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Abstract: Conversion of Pennisetum purpureum x Pennisetum americanum (Napier Pak Chongl) press
cake into biobutanol using Clostridium beijerinckii TISTR 1461 was proposed as an alternative to
combustion in this study. The optimum conditions for biobutanol fermentation were determined
using a full factorial design and a central composite design of experiment. The studied factors were
initial pHs (5.50-6.50) and sugar concentrations (40-60 g/L), while butanol yield (g/g reducing sugar
utilized) was specified as the optimization response. The results showed that the suitable enzyme
loading of alkali-pretreated press cake (at 3% w/w NaOH, 10% substrate loading, boiling at 90 °C, with
a reaction time of 1 h) was 10 FPU/g biomass, which provided a glucose yield of 345 mg/g pretreated
press cake. The optimized pH and reducing sugar concentration were 6.08 and 43 g/L, respectively.
At these conditions, the maximum butanol yield from the hydrolysate of NaOH-pretreated press
cake was 0.135 g/g reducing sugar utilized (0.30 g/g glucose utilized). Apart from the possibility of
generating much less pollution, it was estimated that using the same amount of press cake, butanol
production could possibly have a value comparable to that obtained from combustion for electricity
production. A new concept for overall Napier Pak Chongl grass utilization was also presented.

Keywords: acetone butanol ethanol (ABE); alkaline pretreatment; butanol fermentation; Clostridium sp.;
Napier grass; press cake

1. Introduction

The stability of Thailand’s energy situation has depended heavily on imported fossil
fuels and related chemicals. Production of these substances from renewable resources is
considered as one of the country’s best solutions to energy instability. Currently, biogas
from manure and industrial wastewater is one of the most widely used renewable energies
in Thailand. Moreover, the government has also supported biogas power plants using grass
or agricultural wastes as feedstock. Napier Pak Chongl grass has gained much attention
for its use as the feedstock for renewable energy production in Thailand, thanks to its
superior production yield and suitability for planting in the country’s climate [1,2].

The method of integrated generation of solid fuel and biogas from biomass (IFBB)
offers a promising alternative utilization of grass [3]. For this method, grass is separated
into two parts, i.e., press fluid and press cake. The biogas can be produced from the press
fluid and the press cake can be used as a solid fuel, mainly in the process of combustion.
This is sensible as the press fluid contains mostly soluble substrates and nutrients, which
can easily be biologically converted into biogas [4]. However, the process of combustion
with the press cake can be quite complicated, as the press cake still contains a high moisture
content, thus requiring the energy-consuming thermal drying step. Moreover, combustion
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of the damp biomass can also generate high amounts of toxic gases and particulate matter,
which have been among the most concerning air pollutants in Thailand [5]. Additionally, as
considerable amounts of organic compounds still remain in the press cake, without proper
management, the use of press cakes could pose some environmental issues and seriously
lessen the positive impact of the IFBB concept.

One of the most promising ways to utilize the press cake is to transform it biologically
into renewable fuels or other usable products. This is in line with Thailand’s plan to
increase the production of alternative biofuels from biomass, e.g., bio-ethanol, bio-diesel
and compressed biomethane, which are currently commercial biofuels. Use of these biofu-
els, however, still has some limitations, e.g., the high moisture content and corrosivity of
bioethanol, which makes it problematic for transporting via pipes. In recent years, there
has been interest in biobutanol as an alternative biofuel [6-9]. Biobutanol has many advan-
tageous properties over ethanol, such as higher energy content [10] and lower volatility,
which makes it safer to use. It is also less corrosive, and can be distributed through existing
petrol pipelines. Moreover, biobutanol can be utilized directly or blended with gasoline
or diesel. Mixtures of butanol and gasoline (at any ratios) are superior to those of ethanol
and gasoline for use in automobile engine or vehicles, without any need for modification,
thanks to their energy density and octane number, which are similar to those of gaso-
line [11]. Moreover, high-quality butanol can also be used in some industrial processes as a
solvent, or as an intermediate in chemical synthesis.

The cellulose, hemicellulose, and lignin compositions of the dried press cake of Napier
Pak Chongl were reported to be 41.68 £ 4.76%, 20.76 £ 3.90% and 14.07 £ 3.84%, re-
spectively [4]. The high cellulose contents of this press cake show its great potential for
renewable energy productions, such as biofuel (butanol and ethanol) and bio-based chemi-
cal production. Generally, the refinery of lignocellulosic biomass requires the hydrolysis
of cellulose with enzymes, and the conversion of sugars to usable products by microor-
ganisms [12-14]. However, lignin, which is a polymer that forms a complex network
cross-linking cellulose and hemicellulose, can cause difficulties for enzymes in degrading
cellulose and hemicellulose to monomeric sugars. Thus, pretreatment by removing lignin
contents and the breaking down of structural linkages to reduce the crystallinity and surface
area of cellulose are required to increase its enzymatic digestibility [15,16].

