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Abstract: This paper studies the optimization of a batch cultivation process for the production of succinic
acidfrom crude glycerol by using Anaerobiospirillum succinicproducens ATCC 29305 encapsulated with
sodium cellulose sulfate/poly-dimethyl-diallyl-ammonium chloride. The batch conditions for the flask were
optimized by response surface methodology based on a Box-Behnken design. This design was employed to
assess the individual and interactive effects of the four main parameters (pH, crude glycerol concentration,
shaking speed and temperature) on succinic acid production under anaerobic conditions. Results from the
response surface analysis showed that the data were adequately fitted by a second-order polynomial model
via a quadratic regression relationship. The final mathematical model after eliminating the insignificant
terms and refining the succinic acid production was a quadratic model. For the succinic acid yield it was
observed that the interactive effect between crude glycerol and shaking speed was statistically significant.
Optimization conditions for maximizing the production were as follows: pH, 6; crude glycerol, 40 g/L;
shaking speed, 150 rpm; temperature, 39 °C. Under these conditions, the maximal numerical solution of the
model gave a predicted succinic acid level of 34.66 g/L. For the flask, the experimental production of
succinic acid was 34.80 g/L with a conversion yield (87%), and a ratio of succinic acid to acetic acid (34:1).
Similar experimental results were obtained for the stirred tank bioreactor. Both sets of experimental results
were in good agreement with the model predictions.

Keywords: Box-Behnken design, crude glycerol, succinic acid, Anaerobiospirillum succinicproducens,
encapsulation, response surface methodology.

1. Introduction

Although biodiesel has been produced for many years, its production is now increasing rapidly. In the
past, production of biodiesel was not encouraged in South East Asia or in Thailand. However, with the
reoccurrence of the petroleumcrisis and recent concerns about the effects on global climate of the use of
fossil fuels, there is an increased interest in biodiesel. In 2006, the Ministry of Energy of the Royal Thai
Government established a policy to increase energy self-dependence. This policy was started by
implementing small-scale production of biodiesel in rural communities and then was extended to larger
industrial scale production [1]. The method used for biodiesel production is based on a transesterification
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process. This process produces approximately 90% biodiesel and 10% glycerol. This glycerol contains a
number of impurities which are excessively costly to remove and which make this impure glycerol
unsuitable for conversion to commercial-grade glycerol. Many attempts have been made to use microbial
fermentation of crude glycerol to produce useful products such as polyhydroxyalkanotes, ethanol, 1,
3-propanediol, 2, 3-propanediol, acetic acid, succinic acid and other renewable products [2]-[4]. Of these
products, succinic acid is becoming increasingly useful. It is now being used by several recognized
companies as a raw material for producing biodegradable polymer and polybutylene succinate [5]-[7].
There are also chemicals derived from succinic acid, e.g, 1, 4-butanediol, gamma-butyro lactne and
tetrahydrofuran, that are useful as antifoam agents and surfactants [8], [9]. Succinic acid can also be used as
a precursor for many industrially important chemicals in food, chemical and pharmaceutical industries. It
has been predicted that because of raw material cost and potential market size the current
petroleum-based process for producing succinic acid will be replaced in the future by a fermentative
succinic acid production system.

Glucose and glycerol are commonly used as the substrates for fermentative succinic acid production.
Crude glycerol from biodiesel production is an attractive substrate for future development because it is a
waste by-product that can give a high succinic acid yield. Further, when compared with glucose, there is a
reduced acetic acid formation and the succinic acid can be easily recovered downstream [10]-[12]. There
are many bacterial strains that have been extensively studied and found to be successful strains for succinic
acid production. These strains include recombinant Escherichia coli, Actinobacillus succinogenes and
Mannheimia succiniciproducens [13]. Each of these strains includes a conserved 16 rRNA gene sequence
[14]. As shown in the phylogenic tree in Fig. 1, other microbial organisms with this conserved sequence
have been reported and registered in the GenBank.

