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3.2.4 Cellulase activity determination

To quantify the cellulase activity, the procedure was designed to measure cellulase activity in
“filter paper units” (FPU) per milliliter of original (undiluted) enzyme solution. For
quantitative results, the enzyme preparations were compared by significant and equal
conversion. The value of 2.0 mg of reducing sugar as glucose from 50 mg of filter paper (4%
conversion) in 60 minutes has been designated as the intercept for calculating filter paper
cellulose units (FPU) by IUPAC. This procedure follows IUPAC guidelines and determines
enzyme activity as filter paper units in a cellulase preparation. For the measurement of cellulase

activities, the standard laboratory analytical procedures were used [Adney, 2008].

Commercial enzyme cocktails utilized are listed below, all of them were stored at 4 °C until

use:
- ENMEX (Mexico City, Mexico. http://www.enmex.com.mx/)

o Celuzyme — from Trichoderma longibrachiatum, a solid compound with cellulase,
hemicellulase and beta-glucanase activity.
o Celuzyme XB — from Trichoderma longibrachiatum, a liquid compound with

xylanase, beta-glucanase and cellulase activity.

- VISCOZYME L (Sigma-Aldrich from Novozymes) — A liquid cocktail from Aspergillus
spp. Multienzyme complex with arabinase, cellulase, beta-glucanase, hemicellulase, and

xylanase.

Cellic® CTec2 (Novozymes - Basgverd, Denmark) — A liquid cocktail from
Trichoderma, with cellobiohydrolases | (Cel7A), endoglucanase | (Cel7B) and beta-

glucosidase.
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3.2.5 Enzymatic hydrolysis or saccharification

An enzyme-buffer stock solution (1:20) was prepared with 19 mL of sterilized 0.09 M citrate
buffer (pH 4.8) and 1 mL of concentrated Cellic CTec2 liquid enzyme plus 40 uL of Triton X-
100 (0.2%). Triton is a nonionic surfactant, and it could enhance the cellulase activity and
enzymatic hydrolysis of pure cellulose or lignocellulosic biomass [Eckard, 2015]. The
pretreated wet corn cobs (H2SO4/NaOH) mentioned above, were immediately utilized for this
enzymatic hydrolysis step to avoid supplementation of the citrate buffer solution with

antibiotics or other chemicals over the enzymatic reaction [Selig et al., 2008].

The wet corn cobs inside the serum bottles were added with ten mL of distilled water (pH 5.0)
and set up into a water bath at 50 °C. A magnetic stirrer was put to keep an agitation for a
homogeneous reaction. From this enzyme-buffer stock solution, 0.135 mL (5.4 FPU) were
added to the pretreated corn cobs hydrolysate (2g) bottles. The preparation was dosed based
on [Cannella et al., 2012]. The enzymatic kinetics were carried out for 72h and sampled at 12,
24, 48 and 72h. The procedure is shown in Figure 3.3.

Pretreated
corn cob

Figure 3.3 Overall corn cob enzymatic hydrolysis or saccharification procedure
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3.2.6 Biobutanol fermentation

From the enzymatic hydrolysate, the liquor was used as the carbon source for the biobutanol
fermentations. The strain used in this experiment was the asporogenic strain Clostridium
beijerinckii ATCC 6422, purchased from America Type Culture Collection. All chemicals for
preparation of media were obtained from Sigma-Aldrich Co. The Clostridial Nutrient Medium
(CNM, Fluka Analytical) was used as growing media. This medium contained per liter of
solution in distilled water: Meat extract, 10 g; peptone, 5 g; yeast extract, 3 g; D (+) glucose,
5 g; starch, 1 g; sodium chloride, 5 g; sodium acetate, 3 g; L-cysteine hydrochloride, 0.5 g;
agar, 0.5 g and, resazurin solution (1 g L), 0.25 mL; final pH of 6.8.

