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Abstract

Background: Butyric acid is an important chemical currently produced from petrochemical feedstocks. Its produc-
tion from renewable, low-cost biomass in fermentation has attracted large attention in recent years. In this study, the
feasibility of corn husk, an abundant agricultural residue, for butyric acid production by using Clostridium tyrobutyri-
cum immobilized in a fibrous bed bioreactor (FBB) was evaluated.

Results: Hydrolysis of corn husk (10% solid loading) with 0.4 M H,SO, at 110 °C for 6 h resulted in a hydrolysate
containing ~ 50 g/L total reducing sugars (glucose:xylose = 1.3:1.0). The hydrolysate was used for butyric acid fer-
mentation by C. tyrobutyricum in a FBB, which gave 42.6 and 53.0% higher butyric acid production from glucose and
xylose, respectively, compared to free-cell fermentations. Fermentation with glucose and xylose mixture (1:1) pro-
duced 5037 £0.04 g L™ butyric acid with a yield of 0.3840.02 g g~' and productivity of 0.3440.03 g L™" h=". Batch
fermentation with corn husk hydrolysate produced 21.80 g L' butyric acid with a yield of 0.39 g g™, comparable

to those from glucose. Repeated-batch fermentations consistently produced 20.7540.65 g L™" butyric acid with an
average yield of 0.3940.02 g g~ in three consecutive batches. An extractive fermentation process can be used to
produce, separate, and concentrate butyric acid to >30% (w/v) sodium butyrate at an economically attractive cost for
application as an animal feed supplement.

Conclusion: A high concentration of total reducing sugars at ~50% (w/w) yield was obtained from corn husk after
acid hydrolysis. Stable butyric acid production from corn husk hydrolysate was achieved in repeated-batch fermenta-
tion with C. tyrobutyricum immobilized in a FBB, demonstrating that corn husk can be used as an economical sub-
strate for butyric acid production.
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Background

Butyric acid is a four-carbon volatile fatty acid with wide
applications in chemical, food, animal feed, and pharma-
ceutical industries [1, 2] with an annual market of more
than 80,000 metric tons globally [3]. Butyric acid is the
primary energy source in intestinal metabolism, and have
therapeutic effects on tumor growth, immune system,
and gastrointestinal diseases [4—6]. Butyric acid can also
be used to produce esters such as ethyl butyrate and butyl
butyrate for use as solvents and fragrance in perfume
[7]. Current butyric acid production from petroleum
feedstocks is unsustainable and causes environmental
concerns [1]. Using renewable biomass as the feedstock
to produce butyric acid via fermentation can provide
an attractive alternative and alleviate concerns of future
scarcity and environmental impacts of fossil fuels.

Naturally, many anaerobic microorganisms can pro-
duce butyric acid from sugars and other carbon sources
[1]. Particularly, several Clostridium species including C.
butyricum, C. thermobutyricum, and C. tyrobutyricum
can produce butyric acid as the main metabolic product
and their potential for industrial production of butyric
acid has been extensively studied [8—11]. Recent fermen-
tation process studies for bio-production of butyric acid
have focused on C. tyrobutyricum using various sub-
strates, including glucose, xylose [12-14], sucrose [15],
cane molasses [16], corn meal [17], Jerusalem artichoke
[18], and brown algae [19]. Since carbon source accounts
for a large proportion of raw material costs, second-
generation biorefineries focus on using abundant, cheap,
renewable lignocellulosic biomass to produce biofuels
and bio-based chemicals, including butyric acid [8, 20,
21]. The feasibility of using agricultural residues, includ-
ing wheat straw [22], corn fiber [23], oilseed rape straw
[24], and sugarcane bagasse [25], for butyric acid produc-
tion have been studied and reported.

However, conventional butyric acid fermentation suf-
fers from a low product yield because of simultaneous
production of acetic acid as a by-product and low pro-
ductivity due to inhibition by butyric acid [26, 27]. These
problems were partially solved in fermentation with
cells immobilized in a fibrous bed bioreactor (FBB) [28],
which not only significantly increased cell density and
productivity, but also greatly improved product yield and
titer with reduced acetic acid production [29-31].

In this study, we evaluated the feasibility of using corn
husk, an agricultural residue obtained from the corn
field, as the feedstock for butyric acid production. Every
year huge amounts of corn husk are left as waste after
harvesting corn. Currently, corn husk has little use and is
usually burnt in the field, causing significant air pollution
[32]. However, this environmentally problematic waste
can be used as a low-cost feedstock after acid hydrolysis
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to reducing sugars, mainly glucose and xylose [33], for
butyric acid production in fermentation by C. tyrobutyri-
cum, as demonstrated in the present study. Based on the
fermentation kinetics data, a cost analysis was also per-
formed for producing sodium butyrate from corn husk in
an extractive fermentation process.

Results

Preparation of corn husk hydrolysate

Acid or alkali pretreatment at high temperatures is widely
used to facilitate the hydrolysis of lignocellulosic biomass
[34, 35]. To identify the optimum conditions for acid
hydrolysis of corn husk, four key process factors (temper-
ature, acid concentration, treatment time, and corn husk
to sulfuric acid ratio) were evaluated for their effects on
the hydrolysis of corn husk to total reducing sugars. Each
factor was studied at 4 levels in an orthogonal design for
a total of 16 experiments (4 factors x 4 levels), and the
concentrations of total reducing sugars obtained were
then used to calculate k and R values, which indicate the
importance of factors studied. A larger R value indicates a
greater effect of the factor on the process. As can be seen
in Table 1, increasing the hydrolysis temperature had the
greatest effect on increasing the resulting total reducing
sugars concentration, followed by the acid concentration
and hydrolysis time, while increasing the corn husk to
sulfuric acid ratio showed a negligible effect on increas-
ing the total reducing sugars concentration. Considering
the hydrolysis efficiency and sugar yield from corn husk,
the optimum condition was determined as follows: acid
concentration 0.4 M, temperature 120 °C, hydrolyzing
time 6 h, and corn husk to sulfuric acid ratio 1:10 (w:v).
Under this condition, a high total reducing sugars con-
centration of 50.67 g L™! was obtained in the corn husk
hydrolysate.