Among all the tested pretreatment methods, alkaline pretreatment is effective on
agricultural residues because it is relatively inexpensive, less corrosive, and requires less
energy [17]. There have been reports that alkaline pretreatment has greater effects on the
dissolving of lignin than on the dissolving of cellulose or hemicellulose [16,18]. Alkaline
pretreatment with sodium hydroxide has been widely used for agricultural residues due
to its effectiveness in removing lignin (84-94%) [15,19] and its suitability for industrial
application. In addition, alkaline pretreatment can dissolve lignin more than cellulose and
hemicellulose [20], and it generates higher amounts of remaining solid fraction than acid
pretreatment [16].

Biobutanol has been produced via biological acetone-butanol-ethanol (ABE) fermenta-
tion using clostridia strains [6]. ABE fermentation is an attractive process for the bioconver-
sion of lignocellulosic biomass, as clostridia are able to ferment glucose and pentose derived
from hemicellulose and cellulose, respectively. Various forms of lignocellulosic biomass
can be used as the feedstock for butanol production by Clostridium sp., such as Napier
grass stem [20], switchgrass [21,22], sweet sorghum stem juice [23], corn cob [24,25], corn
stover [26], palm kernel cake [27], and barley straw [28]. There have been studies related
to butanol production from several agricultural residues and new strains of Clostridium
sp. [29]. However, research on the production of biobutanol from the press cake of Napier
Pak Chongl grass, which offers an encouraging alternative for better, more environmentally
friendly utilization of this grass, is still lacking. Biological conversion for renewable energy
and usable chemical generation could be one of the most suitable ways of sustainably utiliz-
ing this press cake. These methods of press cake utilization may also be the most promising
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way to eliminate environmental issues that the use of press cake can pose without proper
management or application.

This work aimed to determine the optimum conditions, i.e., pH and sugar concen-
tration, for biobutanol production from the press cake of Napier Pak Chongl grass. In
our preliminary study, we found that C. beijerinckii TISTR 1461 provided the best sugar
utilization rate for butanol production, compared to those of C. acetobutylicum TISTR 1462,
C. beijerinckii JCM 1390, C. beijerinckii DSM 791, and C. acetobutylicum JCM 1419 [30]. The
strain TISTR 1461 could utilize up to 66.4% of glucose for butanol production, while less
than 50% of glucose was utilized by other cultures. Therefore, C. beijerinckii TISTR 1461
was found to be the most suitable strain for biobutanol production, and was used in the
current study. The press cake was converted into butanol via the consecutive steps of
NaOH pretreatment, enzymatic hydrolysis, and butanol fermentation using Clostridium
beijerinckii TISTR 1461. In order to efficiently utilize this grass species and eliminate the
potential of pollution created, a new concept for Napier Pak Chong1 grass utilization was
also proposed.

2. Materials and Methods
2.1. Press Cake

Press cake was obtained from the hydrothermal conditioning and mechanical dehy-
dration processes of Napier Pak Chongl grass harvested from Chiang Mai Fresh Milk
farm, Lamphun, Thailand [31]. Briefly, the 75 d old grass was chopped using a hammer
mill (Nimut Engineering company, Bangkok, Thailand) to 2 mm and mixed with water
(grass:water = 1:6 kg:L)) in a 100 L stainless tank for 355 min at ambient water temperature
(approximately 25 °C). Then, the conditioned Napier Pak Chongl samples were gravita-
tionally separated from water. Subsequent mechanical dehydration of the conditioned
Napier Pak Chongl samples was carried out using a screw press (Arkarnsin machinery
company, Chiang Mai, Thailand) to obtain the grass juice and press cake. The press cake
was dried in a hot-air oven (Memmert, Biichenbach, Germany) at 90 °C for 1 d. The dried
press cake was ground to a small size, sieved through 100-mesh sieve, and stored in a
sealed plastic bag at room temperature until being used in the alkaline pretreatment. The
contents of cellulose, hemicellulose, and lignin were measured according to the detergent
method [32]. The compositions of cellulose, hemicellulose, and lignin in the dried grass
press cake were 41.68 £ 4.76%, 20.76 £ 3.90%, and 14.07 + 3.84%, respectively.

2.2. Alkaline Pretreatment

Sodium hydroxide (NaOH) was used in the alkaline pretreatment method to remove
the lignin content of the press cake. The dried press cake (60 g) was soaked in 600 mL of
3% (w/w) NaOH (solid to liquid ratio of 1:10). The slurry was mixed and boiled at 90 °C
for 1 h. After that, the pretreated grass fiber was washed with tap water to adjust the pH
to neutral. Then, the pretreated grass fiber was dried in a hot-air oven at 80 °C for 2 d,
or until a constant weight was obtained. The pretreated press cake sample was analyzed
for cellulose, hemicellulose, and lignin contents, and stored in a zipped plastic bag at
room temperature until being used for the enzymatic hydrolysis. The removal of each
composition, i.e., cellulose, hemicellulose, and lignin, was calculated using Equation (1):

mass of composition in pretreated biomass(g)
mass of composition in raw biomass(g)