57 Mannheimia succiniciproducens MBEL55E
100 { Actinobacillus succinogenes 130Z
97 Mannheimia granulomatis ATCC 49244
Escherichia coli ATCC 11775T

Anaerobiospirillum succiniciproducens ATCC 29305
67 Gluconacetobacter xylinus NCIB11664
{ Enterococcus faecalis JCM 5803
100 Propionibacterium acidipropionici NCFB 570
{ Corynebacterium glutamicum ATCC 13032

Fig. 1. The phylogeny of the microorganisms of the capnophilic microorganisms, showing the relationships

of Anaerobiospirillum succinicproducens ATCC 29305 to its relatives and to the out group of
Gluconacetobacterxylinus NCIB11664.

The phylogenetic tree was constructed by the Maximum Composite Likelihood (fDNAml) method.
Bootstrap analysis was used in the phylogeny test with UPGMA algorithm statistics analysis and the
bootstrap values are placed on the tree branches.

The microbial organisms listed in Fig. 1 include six high yield succinate producers A. succiniciproducens,
Mannheimia succiniciproducens, Actinobacillus succinogenes, recombinant E. coli, Corynebacterium
glutamicum and Propionibacterium acidipropionici. The chemical pathways for the production of succinic
acid by these six organisms and their various derivatives appear to be closely related. With glucose as
substrate, they typically produce 52-106 g/L of succinic acid with productivities and yields of 1.36-10.4
g/L/h and 0.76-0.88 g/g glucose, respectively [15]. Many investigations have been carried out in attempts
to lower the cost of succinic acid production using these organisms. One of the effective succinic acid
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producers is A. succiniciproducens. This is an opportunistic pathogen which is known to cause diarrheal
illness but only rarely. This organism has successfully adapted to a wide variety of substrates including
synthetic media and industrial wastes such as glucose, galactose, sugar cane molasses, whey, wood
hydrolysates, corn-steep liquor, corn stalk, corn straw hydrolysate, corncob hydrolysate and glycerol
[16]-[21], [11] has reported a maximum yield of 19 g succinic acid per liter of glycerol. This maximum yield
was obtained when the fermentation broth consisted of glycerol supplemented with yeast extract. However,
this yield from glycerol was appreciably lower than the yield obtained from glucose of 29.6 g succinic acid
per liter of glucose.

The above research has been conducted with free-cell fermentation processes. In research into other
types of fermentation processes, it has been found that yield can be improved by cell encapsulation [22].
Moreover, cell encapsulation has been used in industry and has many advantages, such as simplified
biocatalyst recovery, improved operational stability and a reduced number of steps of downstream
processing. In this paper, we are interested in finding optimum fermentation conditions for the production
of succinic acid by a cell encapsulation process. The response surface methodology approach is one of the
best ways to evaluate and understand interactions between different parameters in a chemical reaction. In
this present study, we have attempted to optimize the fermentation process for succinic acid production
from encapsulated cells of A. succinicproducens ATCC 29305 used as a biocatalyst. Crude glycerol derived
from the Thai biodiesel industry has been used as the sole substrate and the optimization was carried out
with a response surface methodology based on a Box-Behnken statistical design. The effects of four
independent variables, pH, crude glycerol, shaking speed and temperature, have been investigated.

2. Materials and Methods

2.1. Chemical and Culture Media

Crude glycerol was obtained from Pathum Vegetable Oil Co., Ltd, Thailand. A preliminary analysis of the
raw glycerol showed 84.50% glycerol, 4.5% sodium chloride, 9.4%moisture content and 5,423 ppm soap.
Glycerol of 99.5% purity was obtained from Ajax Finechem Company, Australia. Succinic acid was
purchased from Sigma (St. Louis, USA).