Acid hydrolysis of corn husk was further studied with
0.4 M H,SO, containing 10% (w/v) corn husk at differ-
ent temperatures (105, 110, 115, and 120 °C) for the
treatment time of 6 h. As shown in Fig. 1a, total reduc-
ing sugars increased with increasing the temperature
and reached 48.8140.55 g L™! at 110 °C. The results of
HPLC showed that the major components of the corn
husk hydrolysate were glucose and xylose with the ratio
of ~1.3:1.0. In addition, 1.046+£0.67 g L™! 5-hydroxym-
ethylfurfural (HMF), the product derived from glucose
dehydration in the acid treatment, was also present in
the hydrolysate. Further increasing the temperature to
115 and 120 °C had little effect on increasing total reduc-
ing sugars. Glucose and xylose can be degraded under
high temperature conditions, which not only reduced
sugar yield but also generated toxic products inhibiting
the fermentation [25]. Therefore, acid pretreatment of
corn husk with 10% (w/v) solid loading in 0.4 M H,SO, at
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Table 1 The orthogonal design and analysis of acid hydrolysis of corn husk at four different levels of acid concentration,

corn husk to sulfuric acid ratio, time, and temperature

No. Factor

Total reducing

sugars (gL™")

Acid concentration (M) Corn husk to sulfuricacid Time (h) Temperature (°C)
(w:v)

1 0.2 1:10 2 90 4.83
2 02 1:15 4 100 12.36
3 0.2 1:20 6 110 1648
4 0.2 1:25 8 120 32.81
5 03 1:10 4 110 21.59
6 03 1:15 2 120 36.82
7 03 1:20 8 90 11.93
8 03 1:25 6 100 13.92
9 04 1:10 6 120 5067
10 04 1:15 8 110 28.55
11 04 1:20 2 100 12.39
13 05 1:10 8 100 18.86
15 05 1:20 4 120 40.0
16 0.5 1:25 2 110 2543
Value

k1 16.62 23.99 19.87 1143

k2 21.07 23.87 21.29 14.38

k3 25.71 20.20 24.70 23.01

k4 25,51 20.85 23.04 40.08

R 9.09 3.79 483 28.65

k1-k4 values are the mean values of total reducing sugars for each factor at levels 1-4, respectively; R is the range or difference between the maximum and minimum
k values for each factor. A larger R value indicates a greater effect of the factor on the process

110 °C for 6 h was recommended and used in the subse-
quent experiments.

Macroporous activated carbon or resins can be used
to decolorize and detoxify the hydrolysate by adsorption
of HMF and other inhibitors such as phenolics derived
from lignin degradation [36]. Therefore, detoxification
was conducted after hydrolysis. After detoxification, the
HMEF content decreased 50.86% to 0.514+0.66 g L7},
while the total reducing sugars decreased 7.68% to
45.06+0.87 g L™! (Fig. 1b). The color of the hydrolysate
changed from dark brown to pale yellow after detoxifi-
cation (Fig. 1c), indicating that some color compounds
including phenolics were also removed in the detoxifica-
tion process. The detoxified hydrolysate was thus used in
fermentation studies.

Butyric acid production from glucose and xylose

To evaluate the feasibility of using corn husk hydro-
lysate for butyric acid production, glucose and xylose,
the two main sugar components in the hydrolysate,
as carbon sources were first studied in free-cell and
immobilized-cell fermentations (Fig. 2). In general,
butyric and acetic acids were simultaneously produced

and reached 20.01 and 6.01 g L™, respectively, from
glucose (Fig. 2a) and 18.01 and 6.23 g L™, respectively,
from xylose (Fig. 2¢) in 64 h in free-cell fermentations.
After adding additional sugars, butyric acid production
continued and reached the peak values of 37.95+0.02
and 32.9640.05 g L™, respectively, at 130 h, with the
corresponding yield of 0.33 +£0.03 and 0.3240.04 g g
from glucose and xylose, respectively. While butyric
acid production continued with additional sugars
added to reach a higher concentration level, acetic acid
production and cell growth ceased due to inhibition by
butyric acid [37, 38]. In anaerobic metabolism, more
ATP can be produced in acetic acid biosynthesis than
in butyric acid biosynthesis. Therefore, acetic acid pro-
duction was better suited to meet the energy demand of
rapid cell growth, but was inhibited by butyric acid and
stopped when cell growth ceased [14]. The fermenta-
tion with cells immobilized in the FBB showed similar
kinetics but reached a much higher butyric acid con-
centration of 54.12+0.02 g L™ (vs. 37.95+0.02 g L™}
from glucose (Fig. 2b) and 50.43+0.07 g L7! (vs.
32.96+0.05 g L) from xylose (Fig. 2d) as compared
with free-cell fermentations.
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Fig. 1 Preparation of corn husk hydrolysate. a Total reducing

sugars released from corn husk treated with 0.4 M H,SO,, at various
temperatures for 6 h, with 10% (w/v) solid loading; b concentrations
of total reducing sugars and HMF before and after detoxification of
corn husk hydrolysate. ¢ Corn husk hydrolysate with color changed
from dark brown to pale yellow after detoxification. Data are
represented as mean = standard deviation with n=3

Table 2 summarizes and compares the kinetics data in
these fermentations. Compared to free-cell fermentation,
butyric acid production from glucose and xylose in the
FBB increased 42.6 and 53.0%, respectively, in the final
titer, 36.4 and 28.1%, respectively, in butyric acid yield,
and 34.5 and 36.0%, respectively, in the productivity
because of increased tolerance to butyric acid inhibition
[14, 28, 29]. The increased product yield was attributed to
reduced cell growth and acetate production in fermenta-
tion with cells immobilized in the FBB.
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To investigate whether C. tyrobutyricum could con-
sume glucose and xylose simultaneously, a mixture
of these two sugars at the 1:1 ratio was used as carbon
source in FBB fermentation. As shown in Fig. 3, initially
xylose consumption by C. tyrobutyricum was repressed
by glucose, but after 24 h both xylose and glucose were
used simultaneously at almost equal rate in the fed-batch
fermentation, producing 50.3740.04 g L™! butyric acid
(yield 0.3840.02 g g~') from the sugar mixture.