Removal (%) = (1 - > x 100 (1)
where the mass of composition in pretreated biomass is the percentage of each composition
in the pretreated biomass multiplied by the dried weight of the biomass after pretreatment
(g), and the mass of composition in raw biomass is the percentage of each composition in
the raw biomass multiplied by the dried weight of the biomass (g).
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2.3. Enzymatic Hydrolysis

The enzymatic hydrolysis of NaOH-treated press cake was carried out using commer-
cial cellulase (iKnowZyMe AC cellulase; Reach Biotechnology, Pathum Thani, Thailand).
The activity of this enzyme was 50 FPU/mL. The pretreated press cake (10 g) was mixed
with 100 mL of 0.1 M sodium citrate buffer (pH 4.8) in 250 mL Erlenmeyer flasks. The
enzyme was added to the mixture solution at 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mL, corresponding
to loadings of 2.5, 5.0, 7.5, 10.0, 12.5, and 15.0 FPU/g biomass, respectively. Experiments for
each enzyme loading were carried out in four replications. The mixture was then incubated
at 50 °C and 150 rpm (GYROMAXTM737, Amerex Instruments, Inc., Concord, CA, USA)
for 3 d. After that, the hydrolysate was centrifuged at 4 °C and 9000 rpm (Universal 320R,
Hettich Zentrifugen, Tuttlingen, Germany) for 10 min. The supernatant was analyzed for
reducing sugars and monosaccharide concentrations via the dinitrosalicylic acid (DNS)
method [33] and the high-performance liquid chromatography (HPLC) technique [34],
respectively. The suitable enzymatic loading was used for butanol fermentation studies.

2.4. Butanol Fermentation
2.4.1. Culture Preparation

The stock of Clostridium beijerinckii TISTR 1461 was inoculated in reinforced clostridia
medium (RCM, BD Difco™) and incubated in an anaerobic jar (Merck™, Darmstadt,
Germany) at 37 °C for 2 d. After that, 6 mL of the pre-culture was added to 54 mL of
sterilized (autoclaved at 121 °C for 15 min) P2 medium (30 g/L glucose and 1 g/L yeast
extract) in a screw-cap tube, and the growth was conducted at 37 °C for 12-15 h.

2.4.2. Experimental Design

A two-level full factorial design with center points and a central composite design
(CCD) of experiment were employed to obtain the optimum initial pH (5.50-6.50) and
sugar concentration (40-60 g/L) for butanol production from the enzymatic hydrolysate
of NaOH-treated press cake. Experiments for each condition were carried out in two
replications. Butanol yield (g/g reducing sugar utilized) was specified as the response for
optimization. Butanol yields from all experiments were fitted into a second-order quadratic
model, as shown in Equation (2):

Y = Bo+ B1X1 + BaXo + B11XF + B2 X3 + 12 X1 X2 (2)

where Y is the predicted response, X; represents the initial pH, X, represents the ini-
tial reducing sugar (g/L), Bo represents the constant coefficient, 1 and B represent the
linear coefficients, and B11 and 1, represent the quadratic coefficients. The statistical
and mathematical analyses of CCD and optimization were conducted using MINITAB
version 15.

2.4.3. Butanol Fermentation Process

The fermentation process was performed in a 100 mL culture vessel with 50 mL
working volume. The substrate (44 mL) was purged with nitrogen gas for 5 min to
develop the anaerobic condition, and was then autoclaved at 121 °C for 15 min. Then, the
fermentation medium was added. This fermentation medium consisted of 0.5 mL of the
sterilized buffer solution (5 g/L KH;POy, 5 g/L K;HPOy, 22 g/L CH3COONHy), 0.5 mL
of mineral solution (2 g/L MgSO4-7H,0, 0.1 g/L MnSO,-7H,0, 0.1 g/L FeSO4-7H,0,
0.1 g/L NaCl), and 0.5 mL of the vitamin stock solution (0.01 g/L p-aminobenzoic acid,
0.01 g/L thiamine, 0.001 g/L biotin). Before addition, both the sterilized buffer and the
mineral solutions were autoclaved at 121 °C for 15 min, while the vitamin stock solution
was filter sterilized through a 0.2 um cellulose acetate membrane. The prepared substrate
was inoculated with 4.0 mL of actively growing culture with an optical density of 1.0 at
660 nm (ODggp). Then, 0.4 mL of 0.2 M cysteine solution was added as the anoxic solution.
Fermentation was carried out via incubation at 37 °C for 192 h. Samples were periodically
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taken every 24 h and analyzed for ABE (acetone, butanol, and ethanol), acetic and butyric
acid, and reducing sugar concentrations.