Modified P2 culture medium [Qureshi and Blaschek, 1999] was composed of the following
separately prepared solutions (in grams per 100 ml of distilled water, unless otherwise
indicated). Carbon source solution: corn cob hydrolysate (120 mL); yeast extract, 0.1198 g.
1.24 mL of buffer solution: KH2POg4, 5 g; K2HPO4, 5 g; ammonium acetate, 22 g. 1.24 mL of
vitamins solution: p-aminobenzoic acid, 0.01 g; thiamine, 0.01 g; biotin, 0.0001 g. 1.24 mL of
minerals solution: MgSQO4-7H20, 2 g; MnSOs-7H20, 0.1 g; FeSO4-7H20, 0.1 g; NaCl, 0.1 g.

The culture media was sterilized by filtration (Nalgene filtration system). The pH was adjusted
to 6.8. Following this, 0.059 g L-cysteine hydrochloride (Sigma) and 100 uL of resazurin
solution (1 g L) were added to the final media to reduce the culture medium for optimal

growth. The bottles were sparged with ultrapure nitrogen to make the environment anaerobic.

For fermentation, a 10% inoculum was utilized, following 14-16 hours of incubation. The
fermentation was carried out for 120 h, in an orbital shaker at 90 rpm at 37 °C in 60 mL serum

bottles, with a working volume of 30 mL. The procedure is shown in Figure 3.4.



59

Corn cob hydrolysate after
enzymatic hydrolysis

Corn
cob
residue

Cellulosic
sugar
syrup

Biobutanol

hydrolysate production
culture medium

Corn cob

_________________________________________________________________________

Figure 3.4 Diagram of corn cob hydrolysate fermentation process

3.2.7 Analytical methods

pH was measured by a pH-meter (VWR). Reducing sugars were measured by the DNS method
[Miller, 1959]. Glucose concentration was measured using Genzyme Diagnostics Reagent Kit.
Metabolite concentrations were quantified using a Gas Chromatograph System (Hewlett
Packard 6890 Series) coupled with a Flame lonization Detector (FID). Analytical methods are

fully described in Appendix A.
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3.3 Results and discussion

3.3.1 Corn cob particle size distribution

The results of the particle size distribution of corn cobs by weight are shown in Figure 3.5.
Most of the corn cob particles were in the range between 180 to 1000 um, while no particle

size was above 2,360 um.

59%0% 9o,

@>2360 pm
©2360-1000 pm
" 81000 -710 pm
i @710- 180 pm
40% B<180 pm

Figure 3.5 Corn cob Average Particle Size distribution

3.3.2 Corn cob pretreatments

In Table 3.5, the released glucose for each corn cob pretreatment in the liquid part of the

hydrolysate is shown.

From table 3.5, it can be seen that pretreatments numbers (Exp #) 4, 5, 9, 16, 20 and 27 had
greater liberated glucose concentration per g of corn cob. PT4 (10min, 180 °C, LR10) = 2.85
(g L'Y/g, PT5 (10min, 180 C, LR5) = 2.951 (g L™)/g, PT9 (30min, 180 C, LR5) = 3.192 (g L°
1)/g, PT16 (20min, 180 C, LR5) = 2.734 (g L™)/g, PT20 (30min, 180 C, LR20) = 1.698 (g L
/g, PT27 (20min, 180C, LR10) = 1.673 (g L™%)/g.
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Table 3.5 Experimental results for dilute acid pretreatment of corn cobs

Experiment Time Temperature Loading ratio Yield
# (min) (°C) (LR) (9 glucose L) / g corn cob
1 20 120 20 0.294
2 10 120 20 0.203
3 30 120 20 0.331
4 10 180 10 2.852
5 10 180 5 2.951
6 30 240 10 0.117
7 20 120 5 0.379
8 20 120 10 0.290
9 30 180 5 3.192
10 30 240 20 0.061
11 20 180 10 1.475
12 10 240 5 0.218
13 30 120 10 0.402
14 30 240 5 0.222
15 10 240 20 0.067
16 20 180 5 2.734
17 20 180 20 1.665
18 10 240 10 0.122
19 30 120 5 0.418
20 30 180 20 1.698
21 20 240 10 0.034
22 10 120 5 1.361
23 10 180 20 0.060
24 20 240 20 0.084
25 10 120 10 0.226
26 20 240 5 0.234
27 20 180 10 1.673

As it can be seen, the majority to the temperature of 180 °C. An ANOVA analysis was carried
in Minitab, and when using a P-value = 0.05, all the P-values less than 0.05 were significant.