Butyric acid production from corn husk hydrolysate in FBB

Fermentation of corn husk hydrolysate containing
31.80 g L™! glucose and 24.24 g L' xylose was studied
in the FBB. As shown in Fig. 4a, 21.80 g L™! butyric acid
and 433 g L1 acetic acid were produced in 56 h, with
a butyric acid yield of 0.39 g g~! total reducing sugars
consumed. For comparison, the FBB was then fed with a
fresh medium containing glucose as the carbon source.
In 56 h, 23.64 g L™! butyric acid and 3.97 g L™ acetic acid
were produced. As can be seen in Fig. 4a, the fermenta-
tion kinetics was similar for corn husk hydrolysate and
glucose, although the latter produced 8.4% more butyric
acid with a 10.3% higher butyric acid yield (0.43 g g™*
vs. 0.39 g g7!). The slightly lower butyric acid produc-
tion and yield from the hydrolysate could be attributed
to the xylose, which is less energy efficient than glu-
cose as discussed earlier. It should be noted that butyric
acid production from the hydrolysate had comparable
yield and productivity to those from the mixed sugars
(glucose:xylose 1:1) (see Table 2), confirming that the
detoxified corn husk hydrolysate was clean and good for
butyric acid fermentation.

To further test the hydrolysate for possible long-term
toxicity on C. tyrobutyricum, three consecutive batches
were operated with the FBB. As shown in Fig. 4b, consist-
ent and stable butyric acid production from the hydro-
lysate was observed for all three batches. Butyric acid
production reached 20.44 g L™! and acetic acid reached
4.28 g L' in 56 in the first batch. The fermentation
time shortened to less than 50 h in the subsequent two
batches because of the increased cell density in the FBB,
which also resulted in increased butyric acid yield (from
0.37 g g~ ! in the first batch to 0.41 g g~! in the third
batch) with a lower acetate production (3.87 g L™! in the
third batch). The average butyric acid yield from these
three batches was 0.3940.02 g g~* and productivity was
0.42+0.06 gL~ h™%

Process design and cost analysis for sodium butyrate
production from corn husk

The process for manufacturing sodium butyrate from
corn husk includes pretreatments with dilute sulfu-
ric acid for hydrolysis of corn husk polysaccharides
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Fig. 2 Butyric acid production from glucose and xylose, respectively, as carbon source in free-cell and FBB fermentations. The fermentation was
operated at the fed-batch mode to reach the maximum butyric acid concentration. a Free-cell fermentation of glucose; b FBB fermentation of
glucose; ¢ free-cell fermentation of xylose; d FBB fermentation of xylose

Table 2 Comparison between free-cell and immobilized cell fermentations for butyric acid production from different

carbon sources

Substrate

Glucose Xylose Mixture? CHH
Fermentation mode Free-cell FBB Free-cell FBB FBB FBB
Total sugar consumed (g L 113.80+£0.12 119.12£0.25 103.82+0.34 122.15+0.13 133954032 53.27+£0.21
Butyrate conc. (g L™") 37.95+0.02 54124002 32.96+0.05 50.43+0.07 50.37+0.04 20.75+0.65
Butyrate yield (g g") 0.33£0.03 045+£0.02 0.32£0.04 04140.03 0.38£0.02 0.3940.02
Butyrate productivity (g L="h™") 0.29£0.02 0.39£0.01 0.25£0.01 0.34+0.03 0.34£0.03 0424+0.06
Acetate conc. (g L) 4834003 4314£0.04 350+0.21 3.94+0.04 4.08+0.02 4134022
Acetate yield (g g’w) 0.04+£0.02 0.04+0.01 0.03+£0.01 0.03+£0.01 0.03+£0.02 0.08+£0.01
Butyrate/Acetate (g g~ ) 7.86+0.02 12.56 £0.04 941+£0.03 12.80£0.07 12.30£0.03 5.02+0.24

Each value was the average of three replicate runs reported as mean =+ standard deviation

CHH corn husk hydrolysate
2 Mixture: 28.06 g L' glucose, 29.22 g L~ xylose

(cellulose and hemicellulose) to fermentable sugars
(mainly glucose and xylose) followed with detoxification
with activated carbon adsorption to remove hydrolysate

inhibitors, fermentation to convert sugars to butyric
acid with C. tyrobutyricum in bioreactors (FBB), and
downstream processing to separate butyric acid from



Xiao et al. Biotechnol Biofuels (2018) 11:164

—e—glucose
70 —O—xylose -10
< —&— butyric acid
AT T —v—acetic acid
60 4[/4 411\44\ oD
—_— 600
3 4/ \< 18
- 50 e
2 / ‘\4—4 16
S 40- Y =
2 < 3
]
S 30 / o
- O 44 o
c &
@ N, g
O 20 X
c N E%
o N 42
o 104 S \“ s\\‘
0 = {0
0 20 40 60 80 100 120 140 160
Time (h)
Fig. 3 Fed-batch fermentation for butyric acid production from the
mixture of glucose and xylose with the ratio of 1:1 (w:w) in the FBB
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Fig. 4 Repeated batch Fermentations for butyric acid production
from corn husk hydrolysate by C. tyrobutyricum in the FBB. a
Fermentation kinetics for butyric acid production from corn husk
hydrolysate (first batch) and glucose (second batch). b Butyric acid
production from corn husk hydrolysate in three consecutive batches

the fermentation broth by solvent extraction and back
extraction with NaOH to produce the final product. A
previous study has shown that a highly concentrated
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sodium butyrate solution (>300 g L") with a high purity
(91% butyrate and 9% acetate) could be produced from
glucose in an extractive fermentation process, which
also gave higher reactor productivity (7.37 g L™ h™)
and butyric acid yield (0.45 g g~' glucose) than those
from the conventional batch fermentation processes [37].
As butyric acid has a strong offensive odor, the sodium
butyrate to be used as supplement in animal feed must be
encapsulated (by mixing with gelatin and maltodextrin)
and then spray-dried to pellets. Figure 5 shows the pro-
cess flowsheet for manufacturing encapsulated sodium
butyrate from corn husk.