2.5. Analytical Methods

Samples of enzymatic hydrolysate and fermentation were centrifuged at 8000 rpm
for 15 min to remove insoluble particles. Reducing sugars in the supernatant of enzy-
matic hydrolysate and fermentation were analyzed using the dinitrosalicylic acid (DNS)
method [33]. Monosaccharide concentrations of enzymatic hydrolysate were analyzed
by HPLC (Bio-Rad, Hercules, CA, USA) equipped with an Aminex HPX 87H column
(300 x 7.8 mm; Bio-Rad, Hercules, CA, USA) and a refractive index detector (RID-10A).
The column was operated at 40 °C, with 5 mM H;SOy, as an eluent at a flow rate of
0.60 mL/min [35,36]. ABE, acetic acid, and butyric acid in fermentation were determined
using a gas chromatographer (Agilent 7890A) equipped with flame ionization detector
(FID) and capillary column (DB-FFAP, 30 m x 250 pm x 0.25 pm), using helium as carrier
gas. The injection volume was 1 pL. For acetone, butanol, and ethanol analyses, the oven
temperature was maintained at 60 °C for 4 min, programmed with increments of 10 °C/min
to 200 °C for 2 min, and increased to 240 °C for 3 min. The temperatures of the injector
and detector were 150 °C and 250 °C, respectively. For acetic and butyric acid analysis, the
pH of the centrifuged fermentation was adjusted to 2 using phosphoric acid, and settled
to remove particles for 2 h. The supernatant was filtered through a syringe filter PVDF
with a pore size of 0.2 um. The oven temperature was maintained at 95 °C for 2 min,
and then programmed with increments of 10 °C/min to 140 °C and increased at a rate of
40 °C/min to 200 for 5 min. The temperatures of the injector and detector were 150 °C and
240 °C, respectively. Butanol yields were calculated as the butanol produced divided by
the amount of fermentable sugar utilized and expressed as g/g reducing sugar utilized.

2.6. Statistical Analysis

All results were analyzed using MINITAB version 15 at a 95% confidence level.

2.7. Comparisons between Biobutanol Production and Combustion

Comparisons for Napier Pak Chongl press cake utilization between biobutanol pro-
duction and electricity generation via combustion were made based on two criteria, i.e.,
overall heating values (as the low heating value, LHV) and the prices or values of end
products (butanol versus electricity gained from combustion) when a ton of dried Napier
Pak Chongl grass was processed. For each criterion, the LHVs and end product prices
were calculated at different ratios (100:0, 70:30, 50:50, 30:70 and 0:100) of the dry weight
of press cake used for butanol production to that used for combustion. The LHV value of
butanol was calculated based on a butanol yield of 0.034 g/g pretreated press cake and
an LHV value of 34.4 M]/kg, while that of combustion was obtained from the result of
total LHV (15.9 MJ/kg) subtracted from the heating value required to reduce a moisture
content of press cake from 53% to 1%. To calculate the prices of end products, the prices of
chemical and fuel butanol were 22.04 USD/kg and 1.585 USD/kg [37], while the conversion
factor for electricity generation was 0.27778 kWh/M] of LHV, with an efficiency of 33%
for electricity generation (76% for the boiler [38] and 44.7% for steam turbine) [39]. The
price of electricity was 0.096 USD/kWh. It needs to be stated that as the costs of all the
related processes for butanol production and electricity generation from the press cake
were not included in the calculation, the comparison made in this study could only provide
the approximate value difference gained from the products of press cake conversions. The
accurate revenue obtained from the transformation of press cake to butanol and electricity
can be estimated after the exact production processes, such as butanol distillation and types
of furnaces, have been identified.



Fermentation 2023, 9, 661 6 of 16

3. Results and Discussion
3.1. Pretreatment of Press Cake

The changes in press cake compositions before and after alkaline pretreatment are
shown in Figure 1. As much as 77.25 £ 13.79% and 77.02 & 4.71% of lignin and hemi-
cellulose were removed, whereas removal of cellulose was only 27.57 & 7.87%. Alkaline
pretreatment is among the most used techniques for increasing the degradation of hemi-
cellulose and lignin. The alkaline-pretreated Miscanthus floridulus grass and Napier grass
(Pennisetum purpureum) stem were found to contain much lesser lignin contents, as con-
firmed by the scanning electron microscope (SEM) images [40], and an increase in porosity
and surface area, the properties required for enzymatic hydrolysis, was also reported [15].
Similar lignin removal efficiencies were reported under comparable feedstock and pre-
treatment conditions. Lignin removal of 86.10% was gained when pretreating Napier Pak
Chongl grass with 3% (w/v) NaOH at 121 °C for 60 min [41]. Using Napier grass stem as
the feedstock with 2% (w/v) NaOH, autoclaved at 121 °C for 60 min for pretreatment, a
lignin reduction of 84.10% was reported [15]. At a higher temperature (100 °C for 2 h) and
ratio of alkaline to biomass (13.3:1 w/w) compared to those used in this current study (90 °C
for 1 h and 10:1 w/w), up to 94% of lignin was reduced in King grass [19]. At a relatively
higher NaOH concentration (10% in a solid to liquid ratio of 1:20 (w/v) at 90 °C for 1 h),
however, only 63% lignin removal from Napier grass was found [16]. It was found that
lower lignin reduction could be attributed to the higher lignin content (25.00 £ 0.30%) of
Napier grass [16]. Compared to the rates found in other studies, the efficiency of lignin
removal depends on the concentrations of alkaline solution, incubation temperatures, dura-
tion times of the process, and characteristics of the pretreated biomass. The solid recovery
of pretreated press cake obtained in this current study was 41.32 & 2.84%. This figure is
similar to the 46.0% solid that remained when Elephant grass was pretreated with 10%
NaOH and an incubation temperature of 70 °C for 2 h [42].

