
pretreated cobs exhibited higher proportion of lignin
removal compared to DA pretreated cob. Also, AL

pretreatment at optimal conditions was able to reduce
lignin content of about 19.75% in untreated stalk to
about 4.81% (corresponding to 78% delignification) in
the treated stalk, and finally, in leaf, the lignin content in
the untreated samples was reduced from 14.35% to
about 7.34% (corresponding to 49% delignification) in
pretreated samples. The results suggest that the leaf had
the lowest lignin removal. The content of hemicellulose
also reduced from 38.42 to 27.00% (corresponding to
29.72% hemicellulose removal) in the AL pretreated cob,
from 20.66 to 16.76% (corresponding to 18.88% hemicel-
lulose removal) in the stalk and, finally, from 25.00 to
20.72% (corresponding to 17.12% hemicellulose removal)
in the leaf. Among the two pretreatment techniques, the
AL pretreatment applied in this study showed significant
reduction in weight of the different corn stover fractions
compared to the DA pretreated samples. Adney et al.
(2009) pointed out that, in the process of solubilizing
lignin by AL pretreatment, some hemicellulose can also
be removed. Furthermore, it was explained that the
simultaneous removal of lignin and hemicellulose is one
way of improving hydrolysis yield of fermentable sugars
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compared to removing either hemicellulose or lignin
only (Adney et al. 2009). In addition, Modenbach (2013)
also reported hemicellulose removal of about 34%
concurrently with lignin when corn stover was pre-
treated with NaOH. The higher reduction in weight of
AL pretreated samples compared to DA pretreated
samples can therefore be due to the removal of both
lignin and hemicellulose in AL pretreated samples,
which did not happen in the case of DA pretreated
samples. Consequently, the cellulose fraction in the AL
pretreated cob increased from 32.56 to 68.23% (close to
about 1% more than in DA pretreated cob), the cellulose
fraction in the stalk also increased from 40.6 to 65.7%,
and in leaf, it increased from 33.32 to 59.34%. The
cellulose content was highest in cob (68.2%), which was
closely followed by stalk (65.7%) and, finally, the leaf
(59.3%). Although the initial cellulose content in the cob
was the least among the three fractions prior to pretreat-
ment, the pretreated cob recorded the highest propor-
tion of cellulose after pretreatment. These results are
indicative of the fact that an increase in cellulose content
has a close linkage with lignin removal which has also
been proven in prior studies by other researchers (Gao
and Lars 2014; Karp et al. 2014; Modenbach 2013). The
AL pretreatment applied in this study was able to
produce results which are consistent with the findings in
prior studies (Cai et al. 2016; Garlock et al. 2009).

Comparison of AL and DA pretreated samples showed
that the cellulose fraction accessible for further enzym-
atic hydrolysis was higher in AL pretreated samples. The
cellulose fraction in the AL pretreated cob increased
from 32.56 to 68.23% (close to about 1% more than in
DA pretreated cob), the cellulose fraction in the stalk
also increased from 40.6 to 65.7% (close to about 8.7%
more than DA pretreated stalks), and in leaf, it increased
from 33.32 to 59.34% (close to about 9.3% more than
DA pretreated samples). In each of the pretreatment
techniques applied, it was evident that cellulose recovery
from pretreated samples was highest in the cob (61.60%
in DA pretreated cob and 68.23% in AL pretreated cob),
which was closely followed by stalk (57.00% DA
pretreated stalk and 65.74% in AL pretreated stalk) and
then, finally, in leaves (50.00% in DA pretreated leaf and
59.34% in AL pretreated samples). In general, the
different chemical pretreatment techniques had marked
effect on solid recovery and chemical composition of the
different corn stover fractions after pretreatment at opti-
mal conditions.

Conclusions

This study took a major step towards providing data on
the potential glucose production from different corn
stover fractions (cob, stalk, and leaf) obtained from a
single harvest in Uganda. The cobs, stalks, and leaves
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were pretreated using dilute acid (2% w/v H,SO,4) and al-
kaline (2% w/v NaOH) pretreatment techniques at vary-
ing temperature and time. In order to attain maximum
concentration of glucose from the corn stover fractions
using DA pretreatment, the pretreatment condition for
cob, stalk, and leaf should be kept at a temperature of
160 °C and a retention time of 30 min. Also, for the AL
pretreated samples, the optimal temperature and time
settings should be kept at 140 °C over a retention time
of 30 min for cobs and stalk. The leaf on the other hand
requires a temperature of 140 °C just like the cob and
stalk; however, the pretreatment time should be kept at
60 min. In terms of glucose recovery, the AL pretreat-
ment enhances glucose yield from the different corn
stover fractions compared to DA pretreatment tech-
nique. AL pretreated cobs and stalks gave a higher
glucose content compared to the AL pretreated leaf. The
choice of pretreatment technique and type of corn
stover fraction have significant influence on the recovery
of glucose, and it is therefore important to always select
an appropriate pretreatment technique and biomass
feedstock since they could play crucial role in bio-
ethanol development and commercialization. Also, it is
important to note that during lignocellulosic biomass
conversion processes, the amount of lignin removed
may not always depend on the initial lignin content pre-
vailing in the untreated biomass since the removal may
also be linked with the general structure of the carbohy-
drates and lignin present in the biomass. It is recom-
mended that the leaves could be left on the field during
harvesting since the glucose production efficiency
observed with the use of cobs and stalks is higher.
However, a thorough energy and economic assessment
of a given integrated bio-refinery processes for convert-
ing corn stover fractions is still needed to determine its
economic feasibility. Furthermore, research is needed to
quantify the potential ethanol yield from the different
corn stover fractions pretreated with DA and AL at the
set optimal pretreatment conditions.
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