The economic feasibility for producing sodium butyrate
from corn husk for animal feed application is analyzed
using SuperPro Designer. The current animal feed mar-
ket for encapsulated sodium butyrate (~30% weight
content) is about 15,000 MT annually in China alone.
Figure 6 shows the costs for producing concentrated
sodium butyrate (30% w/v) in the extractive fermenta-
tion process from corn husk, corn, and corn dextrose,
respectively, as affected by the butyric acid yield (0.35-
0.5 g g7!) from sugars in fermentation and production
scale (500-5000 MT). In general, the manufacturing cost
is sensitive to the butyric acid yield when dextrose and
corn are used as the feedstock, but not much for corn
husk (Fig. 6a). Corn husk as the least expensive feed-
stock accounts for only ~5% of the total manufacturing
costs for sodium butyrate, which range from $1140 to
$1940 per MT, depending on the scale (Fig. 6b). Figure 7
shows the breakdowns of manufacturing costs, which
include raw materials (carbon source, corn steep liquor
as the nitrogen source, NaOH, sulfuric acid, and solvent
used in extraction), utilities (steam, water, electricity, and
nitrogen gas), equipment depreciation and maintenance,
and labor. The raw materials account for ~60% of the
total manufacturing costs when dextrose (95% glucose,
$450 per MT) is used, and decrease to 46% for corn (80%
starch, $170 per MT) and 37% for corn husk (50% reduc-
ing sugars, $20 per MT). It is noted that the solvent (10%
alamine 336 in 2-octanol) used in extraction has a high
selectivity on butyric acid (with the distribution coeffi-
cient>10 at ~ pH 5.5) and is immiscible in water (solubil-
ity<1 ppm) [37], and thus the solvent replacement cost is
relatively low in the extractive fermentation process. Util-
ities cost accounts for 10—-12% while labor cost accounts
for 9-11%. The facilities and equipment associated costs
(maintenance and depreciation) account for ~38% of the
total manufacturing costs for the corn husk plant, and
decrease to ~33% for corn and ~22% for dextrose. The
major equipment for the manufacturing process includes
corn husk grinder, reactor for acid hydrolysis, activated-
carbon adsorption column, fermenters (seed and FBB),
liquid-liquid extraction column, and storage tanks, and
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with building and construction the total capital invest-
ment is ~$6.4 MM for a 1000 MT plant.

The estimated manufacturing costs for 30% (w/v)
sodium butyrate solution are ~$1635/MT butyrate at
1000 MT/y and $1142/MT at 5000 MT/y, which are
much lower than the current market price for the petro-
leum-derived butyrate (~1800/MT) and the manufac-
turing costs for using dextrose or corn as the substrate
in fermentation. It is noted that the fermenter sizing in
the analysis is based on a butyric acid productivity of
1 g L' h™!, which is a relatively conservative number
as extractive fermentation usually can have at least two
to threefold higher productivity compared to fermenta-
tion without in situ removal of inhibiting fermentation
product, butyric acid [37]. Doubling the productivity to
2 g L7 h™! would reduce the fermentor size from ~ 120
to ~65 m? for the 1000 MT plant, resulting in a 33%
saving in the purchased fermenter, which can signifi-
cantly reduce the total capital investment and return of

investment. Nevertheless, the projected performance of
the extractive fermentation process based on the earlier
study with glucose as the substrate will need to be veri-
fied with corn husk hydrolysate before further develop-
ment for commercial application.

Discussion

Glucose and xylose are the two most abundant sugars in
plant biomass. While glucose is widely used as the car-
bon source in industrial fermentations, its presence can
inhibit the catabolism of other sugars such as xylose in
fermentation. In this study, we first studied butyric acid
production from glucose, xylose, and glucose/xylose
mixture as carbon source, respectively, in fed-batch fer-
mentations. In general, butyric acid production was
higher from glucose than from xylose, which is consist-
ent with the results reported before [14, 20, 39]. Glucose
is usually catabolized via the Embden—Meyerhof-Parnas
(EMP) pathway, while xylose is catabolized via the hexose
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monophosphate (HMP) pathway to pyruvate. Because of
the requirement of extra energy in xylose transport, the
net ATP yield from xylose was lower compared to that
from glucose [13, 14]. Although glucose metabolism can
provide more ATP for cell growth and butyric acid pro-
duction, glucose-mediated carbon catabolite repression
(CCR) could inhibit the consumption of non-glucose
sugars such as xylose also present in the lignocellulosic
biomass hydrolysate [12, 20, 40]. Xylose utilization by C.
tyrobutyricum was inhibited by glucose in free-cell fer-
mentation, although the CCR could be relieved by engi-
neering the cell to overexpress three genes in the xylose
catabolism pathway [12, 20, 40]. However, our results
indicated that glucose mediated CCR would have little
effect on butyric acid production from corn husk hydro-
lysate after cell adaptation in the FBB. Simultaneous uti-
lization of glucose and xylose (1:1) present in a synthetic
medium has also been reported for C. tyrobutyricum
immobilized in a FBB, which presents another advantage,
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in addition to the significantly increased productivity and
final product titer, over conventional free-cell fermenta-
tion [23].

Corn as one of the major agricultural sources in terms
of quantity of biomass available has been widely used in
industrial fermentation [41]. It was reported that a high
butyric acid productivity of 6.78 g L™! h™! was obtained
in a FBB system with corn meal containing ~75% corn
starch, 20% corn fibers, and 1.5% protein as the sub-
strate [17]. However, corn and other traditional sub-
strates such as glucose and sucrose are expensive to use
for butyric acid production. The high substrate cost is
promoting the usage of economically available biomass
feedstocks, including agricultural residues, food process-
ing wastes, and energy crops [3, 24]. For example, corn
fiber, an abundant by-product from corn processing, is
also a promising fermentation feedstock. Butyric acid
fermentation with corn fiber hydrolysate supplemented
with corn steep liquor gave a high butyric acid yield of
0.47 g g~* and a reactor productivity of 2.91 g L™! h™*
[23]. Other biomass feedstocks including brown algae
[19], wheat straw [22], sugarcane bagasse [25], and sor-
ghum stalk [42] as low-cost substrates have also been
studied for butyric acid production. Table 3 summarizes
butyric acid production from various biomass hydro-
lysates in fermentation by C. tyrobutyricum. In general, a
higher butyrate titer and productivity could be obtained
in fermentations with a higher cell density and after adap-
tation in the bioreactor, especially with cells immobilized
in a fibrous bed bioreactor [16-18]. The productivity
obtained in this study could have been much higher if the
FBB were allowed to continue to operate for additional
batches to increase the cell density and further adapt cells
in the reactor to better tolerate butyric acid. In extractive
fermentation the butyric acid concentration in the fer-
mentation broth would be maintained at ~10 g L™ [37],
which is much lower than the >20 g L™ of butyric acid
produced in batch fermentation of corn husk hydrolysate.
It is thus reasonable to believe that a butyric acid produc-
tivity of 1 g L™' h™! can be obtained in the extractive fer-
mentation with corn husk hydrolysate.