100
@ Before pretreated
@ O After pretreated
S 80 F ORemoval
s !
>
g
)
P60
B
o
= 40 ¢
S
E
= 1
5 20 |
U t
0 +
Cellulose Hemicellulose Lignin

Figure 1. Comparisons of cellulose, hemicellulose, and lignin before and after NaOH pretreatment.

3.2. Enzymatic Hydrolysis

The effects of enzyme loading volumes on reducing sugar productions are shown in
Figure 2. Total reducing sugars were found to be positively varied with enzyme loading
volumes. The produced reducing sugars were stabilized at an enzyme loading volume
of 10 FPU/g biomass with a reducing sugar concentration of 62.75 - 2.26 g/L, as concen-
trations of total reducing sugar at an enzyme loading volume of 10-15 FPU/g biomass
were not significantly different (p = 0.081). The major products in the hydrolysate were
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glucose, xylose, and arabinose (Figure 3), in which glucose accounted for 50-62% of the

total reducing sugar.

2.5 5.0 753
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Enzyme loading (FPU/g biomass)

Figure 2. Total reducing sugar concentrations of hydrolysate at different enzyme loading volumes.

@ Enzyme loading (10.0 FPU/g biomass)
0O Enzyme loading (12.5 FPU/g biomass)

HH

) 0 |

Glucose Xylose

Arabinose

Figure 3. Glucose, xylose, and arabinose concentrations of hydrolysate at enzyme loading volumes

of 10.0 and 12.5 FPU/g biomass.

Concentrations of glucose, the main substrate for biobutanol production, obtained at en-
zyme loading volumes of 10 and 12.5 FPU/g biomass, were 34.51 £ 1.43 and 35.96 = 4.98 g/L,
and were not significantly different (p = 0.677). The suitable enzyme loading volume, there-
fore, was 10 FPU/g biomass, which provided a reducing sugar yield of 627 + 23 mg/g
pretreated biomass or 259 £ 9 mg/g dried press cake. Yields of glucose and total reducing
sugars obtained from the different parts of Napier grass have been found to depend on
several factors, i.e., the composition and structure of pretreated biomass, type of enzyme,
enzyme loading volume, and conditions of hydrolysis (Table 1).
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Table 1. Comparisons of glucose yields from different conditions of enzyme hydrolysis using different
parts of Napier grass as the feedstock.

Glucose Glucose Yield
Biomass Pretreatment Enzyme Hydrolysis Concentration Reference
(g/g)
(g/L)
345 mg glucose/g
pretreated biomass
. Alkaline iKnowZyMe AC cellulase 627 mg reducing sugar/g .
Napier (press cake) pretreatment (NaOH) (Thailand) 50 °C, 72 h 345 pretreated biomass This study
(259 mg reducing
sugar/g dried press cake)
Cellic®CTec2 and HTec2
Napier grass sticks Alkaline enzyme (Novozymes, 516 245 mg glucose/g dried [16]
(removed juice) pretreatment (NaOH) Denmark) ’ raw biomass
50 °C, 96 h
Acid pretreatment 29.2 146 mg gluc.ose/g dried
raw biomass
Acid and alkaline 217 mg glucose/g dried
56.9 X
pretreatment raw biomass
. Alkaline Accellerase 1500 628 mg reducing sugar/g
King grass pretreatment (NaOH) (Genencor) pretreated biomass (191
Alkaline 185
treat t (NaOH :
pretreatment (NaOF) Cellic®CTec2 and HTec2
Napier stems Alkaline xylanase [15]
pretreatment 50°C,72h 11.7
(Ca(OH),)
522 mg glucose/g
Napier grass Alkaline iKnowZyMe AC cellulase treated biomass
treatment (Thailand) 43 : [41]
(whole crop) pre 5 768 mg reducing sugar/g
(NaOH) 50°C,72h treated biomass
Cellulase complex
Napier erass NS50013 and
(wlrI:ole cgro ) Acid pretreatment f3-glucosidase NS50010 6-9 [43]
P (Novozymes, Brazil)
50°C, 130 h
Acid and alkaline
23
pretreatment
. Alkaline . .
Napier grass pretreatment Trichoderma reesei 74 740 mg gh'lcose/ g [44]
(whole crop) (NaOH) ATCC 26921 treated biomass