The results for each variable are shown in table 3.6.
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Table 3.6 P-values for time, temperature and loading ration in the corn cob hydrolysis

Variable P-value
Time 0.801
Temperature 0.000
Loading ratio 0.083

The temperature was the factor that influenced most the hemicellulose solubilization, thereby
liberating glucose, as well as other monosaccharides, such as xylose and arabinose. As shown
in Figure 3.6, the interaction plot gives a clear picture of that temperature (180 °C) and loading
ratio 5 were important variables. Moreover, the interaction plot of time and temperature
confirms that temperature of 180 °C as a constant operating temperature will result in a good

glucose vyield.
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Figure 3.6 Interaction plot for liberated glucose yield (g/L) — fitted means
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Figure 3.7 Main effects plot for glucose yield (g/L)

Ideally selecting the diluted sulfuric acid pretreatment will be based on the maximum glucose
liberated from the corn cob lignocellulosic matrix. Diluted sulfuric acid pretreatment focuses
on weakening the hemicellulose structure, and in these experiments, the glucose yield in the
liquid part of the corn cob hydrolysate was a direct observation of the partly dissolved

hemicellulose layer.

The best result was Pretreatment 9 (30 min, 180 °C, LR5), with a glucose yield of 3.192 (g/L)/g.
In a laboratory scale, this idea may be experimented, but in an industrial level, it might not be
economically feasible, due to the several batches needed to be carried out per corn cob mass
pretreated. A more logical and cost-efficient industrial approach would have been to deal with
the highest amount of corn cobs per cycle (either loading ratio of 10 or 20) or in these
experiments a loading ratio of 20, 21.43 % to completely soak the corn cobs in the acidic

solution.

From these set of experiments, released glucose was measured in the corn cobs hydrolysates.
Due to technical constrains, the Parr reactor for furthers studies was not available and needed
to shift the next step to utilize an autoclave which can only give us a maximum process

temperature of 121-122 °C. The aim was to develop a parallel process, which could result in a
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yield of 1.55 grams of liberated glucose per liter of corn cob hydrolysate, per gram of corn cob

used.
3.3.3 Corn cob dilute acid pretreatment

A preferred loading ratio between 10-20 was set as LR=16, and a two-step process, all in
duplicates, was designed as: Step 1: 2 grams of dry corn cobs, in a 10-mL reaction volume,
with 1% (v/v) sulfuric acid solution, process time of 30 min in an autoclave at 120 °C. Three
washes with distilled water were carried out. Step 2: 1.95 grams of wet corn cobs (from the
previous step) in a 10-mL reaction volume, with 0.125 M of NaOH solution, process time of

60 min in an autoclave for 120 °C. The experiments were carried out in duplicate.

A combined effect of both pretreatments resulted in a yield of 1.33 (g glucose L) per gram of
corn cob. This value is relatively in the medium yields compared with the 2-3 (g glucose L)

/ g of corn cob of the most significant result from the screening experiments.

3.3.4 Cellulase activity measurement

In Table 3.7 the filter paper unit per milliliter (FPU/mL) of the studied enzymatic solutions is
shown. These measurements were done to compare the hydrolytic potential of each enzymatic
cocktail available for the study. The liquid samples were diluted in citrate buffer in a ratio of

1:20, whereas the solid samples were diluted 1:40 (w/w) in citrate buffer.