Corn husk is a rarely studied agricultural residue from
the corn field. It contained (w/w) 40% cellulose, 45%
hemicellulose, 7% lignin, 2% protein, and 3% ash [43].
As demonstrated in the present study, corn husk can be
readily hydrolyzed with dilute sulfuric acid at 110 °C to
reducing sugars at a high yield of ~50% (w/w) without
requiring enzymatic treatments, and is more economi-
cal to use as substrate for butyrate production than tra-
ditional fermentation substrates such as glucose and
corn starch. Corn husk also has a cost advantage over
other more extensively studied lignocellulosic biomass
including sugarcane bagasse and corn fiber, which after
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Table 3 Comparison of butyric acid production from different substrates by C. tyrobutyricum

Substrate Hydrolysis method Fermentation mode Titer (gL™") Yield(gg~") Productivity References
(gL'h™)

Lignocellulosic biomass 0.04 M HCI/0.01-0.02 M H,SO,,  Batch in serum bottles 42.6 0.36 0.56 [20]
121 °C, 30 min, cellulases,
50°C,72 h

Sorghum stalk and beet molas- 50 mM citrate buffer, cellulases,  Batch in bioreactors 588 0.52 19 [42]

ses 50°C, 18 h

Wheat straw 1.4% H,S0,, 163 °C, 15 min, cel-  Batch in serum vials 200 033 0.21 [22]
lulases, 120 h

SCB 0.1 M HCI, 121 °C, 10-15 min, Fed-batch in FBB 209 048 0.5 [25]
cellulases, 50 °C, 24 h

JA 0.01 M H,S0,, 121 °C,30 min Fed-batch in FBB 60.4 0.38 1.1 [18]

Repeated-batch in FBB  27.5 044 2.75

Brown algae 1.5% H,50, 121°C, 1h Fed-batch in FBB 11.0 0.11 0.9 [19]

Cane molasses 5MH,S0, 60°C,2h Fed-batch in FBB 55.2 0.46 32 6]

Corn meal 0.6% amylase, 60 °C Fed-batch in FBB 46.0 045 6.8 [17]

Corn fibre 0.25 M HCl, 121 °C, 45 min Fed-batch in FBB 290 047 29 [23]

Corn husk 04MH,S0, 110°C,6 h Repeated batch in FBB  20.8 039 042 This study

FBB fibrous bed bioreactor, JA Jerusalem artichoke, SCB sugarcane bagasse

expensive pretreatments and enzymatic hydrolysis would
cost more than corn and dextrose as the fermentation
substrate. After acid hydrolysis and detoxification, the

corn husk hydrolysate contained ~45 g L™ total reduc-
ing sugars, 0.5 g L™! HMF, and trace amounts of furfural
and other degradation compounds, which showed little
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or no inhibition effects on cell growth and butyric acid
production. It is known that phenolics compounds gen-
erated from lignin degradation during acid pretreatment
of some lignocellulosic biomass were highly toxic to cells
and strongly inhibited the fermentation [20, 44]. How-
ever, corn husk has a relatively low lignin content and its
acid hydrolysate was thus not toxic after detoxification
with activated charcoal. Therefore, corn husk hydrolysate,
after detoxification, was a good substrate for butyric acid
fermentation by C. tyrobutyricum in the FBB without any
notable glucose induced CCR. In contrast, the consump-
tion of xylose in corn fiber and sugarcane bagasse hydro-
lysates was significantly slower than glucose and was
inhibited by inhibitors present in the hydrolysate [23, 25].

The cost to produce encapsulated sodium butyrate
from petroleum-derived butyrate ($1800 per MT) for
animal feed application is about US $480 per MT of the
product containing 30% sodium butyrate, which is cur-
rently sold at US $2380-$3174 per MT. A similar prod-
uct can be produced from corn husk at US $823-$971
per MT, assuming a similar encapsulation process cost
for the fermentation-derived sodium butyrate. With the
large gross margin of more than $1400 per MT, the pro-
cess is highly profitable and economically attractive.

Conclusion

Hydrolysis of 10% (w/v) corn husk in 0.4 M H,SO, at
110 °C for 6 h yielded 45.06 g L™! total reducing sugars,
which could be converted to butyric acid by Clostridium
tyrobutyricum immobilized in a FBB. Stable produc-
tion of butyric acid of ~21 g L™ with an average yield
of 0.39 g g~! was achieved in the repeated-batch fer-
mentation, demonstrating that corn husk hydrolysate
can be used as an economical substrate for butyric acid
fermentation by C. tyrobutyricum. Sodium butyrate at a
high concentration of >30% (w/v) can be produced eco-
nomically in an extractive fermentation process and used
to manufacture encapsulated sodium butyrate for animal
feed application.