Though Napier press cake was used as the raw material, the glucose concentrations

obtained in this current work (34.51-35.96 g/L) were still considerably higher than the
11.7-18.5 g/L and 23 g/L found from NaOH or Ca(OH),-pretreated Napier grass stems
using combined Cellic® CTec2 cellulase and HTec2 xylanase [15], and combined acid and
alkaline-pretreated Napier grass using complex cellulase [43], respectively. Relatively
higher glucose (51.6 g/L) concentrations from the hydrolysis of alkaline-pretreated Napier
grass [16] were possibly caused by using a much higher concentration of NaOH (10% w/w,
3.3 times higher than that used in this current study). At this NaOH concentration, the
cellulose yield from the pretreated biomass was up to 62.1% w/w dry matter, which was
two times higher than that found in this current study. A slightly higher glucose yield
(740 g/ g treated biomass) was also acquired by Liong et al. [44] using alkali-pretreated
grass. This might be the result of a lower solid to liquid ratio (1 g: 100 mL of distilled
water) and a higher enzyme loading (700 U/g). Still, a much lower glucose concentration
(7.4 g/L) was produced in Liong et al.’s work [44]. At a higher enzyme loading volume
(100 FPU/g biomass, 10 times higher than that used in this current work), reducing sugar
and glucose yields of 768 mg/g pretreated biomass and 522 mg/g pretreated biomass,
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respectively, were observed [41]. On the other hand, a similar reducing sugar yield was
obtained in this current study, even when a three times lower enzyme loading (10 FPU/g
biomass vs. 30 FPU/g biomass) was utilized, compared to that when King grass (another
species of Napier grass) was used as the substrate [19]. Considering that both the NaOH
concentration and enzyme loading volume used in the current study were at the medium
or lower end of those investigated in previous studies, especially when fresh or whole
plants of Napier grass were used as the raw material, the glucose concentrations and
yields obtained from the enzymatic hydrolysis of Napier press cake can be considered very
satisfactory. This is very interesting, as the press cake could offer reasonable amounts of
glucose compared to the whole parts of Napier grass that still contained all nutrients and
minerals. The hydrothermal conditioning and mechanical dehydration process likely partly
contributed to these results, as it prepared the press cake in forms that were suitable for
the press cake pretreatment and subsequent production of glucose, which is the preferred
substrate for biobutanol production (Table 1, Figure 3).

3.3. Butanol Production

Butanol production from the hydrolysate of NaOH-treated press cake by C. beijerinckii
TISTR 1461 and a statistical analysis of the results are shown in Table 2 and 3, respectively.
Butanol yields and butanol productions were in the range of 0.091-0.183 g/g reducing
sugar utilized (equivalent to 0.30 g/g glucose utilized) and 3.28-4.40 g /L, respectively. Both
pH and sugar concentration had significant linear and quadratic effects on butanol yield
(at 95% significant level). Wang and Blaschek [45] also found that sugar concentration and
initial pH were the most significant factors affecting biobutanol production from oil palm
decanter cake hydrolysate by C. brijerinckii NCIMB 8052. Apart from glucose concentration
and initial pH, the ratio of inoculum was found to significantly affect butanol production
from oil palm decanter cake hydrolysate by C. acetobutylicum ATCC 824 [46], which was
in accordance with the roles of inoculum size (%) and initial pH in butanol production
from palm kernel cake by C. saccharoperbutylacetonicum N1-4, which were found to be more
significant than the effects of temperature incubation [27]. From the multiple regression
analysis of the experimental data, yields of butanol production (Y) can be calculated
using Equation (3), which combines all the significant independent variables in terms of
uncoded (real) values. This equation could be appropriately used to predict butanol yields
under different pH levels and sugar concentrations, as the coefficient of determination (R?,
Table 3) was acceptably high (92.19%) and the p-value of lack of fit was adequately low
(p-value = 0.245).

Y = —4.31 4 1.39pH + 0.01Sugarconcentration — 0.12(pH)* — 0.00016 (Sugarconcentration)? (©)]

where Y = butanol yield, g/g reducing sugar utilized, pH = the initial pH of the hydrolysate,
and sugar concentration = the initial reducing sugar concentration of the hydrolysate, g/L.

The ranges of parameters used for constructing this equation were 5.29-6.71 pH
and 35.0-64.0 g/L sugar concentration, which sufficiently covered the ranges of pHs and
concentrations used in most other previous studies [20,47,48]. The combined effects of
initial pH levels and initial reducing sugar concentrations on butanol yields are graphically
shown in Figure 4.