Table 3.7 Experimental results of cellulolytic enzymes

Enzyme FPU/mL Description
iz A sl oucne
Enmex liquid enzyme 11.14 Xylanasa, beta-glucanasa, celulasa
Enmex powder enzyme 64.65 Celulasa, Hemicelulasa, beta-glucanasa
Cellic CTec2 liquid enzyme 405 Cellobiohydrolase I, endoglucanase I,

beta-glucosidase
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Previous reports show that Cellic CTec2 can achieve a high enzymatic activity range from 120-
223 FPU/mL [Rosales Calderon et al., 2014]. Since our sample of Cellic CTec2 enzyme only
achieved a 40.5 FPU/mL, a degradation of the enzymatic cocktail could have happened and
cellulase hydrolytic power measured as filter paper unit was less than the expected (table 3.8).

Table 3.8 Properties of commercial Cellic CTec2 (Novozymes)

Protein Enzvme/
content Cellulose FPU/mL ymerg Ref.
solid
(mg/mL)
Cellic CTec2 223
Not Cellobiohydrolase | (Cel7A) 10FPUJg | [Rodrigues
available cellulose etal., 2015]
Endoglucanase | (Cel7B) B
B-glucosidase
161 Cellic CTec2 120.5
Cellobiohydrolase I (Cel7A) 7.5 FPU/g [Cannella et
Endoglucanase | (Cel7B) dry matter al., 2012]

B-glucosidase | 2731 (U/mL)

3.3.5 Enzymatic hydrolysis or Saccharification

In this regard, Cellic CTec2 from Novozymes was selected to carry on the process as it has
been proved by several studies that could have a good hydrolysis yield. The results are given
in Figure 3.8. There was a concentration of 15.40 g L™ of glucose liberated after 72 h of
enzymatic hydrolysis, nevertheless, since 48h, the reaction does not release more glucose. The
expected released glucose amount would have been 38-40 g L™, as a concentrated cellulosic
syrup. In this case, a 40% cellulose conversion was achieved at 48 h. The glucose in this step

was measured using an enzymatic kit and glucose was selectively measured.
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Figure 3.8 Corn cob cellulase conversion and glucose release by enzymatic hydrolysis
(Cellic CTec2)

3.3.6 Butanol fermentation

For butanol fermentation from corn cob hydrolysates, reducing sugars were measured using
DNS method. This method measures glucose, xylose and arabinose. By an arithmetic
difference, the first reducing sugars from the corn cob hydrolysate was subtracted by the
amount of glucose liberated; we have an estimated amount of 5.5 g L™ in the corn cob
hydrolysate that could be xylose and arabinose in some extent. About 97% of the reducing

sugars were entirely depleted by 120 h of fermentation.

As seen in Figure 3.9, biobutanol was produced utilizing cellulosic sugars from corn cob
hydrolysate. By 48 h, the maximum titer was reached at 4.42 g L™, a yield of 0.21 g butanol /
g reducing sugars and productivity of 0.036 (g L™1)-h. It is worth noting that there was not an
evident acetic and butyric acid accumulation at the beginning of the fermentation, and it was
not clear, reaching maximum concentrations of 1.39 g L  and 1.24 g L%, respectively. Acetone
had a titer of 3.54 g L at 96 h. The maximum concentration of ABE was 8 g L 'at 48 h.
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Figure 3.9 Biobutanol fermentation of corn cob hydrolysate sugars by Clostridium

beijerinckii

3.4 Conclusion
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The dilute acid pretreatment with sulfuric acid of corn cobs showed that temperature is the

variable with most significant effect towards hemicellulose solubilization and glucose

liberation. Even though, the need to use an alternative temperature as of technical difficulties

arise, a two-step pretreatment designed to pretreat the corn cobs.