Methods

Corn husk

Corn husk, obtained from the farmland of Xiaogan
(Hubei, China) was dried at 60 °C to less than 5%
moisture and ground into fine powder (particle size:
50-100 um) by the micro-milling (DJ-04 Model, Dianjiu
Traditional Chinese Medicine Machinery Manufacturing
Co. Ltd., Shanghai, China). Corn husk powder was fur-
ther dried at 60 °C to a constant weight and stored until
use.
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Acid hydrolysis of corn husk

The hydrolysis of corn husk powder was carried out in
250-mL glass bottles with sulfuric acid. The orthogonal
experimental design was used to evaluate process param-
eters, including sulfuric acid concentration (0.2, 0.3, 0.4
or 0.5 M), corn husk to sulfuric acid ratio (w:v) (1:10, 1:15,
1:20 or 1:25), temperature (90, 100, 110 or 120 °C), and
processing time (2, 4, 6 or 8 h) for achieving the highest
production of total reducing sugars in corn husk hydro-
lysate. The orthogonal experiment design can dramati-
cally reduce the total number of experiments required to
obtain the optimal process conditions [45, 46], from 256
possible combinations (4 x 4 x 4 x 4) to 16 for the 4 fac-
tors at 4 levels studies. After acid treatment, hydrolysates
were clarified by centrifuging at the 1000 rpm for 5 min
and supernatant samples were stored in 2-mL cryogenic
storage vials for analysis of the total reducing sugars.
The optimal conditions of acid hydrolysis were selected
according to the yield of total reducing sugars.

Detoxification of corn husk hydrolysate

Corn husk hydrolysate was mixed with activated car-
bon (1%, w/v) with mechanical agitation (800 rpm) at
30 °C for 30 min to remove toxic chemicals, such as pig-
ments, HMF and phenolic compounds that might inhibit
cell growth and butyric acid fermentation. Samples were
taken after 30-min treatment to assay the total reducing
sugars and HMF concentrations.

Bacterial stain, media and cultivation

Clostridium tyrobutyricum ATCC25755 was cultured at
37 °C in 100-mL serum bottles (50-mL working volume)
containing the reinforced clostridial growth medium
(CGM), which contained (g/L): 20 glucose, 2 yeast
extract, 4 peptone, 2 (NH,),SO,, 1 K,HPO,, 1 KH,PO,,
0.1 MgSO,-7H,0, 0.015 FeSO,-7H,0, 0.015 CaCl,-2H,0,
0.01 MnSO,-H,0, 0.02 CoCl,-6H,0, 0.002 ZnSO,-7H,O
[39]. All media were purged with N, for 30 min and auto-
claved at 121 °C for 30 min.

Free-cell fermentations

Free-cell fermentations were conducted using glucose
and xylose as carbon sources in 5-L fermentors (2-L
working volume) at 37 °C, agitated at 150 rpm and pH
was controlled at 6.0 with 30% NH;-H,O. All media were
purged with N, for 30 min and sterilized at 121 °C for
30 min. Cell growth and product formation throughout
the fermentation were monitored with samples taken
every 4 h.

Fermentations in fibrous-bed bioreactor
Fermentations were also carried out with cells immo-
bilized in a fibrous-bed bioreactor (FBB) following the
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procedures described previously [13]. The FBB was made
of a glass column packed with a spirally wound cotton
towel (18 x 30 cm, ~0.5 cm in thickness, 95% porosity)
overlaid with a stainless steel mesh. The FBB was con-
nected to a 5-L stirred-tank fermentor with a recircula-
tion pump, and the bioreactor system was operated with
a total liquid volume of 2 L at 37 °C, agitated at 150 rpm,
and pH controlled at 6.0 with 30% NH;-H,O via an auto-
sensing and dosing system. Before use, the bioreactor
containing the medium was sterilized by autoclaving at
121 °C for 30 min, and then flushed with N, for about
30 min. To start the fermentation, the fermentor was
inoculated with 100 mL cells cultured in serum bottles
and allowed to grow to reach a cell density of ~4.0 g L™,
The medium was then recirculated between the fermen-
tor and the FBB at a low flow rate for cell immobilization
in the fibrous bed. After ~2 days when most of the cells
had been immobilized, the fermentation broth in the fer-
mentor was removed and replaced with fresh medium for
fermentation kinetics studies. The fermentation was first
studied with glucose, xylose, and the mixture of glucose
and xylose (1:1, w/w), respectively, as carbon sources
in the fed-batch mode by pulse feeding a concentrated
sugar solution when sugars were almost depleted in the
fermentation broth. The pulse feeding was repeated until
the fermentation stopped producing butyric acid because
of product inhibition. Repeated batch fermentations with
corn husk hydrolysate were then studied to evaluate the
kinetics and possible effects of hydrolysate inhibitors
on long-term process performance. Samples were taken
every 4 h for analyses of cell density, glucose, xylose,
butyric acid, and acetic acid.

Analytical methods

The total reducing sugars after acid hydrolysis was meas-
ured by the dinitrosalicylic (DNS) colorimetric method
[47, 48]. Briefly, 0.5 mL DNS mixture solvent and 1 mL
corn husk hydrolysate sample were heated at 100 °C for
15 min, and cooled down and diluted into 10 mL. The
value of the mixture was measured at 540 nm (ODg,,)
in a spectrophotometer. Glucose in corn husk hydro-
lysate after acid pretreatment was evaluated by using
a SBA Biosensor Analyzer (Biology Institute of Shan-
dong Academy of Science. Shandong, China). HMF in
the hydrolysate was analyzed at 272 nm (OD,,,) with a
spectrophotometer. Glucose, xylose, butyric acid, and
acetic acid in the fermentation broth were analyzed with
a high-performance liquid chromatography (HPLC) sys-
tem (Agilent Technology, USA) following the method
described previously [12, 49]. Cells in broth samples were
centrifuged, washed twice, and resuspended before the
optical density at 600 nm (ODg,,) was measured with a
spectrophotometer.

Page 11 of 12

Abbreviations

FBB: fibrous bed bioreactor; HPLC: high-performance liquid chromatogra-
phy; HMF: 5-hydroxymethylfurfural; EMP: Embden—-Meyerhof-Parnas; HMP:
hexose monophosphate; CCR: carbon catabolite repression; CGM: clostridial
growth medium; DNS: dinitrosalicylic; SCB: sugarcane bagasse; JA: Jerusalem
artichoke; CHH: corn husk hydrolysate.

Authors’ contributions

MQW conceived and designed the whole scheme of the experiments. ZPX
and CC conducted the experiments. LJL, BW, XP and WJT helped analyze and
interpret the experimental data. TB and STY performed the cost analysis. ZPX
and STY prepared the initial manuscript. STY further revised and copy-edited
the manuscript. All authors read and approved the final manuscript.