According to the regression model, the optimized pH and reducing sugar concentra-
tion for butanol production from the hydrolysate of NaOH-treated press cake of C. beijerinckii
TISTR 1461 were 6.08 and 43 g/L, respectively. The maximum butanol yield estimated at
these conditions (at 74% of composite desirability) was 0.17 g/g reducing sugar utilized.
The validating experiments conducted at the obtained optimized conditions gave a bu-
tanol yield of 0.13 £ 0.00 g/g reducing sugar utilized, which accounted for 77.3% of the
estimated butanol yield. This suggested that the response surface methodology approach
was reasonably effective. During fermentation, glucose was the most utilized substrate for
butanol production (accounting for 71% of produced butanol). At an unsuitable initial pH
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(4.2), Sanguanchaipaiwong and Leksawasdi [49] found that the butanol yield of pineapple
waste juice using C. beijerinckii TISTR 1461 was only 0.08 g/g reducing sugar utilized, while
the butanol yield of glucose (60 g/L) was 0.182 g/g glucose utilized. Using Napier grass
as the substrate for butanol production, He et al. [20] found that butanol yield attained by
semi-simultaneous saccharification fermentation using C. acetobutylicum ATCC 824 was
0.22 g/ g sugar glucose — xyloser Which was similar to the results found in this current study.
Compared to those obtained in previous studies using Napier grass as the feedstock, the
butanol yields (g/g glucose utilized or g/g sugar giycose + xylose Utilized) obtained in this
current study are rather higher (Table 4). Interestingly, the simpler butanol fermentation
process (without mixing mechanisms) used in this current study could provide better
butanol yields than those achieved with immobilized culture [50] or semi-simultaneous
saccharification fermentation [20], when Napier grass was used as the raw material. These
results showed that it is very important to determine the optimum conditions for butanol
production for a microbial strain with a specific affinity to reducing sugars. Considering
the simplicity of the butanol fermentation process with satisfactory butanol yields obtained
in this study and the economical pretreatment process (in which energy was consumed
mainly for reducing the particle size of grass with smaller amounts of chemical required),
the operation cost and waste generated from the overall process is minimal, and very
suitable for the biorefinery industry.

Table 2. Butanol production (averaged from two replications) at different pHs and sugar concentrations.

Run pH Sugar Concentration Butanol Bu.tanol Yield -
(mg/L) (g/L) (g/g Reducing Sugar Utilized)
1 —1(5.50) —1 (40) 3.62 0.145
2 +1 (6.50) —1 (40) 4.37 0.155
3 —1(5.50) +1 (60) 3.39 0.115
4 +1 (6.50) +1 (60) 3.28 0.091
5 — (5.29) 0 (50) 3.47 0.094
6 « (6.71) 0 (50) 413 0.118
7 0 (6.00) —x (35) 4.28 0.154
8 0 (6.00) o (64) 3.57 0.110
9 0 (6.00) 0 (50) 4.40 0.170
10 0 (6.00) 0 (50) 4.08 0.163
11 0 (6.00) 0 (50) 4.39 0.161
12 0 (6.00) 0 (50) 3.61 0.160
13 0 (6.00) 0 (50) 4.32 0.183

Table 3. Regression analysis of butanol production from hydrolysate of NaOH-treated press cake by

C.beijerinckii TISTR 1461.

Term Standard Error Coefficient T-Value p-Value
Constant 0.714 —6.760 0.000
A-pH 0.221 6.992 0.000
B-Sugar concentration 0.008 3.064 0.018
A? 0.017 —6.808 0.000
B? 0.000 —-3.771 0.007
AB 0.001 —1.541 0.167

R-squared = 92.19%

Adjust R-squared = 86.61%
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Figure 4. Contour plot of butanol yields as a result of the initial pH and initial reducing sugar
concentration of hydrolysate of NaOH-treated press cake.

Table 4. Comparison of butanol yields from Napier grass using different fermentation conditions.

Butanol Yield

Biomass Pretreatment Butanol Fermentation (8/) Reference
0.30 g/g glucose utilized
Napier (2 cm of 3 wt% NaOH, 10% of solid C. beijerinckii TISTR 1461, pH 6.08, 0.27 g/g sugar
P loading, 90 °C, 1 h/iKnowZyMe initial reducing sugar 43 g/L, 37 °C, Tucose + xylose Utilized This study
press cake) & Y & SUS & & Y
AC cellulase (Thailand) 192 h, static condition -
0.14 g/ g reducing

sugar utilized

5 wt% NaOH, 6.67% of solid

Immobilized C. bejjerinckii JCM 8026,

Napier (0.38 mm) loading, 120 °C, 15 min pH 65,37 °C, 120 h, 150 rpm 0.27 g/ g glucose utilized [50]
. 5 wt% HSO4, 6.67% of solid Immobilized C. beijerinckii JCM 8026, -
Napier (0.38 mm) loading, 120 °C, 15 min pH 65,37 °C, 120 h, 150 rpm 025 g/ glucose utilized (501
2.5 wt% NaOH, 8% of solid Semi-simultaneous saccharification
Napier (<0.84 mm) loading, 121 °C, fermentation, C. acetobutylicum 0.22 g/g sugar [20]