The enzymatic hydrolysis was carried out utilizing a very low concentration of an enzymatic

stock solution of Cellulic C2Tec from Novozymes to hydrolyse the cellulose from the corn

cobs. The hydrolysis conversion % was around 44%, indicating the possibility of improvement

in the second round of enzymatic hydrolysis and increase the enzyme dose. Pursuing the

enzymatic hydrolysis in a sterile environment and right after of the pretreatment was done

allowing to skip the use of any antibiotic. After the enzymatic hydrolysis, there was no removal

of inhibitors, only a physical separation of the liquids and solids.
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Biobutanol fermentation was carried out utilizing a Clostridium beijerinckii strain and
cellulosic biobutanol was produced with titer of 4.42 g L™t at 48 h of fermentation with 97%
of reducing sugars used by this time. It is worth noting that there was not a visible acidogenesis

phase or acid accumulations at the beginning of the fermentation.
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Chapter 4

4  Fermentation of simple sugars by Clostridia species

4.1 Introduction

Acetone, butanol, and ethanol (ABE) fermentation presents the following challenges: i) low
butanol titer (below 12 g L); ii) low butanol productivity; iii) high cost of the fermentation
feedstock; and iv) the high cost of butanol recovery from broth [Lee et al., 2008]. Metabolic
engineering and in situ product recovery could be two options to overcome these specific
fermentation challenges. Availability of cost-efficient substrate is a crucial factor for any
industrial fermentation and will influence the overall cost of butanol [Kumar et al., 2012]. The
understanding of sugars uptake helps explaining metabolism of each solventogenic Clostridia
and provides the first step to develop insight of the ABE fermentation kinetics and the effect

of complex substrate in butanol production.

This chapter shows the results of ABE fermentation by Clostridium saccharobutylicum
(ATCC® BAA-117) or NCP262 (DSM 13864), using individual sugars (glucose, fructose, and
sucrose) and a mix of the three of them. C. saccharobutylicum was selected as it can produce
ABE solvents from various sugars, such as fructose, cellobiose, sucrose, and mannose. Thus,
it has been used for industrial butanol production by a South African company [Poehlein et al.,
2013].

Clostridia assimilates mono and disaccharides using different transport mechanisms. Most of
studies have found a phosphoenolpyruvate-dependent phosphotransferase system (PTS) to be
responsible to transfer carbohydrates from outside to inside the cell. In fact, the system
performs a simultaneous effort to transport and to chemically modify the sugar via
phosphorylation. Although there is evidence that there are both PTS and non-PTS transport
systems (ATP-driven transporters and other non-PTS permease) in Clostridium
acetobutylicum, there are no such studies on Clostridium saccharobutylicum [Mitchell,
1998;Reid, 2005].

The selection of these sugars was based on the composition of sugarcorn juice (Chapter 5).
The vast majority of plant juices contain sucrose, and understanding of its uptake within



72

Clostridia could help find avenues to improve butanol production. The primary goals of this
chapter were to study the kinetic parameters of each fermentation, butanol titer, butanol
productivity and the effect of a sugar mixture in the assimilation of the other sugars, as well to
study possible synergistic effects during the fermentation of the mix of the sugars.

4.2 Materials and methods

4.2.1 Microorganism and media

The strain used in this experiment was the sporogenic strain Clostridium saccharobutylicum,
ATCC BAA-117 purchased from American Type Culture Collection. All chemicals for
preparation of media were obtained from Sigma-Aldrich Co. The Clostridial Nutrient Medium
(CNM, Fluka Analytical) was used as growing media. This medium contained per liter of
solution in distilled water: Meat extract, 10 g; peptone, 5 g; yeast extract, 3 g; D (+) glucose,
5 g; starch, 1 g; sodium chloride, 5 g; sodium acetate, 3 g; L-cysteine hydrochloride, 0.5 g;
agar, 0.5 g and, resazurin solution (1 g L), 0.25 mL; final pH of 6.8.

Stock cultures were cultivated in CNM and adequately kept following the ATCC procedures
and stored at -80 °C. For these fermentations, C. saccharobutylicum spores were stored at 4 °C
and reactivated heating them at 80 °C for 10 min. After this, they were aseptically transferred
to 1L glass bottle containing 500 mL of glucose-P2 medium and cultivated at 90 rpm and 37
°C in an orbital shaker (Thermo scientific MaxQ™ 4338, Marietta, USA).