Acknowledgements
This work was supported in part by funding from the “948" Project of Ministry
of Agriculture (Grant No. 2014-227), the People’s Republic of China.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
There are no supporting data.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 28 January 2018 Accepted: 6 June 2018
Published online: 15 June 2018

References

1. Yang ST, Yu M, Chang WL, Tang IC. Anaerobic fermentations for the pro-
duction of acetic and butyric acids. In: Yang ST, El Enshasy HA, Thongchul
N, editors. Bioprocessing technologies in biorefinery for sustainable
production of fuels, chemicals, and polymers. Wiley: Hoboken; 2013. p.
351-73.

2. Dwidar M, Park JY, Mitchell RJ, Sang BI. The future of butyric acid in industry.
SciWorld J. 2012. https//doi.org/10.1100/2012/471417.

3. Wang JF, Lin M, Xu MM, Yang ST. Anaerobic fermentation for production of
carboxylic acids as bulk chemicals from renewable biomass. Adv Biochem
Eng Biotechnol. 2016;156:323-61.

4. Donohoe DR, Collins LB, Wali A, Bigler R, Sun' W, Bultman SJ. The Warburg
effect dictates the mechanism of butyrate-mediated histone acetylation
and cell proliferation. Mol Cell. 2012;48:612-26.

5. HongJ, JiaY,Pan S, JiaL, Li H, Han Z et al. Butyrate alleviates high fat diet-
induced obesity through activation of adiponectin-mediated pathway
and stimulation of mitochondrial function in the skeletal muscle of mice.
Oncotarget. 2016;7:56071-82.

6. Stilling RM, van de Wouw M, Clarke G, Stanton C, Dinan TG, Cryan JF. The
neuropharmacology of butyrate: the bread and butter of the microbiota-
gut-brain axis? Neurochem Int. 2016;99:110-32.

7. WuD,ChenH,Jiang L, Cai J, Xu ZN, Chen PL. Efficient separation of butyric
acid by an aqueous two-phase system with calcium chloride. Chin J Chem
Eng.2010;18:533~7.

8. LiuS, Bischoff KM, Leathers TD, Qureshi N, Rich JO, Hughes SR. Butyric
acid from anaerobic fermentation of lignocellulosic biomass hydro-
lysates by Clostridium tyrobutyricum strain RPT-4213. Bioresour Technol.
2013;143:322-9.


https://doi.org/10.1100/2012/471417

Xiao et al. Biotechnol Biofuels (2018) 11:164

20.

21.

22.

23.

24,

25.

26.

27.

28.

Wang L, Ou MS, Nieves |, Erickson JE, Vermerris W, Ingram LO, et al. Fermen-
tation of sweet sorghum derived sugars to butyric acid at high titer and
productivity by a moderate thermophile Clostridium thermobutyricum at

50 °C. Bioresour Technol. 2015;198:533-9.

Zhang CH, Yang H, Yang FX, Ma YJ. Current progress on butyric acid produc-
tion by fermentation. Curr Microbiol. 2009,59:656-63.

. ZhuY, Liu XG, Yang ST. Construction and characterization of pta gene-

deleted mutant of Clostridium tyrobutyricum for enhanced butyric acid
fermentation. Biotechnol Bioeng. 2005;90:154-66.

Fu H, Yu L, Lin M, Wang J, Xiu Z, Yang ST. Metabolic engineering of Clostrid-
ium tyrobutyricum for enhanced butyric acid production from glucose and
xylose. Metab Eng. 2017;40:50-8.

Jiang L, Wang J, Liang S, Wang X, Cen P, Xu Z. Production of butyric acid
from glucose and xylose with immobilized cells of Clostridium tyrobutyricum
in a fibrous-bed bioreactor. Appl Biochem Biotechnol. 2010;160:350-9.

Liu XG, Yang ST. Kinetics of butyric acid fermentation of glucose and xylose
by Clostridium tyrobutyricum wild type and mutant. Process Biochem.
2006;41:801-8.

Dwidar M, Kim S, Jeon BS, Um Y, Mitchell RJ, Sang BI. Co-culturing a novel
Bacillus strain with Clostridium tyrobutyricum ATCC 25755 to produce butyric
acid from sucrose. Biotechnol Biofuels. 2013;6:35.

Jiang L, Wang JF, Liang S, Wang X, Cen P, Xu Z. Butyric acid fermentation in

a fibrous bed bioreactor with immobilized Clostridium tyrobutyricum from
cane molasses. Bioresour Technol. 2009;100:3403-9.

Huang YL, Wu ZT, Zhang LK, Cheung CM, Yang ST. Production of carboxylic
acids from hydrolyzed corn meal by immobilized cell fermentation in a
fibrous-bed bioreactor. Bioresour Technol. 2002;82:51-9.

Huang J, Cai J, Wang J, Zhu X, Huang L, Yang ST, et al. Efficient production of
butyric acid from Jerusalem artichoke by immobilized Clostridium tyrobutyri-
cum in a fibrous-bed bioreactor. Bioresour Technol. 2011;102:3923-6.

Song JH, Ventura JR, Lee CH, Jahng D. Butyric acid production from brown
algae using Clostridium tyrobutyricum ATCC 25755. Biotechnol Bioprocess
Eng.2011;16:42-9.

Fu H, Yang ST, Wang M, Wang J, Tang IC. Butyric acid production from lig-
nocellulosic biomass hydrolysates by engineered Clostridium tyrobutyricum
overexpressing xylose catabolism genes for glucose and xylose co-utiliza-
tion. Bioresour Technol. 2017;234:389-96.

Kim M, Kim KY, Lee KM, Youn SH, Lee SM, Woo HM, et al. Butyric acid
production from softwood hydrolysate by acetate-consuming Clostridium
sp. ST with high butyric acid yield and selectivity. Bioresour Technol.
2016;,218:1208-14.

Baroi GN, Baumann |, Westermann P, Gavala HN. Butyric acid fermentation
from pretreated and hydrolysed wheat straw by an adapted Clostridium
tyrobutyricum strain. Microb Biotechnol. 2015,8:874-82.

ZhuY, Wu ZT, Yang ST. Butyric acid production from acid hydrolysate of
corn fibre by Clostridium tyrobutyricum in a fibrous-bed bioreactor. Process
Biochem. 2002,38:657-66.