40 min/Novozymes

ATCC 824, pH 6.8,37 °C, 96 h,

glucose + xylose utilized
Cellic®CTec2 150 rpm

3.4. Comparisons between Biobutanol Production and Combustion

As expected, net heating values obtained when higher fractions of the press cake were
used for butanol production were obviously inferior to those gained when all or the majority
of the press cake were used for combustion (Figure 5a; Table S1: Supplementary Data). Up
to 9438 MJ could be produced from combustion using 100% of press cake, compared to
351 MJ (=26.9 times lower) generated from butanol. This could be the main reason that
combustion is generally proposed for chemical biomass conversions [51]. However, when
end product prices are considered, the values gained from butanol production become more
competitive, depending on the price of butanol (Figure 5b). At 100% press cake utilization,
the net value obtained from combustion to produce electricity was USD 83, while the price
of butanol was estimated to be between USD 16-225. One of the most important factors
is the capital and operation costs of butanol production, especially high-quality butanol,
compared to the capital and operation costs of running a power plant. This issue has been
considered, and improvements in both the technological and economical aspects of butanol
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production have been reported [52,53]. Nevertheless, when unavoidable factors, such as
the environmental impact assessment (EIA) required for power plant construction and the
large amounts of pollutants inevitably generated, are considered, butanol production from
press cake using a relatively simple process may be considered a very promising option.
In cases in which power plants already exist, methods to calculate statistics (provided
in Figure 5b) could also initially be used by the stakeholders to determine the suitable
amounts of press cake to be used for butanol production and combustion, depending on
pertinent factors such as the price of and demand for butanol and electricity.

(@
® Combustion
® Butanol
100:0 70 :30 50:50 30:70 0:100
Ratio of press cake used for butanol production : electricity generation via combustion (w/w)
(b)

200

150

100 |

50 ¢

. an 11

Total price (electricity + chemical )

u Total price (electricity + fuel)

100:0 70:30 50:50 30:70 0:100

Ratio of press cake used for butanol production : electricity generation via combustion (w/w)

Figure 5. Comparisons of (a) LHVs and (b) prices of end products between butanol production and
the combustion of press cake.
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3.5. Practical Applications and Future Research Perspectives

In strengthening the energy stability of Thailand, utilization of Napier Pak Chongl
grass could play a very important role. The proposed IFBB method, in which the energy
crop was processed into press fluid (for biogas production) and press cake (for direct
combustion), offers an interesting alternative method of Napier Pak Chong1 utilization.
However, the combustion of the press cake remains rather problematic, owing to the press
cake’s relatively high moisture contents and the potential to create particulate matter in the
ambient air, which has caused great concern in some provinces of the country. Biological
conversion of press cake into butanol has proved to be a very promising method thanks
to advantages of butanol compared to other biofuels. By using rather simple and fewer
chemical processes with the optimal conditions for biobutanol production obtained in
this work, press cake could be satisfactorily transformed into butanol with efficiencies
comparable or superior to those reported previously, when the whole plant of Napier grass
was used as the substrate. If all pertinent factors are accounted for, the net revenue acquired
from butanol production could be comparable or superior to that gained from combustion,
while producing much lesser amounts of pollution. Instead of gaining energy from the
press cake via combustion, the new method for utilizing Napier Pak Chongl grass is to
produce biobutanol. This practice helps to eliminate the need for the thermal drying process
before combustion. The liquid waste generated during the butanol production process
can also be further used for biogas production, as this high-pH waste, especially from the
alkaline pretreatment process, would be beneficial for maintaining the buffering capacity
inside the biogas reactor. To fulfill this concept, investigation of suitable conditions for
biogas production from this waste with the press juice is required. Optimal conditions and
methods for more efficient enzymatic hydrolysis and butanol production, whilst capable of
increasing the butanol yield, would also make the overall process even more competent.
Moreover, the development of a suitable technology for producing the high-quality butanol
obtained from ABE fermentation would greatly support the potential of this proposed
Napier Pak Chongl press cake utilization method.

4. Conclusions

Biobutanol production from the press cake of Napier Pak Chongl grass was investi-
gated. The hydrothermal conditioning and mechanical dehydration processes used in the
press cake preparation presumably contributed to reasonable glucose yields, compared to
those reportedly obtained from the whole plant. At the suitable enzyme loading volume of
10 FPU/g biomass, the optimal conditions for biobutanol production with C. beijerinckii
TISTR 1461 were specified as a pH and reducing sugar concentration of 6.08 and 43 g/L. At
these conditions, a maximum butanol yield of 0.135 g/g reducing sugar utilized (0.30 g/g
glucose utilized) was obtained using a simple butanol fermentation process. Considering
both potential end product prices and environmental aspects, biobutanol production is
proposed as a promising method of press cake utilization.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation9070661/s1, Table S1: Net heating values and total
price of products at different ratios (w/w) of press cake used for butanol production and electricity
generation via combustion.
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