P2 culture medium [Qureshi and Blaschek, 1999] was composed of the following separately
prepared solutions (in grams per 100 ml of distilled water, unless otherwise indicated). 1. Sugar
solution: glucose, or fructose, or sucrose or mixed sugars, 62 g; yeast extract, 1.031 g in 970
ml of distilled water. 2. Buffer solution: KH2PQOg, 5 g; KaHPO4, 5 g; ammonium acetate, 22 g.
3. Vitamins solution: p-aminobenzoic acid, 0.01 g; thiamine, 0.01 g; biotin, 0.0001 g. 4.
Minerals solution: MgS0O4-7H20, 2 g; MnSO4-7H20, 0.1 g; FeSOs-7H20, 0.1 g; NaCl, 0.1 g.
For these experiments, all the culture media were prepared with sterilized distilled water (121
°C for 15 min) and filter-sterilized using filter units (Thermo Scientific Nalgene, model

1208M78, with a membrane of 0.2 um). Ten milliliters each of filter-sterilized P2 medium
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nutrient solutions (buffer, vitamins and minerals solutions) were added to 970 ml of sugar
solution. The pH was adjusted to 6.8 with a 5N NaOH solution. Subsequently, 0.5 g L™ L-
cysteine hydrochloride (Sigma) and 0.25 ml L™ of resazurin solution (1 g L) were added to
the final media to reduce the environment for optimal growth. All autoclaving cycles were
done in an AMSCO 2014 autoclave.

4.2.2 Fermentation conditions

The fermentations were carried out in 1L glass-bottle (Wheaton™) with screw butyl rubber
cap, containing 500 ml of culture medium. All the bottles were purged with nitrogen to
eliminate the oxygen out and make the environment anaerobic. The inoculum was 10% (v/v)
of an active cell culture of 16 h of C. saccharobutylicum, which were cultivated at 90 rpm and
37 °C in an orbital shaker (Thermo scientific MaxQ™ 4338, Marietta, USA), and uncontrolled
pH. All experiments were carried out in duplicates and the reported results are the mean values
between them. Three milliliters of culture medium were periodically sampled under a

microbial cabinet.
4.2.3 Analytical methods

From collected fermentation samples, cell growth was measured as optical absorbance at 600
nanometers (OD600) using a spectrophotometer (Genesys™ 10S UV-Vis, Thermofisher
Scientific). pH was measured by a pH-meter (VWR Symphony SB70P, Beverly, USA). Gas
volume was recorded by releasing the gas pressure in the bottles using appropriately sized glass

syringes to equilibrate with the ambient pressure [Owen et al., 1979].

The broth was further centrifuged for 10 min at 10,000 rpm to separate the biomass and obtain
a clear supernatant, which was later diluted, mixed and filtered through a 0.45 pum syringe filter
(Acrodisc 13 mm, Pall) for further quantifications. Reducing sugars were measured by DNS
method [Miller, 1959]. Metabolite concentrations were measured using a gas chromatograph
(Hewlett Packard 6890 Series) with a Flame lonization Detector (FID). Sucrose was measured
by HPLC (Waters Alliance System) with a refractive index detector (RID). The specific

analytical conditions are presented in Appendix A.
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4.3 Results and discussion

4.3.1 Fermentation using glucose as the carbon source

The fermentation tests were carried out in a standard P2 medium with different carbon sources

— glucose, fructose, sucrose and a mixture of them-.