Huang J, Zhu H, Tang W, Wang P, Yang ST. Butyric acid production from
oilseed rape straw by Clostridium tyrobutyricum immobilized in a fibrous bed
bioreactor. Process Biochem. 2016;51:1930-4.

Wei D, Liu XG, Yang ST. Butyric acid production from sugarcane bagasse
hydrolysate by Clostridium tyrobutyricum immobilized in a fibrous-bed
bioreactor. Bioresour Technol. 2013;129:553-60.

Michel-Savin D, Marchal R, Vandecasteele JP. Control of the selectivity of
butyric acid production and improvement of fermentation performance
with Clostridium tyrobutyricum. Appl Microbiol Biotechnol. 1990;32:387-92.
Michel-Savin D, Marchal R, Vandecasteele JP. Butyrate production in continu-
ous culture of Clostridium tyrobutyricum: effect of end-product inhibition.
Appl Microbiol Biotechnol. 1990;33:127-31.

Zhu Y, Yang ST. Adaptation of Clostridium tyrobutyricum for enhanced
tolerance to butyric acid in a fibrous-bed bioreactor. Biotechnol Prog.
2003;19:365-72.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 12 of 12

Jiang L, Wang J, Liang S, Cai J, Xu Z, Cen P, et al. Enhanced butyric acid
tolerance and bioproduction by Clostridium tyrobutyricum immobilized in a
fibrous bed bioreactor. Biotechnol Bioeng. 2011;108:31-40.

Liu X, Zhu'Y, Yang ST. Construction and characterization of ack deleted
mutant of Clostridium tyrobutyricum for enhanced butyric acid and hydro-
gen production. Biotechnol Progr. 2006;22:1265-75.

Liu XG, Zhu'Y, Yang ST. Butyric acid and hydrogen production by Clostridium
tyrobutyricum ATCC 25755 and mutants. Enzyme Microb Technol.
2006;38:521-8.

Mondal MIH, Yeasmin MS, Rahman MS. Preparation of food grade
carboxymethy! cellulose from corn husk agrowaste. Int J Biol Macromol.
2015;79:144-50.

Yilmaz ND. Effects of enzymatic treatments on the mechanical properties of
corn husk fibers. J Text Inst. 2013;104:396-406.

Fuentes LL, Rabelo SC, Maciel Filho R, Costa AC. Kinetics of lime pretreat-
ment of sugarcane bagasse to enhance enzymatic hydrolysis. Appl
Biochem Biotechnol. 2011;163:612-25.

Hendriks AT, Zeeman G. Pretreatments to enhance the digestibility of ligno-
cellulosic biomass. Bioresour Technol. 2009;100:10-8.

Cantarella M, Cantarella L, Gallifuoco A, Spera A, Alfani F. Comparison of
different detoxification methods for steam-exploded poplar wood as a
substrate for the bioproduction of ethanol in SHF and SSF. Process Biochem.
2004;39:1533-42.

Wu ZT, Yang ST. Extractive fermentation for butyric acid production from
glucose by Clostridium tyrobutyricum. Biotechnol Bioeng. 2003;82:93-102.
Zigova J, Sturdik E. Advances in biotechnological production of butyric acid.
JInd Microbiol Biotechnol. 2000;24:153-60.

Zhu'Y, Yang ST. Effect of pH on metabolic pathway shift in butyric acid
fermentation by Clostridium tyrobutyricum. ) Biotechnol. 2004;110:143-57.
Yu L, Xu MM, Tang IC, Yang ST. Metabolic engineering of Clostridium tyrobu-
tyricum for n-butanol production through co-utilization of glucose and
xylose. Biotechnol Bioeng. 2015;112:2134-41.

Sarkar N, Ghosh SK, Bannerjee S, Aikat K. Bioethanol production from agri-
cultural wastes: an overview. Renew Energy. 2012;37:19-27.

Sjoblom M, Matsakas L, Christakopoulos P, Rova U. Production of butyric
acid by Clostridium tyrobutyricum (ATCC25755) using sweet sorghum stalks
and beet molasses. Ind Crop Prod. 2015;74:535-44.

Chitra NJ, Vasanthakumari R. Studies on polypropylene bio composite with
corn husk waste. Int J Sci Eng Res. 2012;3:1.

Kumar P, Barrett DM, Delwiche MJ, Stroeve P Methods for pretreatment of
lignocellulosic biomass for efficient hydrolysis and biofuel production. Ind
Eng Chem Res. 2009;48:3713-29.

Tang J, Gong G, Su H, Wu F, Herman C. Performance evaluation of a

novel method of frost prevention and retardation for air source heat
pumps using the orthogonal experiment design method. Appl Energy.
2016;169:696-708.

Feng Z, NiuW, Cheng C, Liao S. Hydropower system operation optimization
by discrete differential dynamic programming based on orthogonal experi-
ment design. Energy. 2017;126:720-32.

Baskan KS, Tiitem E, Aky(iz E, Ozen S, Apak R. Spectrophotometric total
reducing sugars assay based on cupric reduction. Talanta. 2016;147:162-8.
Prasertsung I, Chutinate P, Watthanaphanit A, Saito N, Damrongsakkul S.
Conversion of cellulose into reducing sugar by solution plasma process
(SPP). Carbohydr Polym. 2017;172:230-6.

Thongchul N, Navankasattusas S, Yang ST. Production of lactic acid and
ethanol by Rhizopus oryzae integrated with cassava pulp hydrolysis.
Bioprocess Biosyst Eng. 2010;33:407-16.



	Production of butyric acid from acid hydrolysate of corn husk in fermentation by Clostridium tyrobutyricum: kinetics and process economic analysis
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Preparation of corn husk hydrolysate
	Butyric acid production from glucose and xylose
	Butyric acid production from corn husk hydrolysate in FBB
	Process design and cost analysis for sodium butyrate production from corn husk

	Discussion
	Conclusion
	Methods
	Corn husk
	Acid hydrolysis of corn husk
	Detoxification of corn husk hydrolysate
	Bacterial stain, media and cultivation
	Free-cell fermentations
	Fermentations in fibrous-bed bioreactor
	Analytical methods

	Authors’ contributions
	References