Figure 4.1 shows the profiles of the pH and of the glucose and metabolites from the glucose-
based fermentation of Clostridium saccharobutylicum measured in a batch culture. The
analysis of the data confirms that there are an acidogenic phase and solventogenic phase, as in
Clostridium acetobutylicum [Lopez-Contreras et al., 2012] and it produced butanol up to a titer
of 13.05 g L after 227 h of fermentation. The initial pH at the beginning of the fermentation
was 6.44 and dropped down to 4.86 after 32 h. Following that point, pH was controlled within
the range of 4.90-5.2. Solventogenic Clostridium species have shown that cellular growth and
solvent production are strongly pH dependent. After about 24 h of fermentation, it has been
shown that pH reaches 4.86 and by that time the butyric acid accumulated, 1.46 g L This
resulted in triggering the biochemical production of butanol [Gottwald and Gottschalk, 1985].
On the other hand, the acetic acid titer reaches a maximum concentration of 5.66 g L™, at 24h.

After this point, Clostridium saccharobutylicum shifted its metabolism to acetone and ethanol
production (solventogenesis phase), reaching at 227 h a maximum concentration of 8.84 g L™
butanol and 0.66 g L™ ethanol. The maximum concentration of ABE (acetone, butanol, and
ethanol) at 227 h was 22.56 g L.
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Figure 4.1 Experimental kinetics measured during C. saccharobutylicum fermentation

in the glucose-P2 medium.

Figure 4.2 reports the cell growth as dry cell weight or also called cellular biomass (g L) of
C. saccharobutylicum, butanol production, and glucose consumption. There was a lag phase
of 8 hours followed by an exponential growth phase lasting 14 h. A maximum of 2.63 g L
biomass was detected after 48 h. As a side note, solvents produced within the cell become toxic
up to a certain level in each strain and slows their own production. Solventogenesis serves as
an emergency response and its entangled with the sporulation of the cell, which will allow the
cell to survive [Durre, 2005]. Butanol production is associated to the stationary growth phase,
and even when the cells concentration reached a plateau, internally the cells keep producing
butanol. Meantime its physiological state turns it into a spore. The maximum cell concentration
was recorded as 2.90 g Lt at 102 h (Fig. 4.2).
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Figure 4.2 Butanol production, glucose consumption and cellular growth by C.

saccharobutylicum

Glucose is a hexose and its considered the most efficient substrate for cellular growth.
Clostridia spp. uses the central carbohydrate-degrading pathway, well known as glycolysis or
Embden-Meyerhof-Parnas pathway, when dealing with 6C substrates. Glucose concentration
ainoculation was 59.7 g L and its final concentration was 17.5 g L%, giving an overall glucose
utilization of 70% and a glucose utilization rate of 0.185 g L*h™,

In figure 4.3 the cumulative gas production of C. saccharobutylicum is shown. Clostridial is a
biphasic fermentation, as in the case of C. acetobutylicum, and these bacteria produce acetic
acid, butyric acid, hydrogen and carbon dioxide as the major products during the exponential
growth phase. Following the exponential phase, there is a transition to the solventogenic phase
(Figure 4.2); in this experiment it lasted about 48h, where the formation of acids decreases,
and acetone, butanol and ethanol are produced in greater amounts. The cumulative gas

production at 48 h reached 2,700 mL and from that point in only increased to 4,600 mL at the
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end of the fermentation (227 h). That trend was also observed during the fermentation of C.

saccharobutylicum.

The measured optical density at 600 nm during the exponential phase (until 48 h) was 2.0.
After that, the optical density remained nearly constant, increasing to only 2.2 at the end of the

fermentation.
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Figure 4.3 Cumulative gas production and cellular growth (OD 600nm) during C.
saccharobutylicum fermentation on glucose-P2 medium.

4.3.2 Fermentation using fructose as the carbon source

Fructose its another interesting carbon source to produce biobutanol. It is another hexose that
once inside the cell, is phosphorylated and follows the glycolysis pathway. As shown in Figure
4.4, butanol was produced from fructose by Clostridium saccharobutylicum during a batch
fermentation, reaching 9.81 g L™t at 102 h and 14.27 g L't at 227 h. A good ABE titer was
found, achieving an overall 24 g L™ at 227 h. Acetic and butyric acids were produced during

the acidogenic phase, reaching a 3.20 g L™ and 2.82 g L* at 14 h, after that time butyric acid