2.2. Preparation of Free-Cell Biocatalyst

A freeze dried ampoule of A. succinoproducens ATCC29305 was purchased from the American Type
Culture Collection (Rockville, MD). The growth of this bacteria from the ampoule was initiated on an ATCC
medium 593 (chopped meat medium) according to ATCC recommendations. Inoculum was then prepared
as follows. The bacteria colonies were transferred from the ATCC medium 593 into 250-mLanaerobic
bottles containing preculture medium and with CO2as a gas phase. The preculture medium was prepared
from 80 mL minimal salts medium AnS1 (composition: 3 g K;HPO4,1g NaCl, 1g (NH4)2S04, 0.2g CaCl2.2H>0,
0.2g MgCl,.6H;0, and 3g NaCO3) to which was added 5 g/L glycerol, 10 g/Lyeast extract and 5 g/ L
polypeptone. The pH of the sterile medium was adjusted to 7 and the anaerobic bottles were then incubated
at 39 °C for 48 h.

2.3. Preparation of Encapsulated Biocatalyst

Encapsulation of A. succinoproducens ATCC 29305 was prepared aseptically with modification according
to the method of Zhao et al, [23]. A solution of sodium cellulose sulfate
(NaCS)/poly-dimethyl-diallyl-ammonium chloride (PDMDAAC) was prepared by adding 5% (w/v) NaCS
and 8% (w/v) PDMDAAC and mixing thoroughly before sterilizing in autoclave at 121 °C for 15 min. The
seed culture of free-cells was prepared by inoculating free cells into 80 ml AnS; medium at 39 °C under
anaerobic conditions and then allowing an exponential growth phase of 15 h. Cells were then recovered

13 Volume 5, Number 1, January 2015



after centrifuging 12,000 g for 20 min at 4 °C and rinsing twice with 0.85% saline solution. Cells were then
mixed with NaCS solution under stirring conditions and PDMDAACS was then added drop by drop.
Microcapsules were formed at room temperature and then polymerized for 1 hour. The capsules were then
rinsed thoroughly with sterile H>0. The average diameter of NaCS/PDMAAC microcapsules was 2.5 mm.
These microcapsules were used as biocatalyst to carry out the fermentation design. The free cell
fermentations with the adjusted pH 6.0 of 800 ml of a sterile medium of 20% crude glycerol were also
monitored under 150 rpm shaking incubator at 39 °C. Samples were withdrawn at intervals of 5 h and
analyzed for biomass, succinic acid, acetic acid and residual glycerol.

2.4. Preparation of Glycerol Substrate and Experimental Design

The glycerol substrates for the experiments were prepared as shown in Table 1. Crude glycerol was
diluted with distilled water to a variety of selected concentrations. 800 mL of the diluted glycerol solutions
were then added to a 1-L Duran flask, sparged with N; to achieve anaerobic conditions and then autoclaved.
The fermentations were placed on a shaking incubator and temperature was set according to the design.
The encapsulated microcapsules from 80 ml inoculum suspension were added and CO; gas was purged.

2.5. Analytical Methods

An HPLC system (Waters chromatography division, Milford, MA, USA) was used to perform an HPLC
analysis on the fermented sample using a method previously described by Lee,2010 [11]. The sample was
analyzed in an ion exchange column (Aminex HPX-87H, 300 mm x 7.8 mm) using 0.012 N H2SO4 as the
mobile phase. All analytical measurements for glycerol, succinic acid and acetic acid were performed in
triplicate. Cell growth was estimated by measuring the absorbance at 600 nm using a spectrophotometer.
Dry cell weight was also measured.

2.6. Response Surface Methodology

Response surface methodology was adopted for the production of succinic acid to derive a statistical
model for the individual and interactive effects of pH, crude glycerol, shaking speed and temperature. Levels
of these factors were optimized for maximum succinic production (the response) from crude glycerol using
the Box-Behnken statistical design [24]. Table 1 represents a 29-trial experimental design, where each
variable was tested in three different coded levels: low (-1), middle (0) and high (+1). Succinic and acetic
acid in fermentation broth were then measured. Four different polynomial models were tested as possible
regression models for the data, namely, a linear model, a 2FI model, a quadratic model and a cubic model.
For example, for the second-order polynomial model, it was assumed that the production of succinic acid
could be modeled with a quadratic model and the acetic acid could be fitted with the linear regression by
equations of the following form:

Y1 = Bo + Xica BiXi + Xioi o B XiX; + Dicq BiX? (1)

Y2 = Xic1 ViX; (2)

Here, X1, X2, X3, X4, are the parameter values for the independent variables (pH, crude glycerol, shaking
speed, temperature) as described in Table 1. The constants fo, B, and B (i, j =1, 2, 3, 4) are coefficient
estimates for succinic acid production (y1), where fo is an intercept term, f; are linear terms, S are
quadratic terms, and f; are interaction production (yz). The accuracy and general suitability of the above
polynomial models could be evaluated by the coefficient of determination (R?). The experimental data was
analyzed terms. They are the corresponding coefficients for the acetic acid using the statistical software,
Design-Expert software version 8.0.6 (STAT-EASE Inc., Minneapolis, MN, USA), to carry out a regression
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analysis for the equations and for an evaluation of the statistical significance of the four different

polynomial regression models.

Table 1. Experimental Ranges and Level of the Four Fermentation Parameters

Fermentation parameters Symbol Code Design levels
-1 0 1
pH X1 6 7 8
Crude glycerol (g/L) X2 20 30 40
Shaking speed (rpm) X3 50 100 150
Temperature (°C) X4 38 39 40

3. Results and Discussion

3.1. Crude Glycerol Fermentation by Free Cells

In order to study the cell growth and succinic production profile of the negative spiral-shaped bacteria, A.
succiniciproducens ATCC 29305 bacteria, the cultivation of free cells was performed on the 20% crude
glycerol as a sole carbon source with a pH of 7 under anaerobic conditions in a 150 rpm shaking incubator
at 39 °C. As shown in Fig. 1, the cells grew gradually over the 50 h fermentation time with a maximum
growth rate of 0.041 g/L/h and they produced succinic acid as the major metabolite with acetic acid as a
byproduct. Based on the growth and product production results, it was found that succinic acid and acetic
acid productions from crude glycerol were the growth-associated product. Calculation of the growth
kinetics showed that the maximum specific growth rate (tmax) was 0.217 h1 with a maximum rate of
product formation 1.138 g/L/h and a maximum rate of glycerol consumption of 1.138 g/g/h. The maximum
succinic acid production rate of 0.569 g/L/h was detected during the first period of fermentation time (4 h)
and the acetic acid production rate was then 0.062 g/L/h. The maximum biomass production rate of 0.802
g/L was recorded during the 40 h fermentation time. At the end of the fermentation time, the succinic acid
concentration had reached 15.48 g/L. The average succinic to acetic acid ratio was found to be 22.64 during
the 5 to 50 h fermentation time. At the end of 50 h fermentation, approximately 30% of crude glycerol
remained (Fig. 2).
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Fig. 2. Anaerobic batch fermentations of (a) free cells and (b) immobilized cells of Anaerobiospirillum
succiniciproducens ATCC 29305.

In the present work, we found that the yield of succinic acid production from crude glycerol was
approximately 20% lower than that reported by Lee et al., who obtained a succinic acid yield of up to 19 g/L
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under anaerobic batch cultivation from free cells of A. succiniciproducens ATCC 29305 using glycerol as a
carbon source. Time courses for the succinic acid production of the free cells is presented in Fig. 2.

3.2. Crude Glycerol Fermentation by Immobilized Cells

In order to pinpoint the critical factors affecting both cell growth and succinic acid production in
immobilized A. succiniciproducens, experiments were carried out using a range of values of the important
culture conditions for the succinic acid fermentation from crude glycerol. These culture conditions were as
follows: pH, crude glycerol concentration, shaking speed and temperature. The parameters for the runs
were set according to the Box-Behnken design (BBD) (Table2).

Table 2. Box-Behnken Design with the Actual Values for Succinic and Acetic Acid Production

Factor 1 Factor 2 Factor 3 Factor 4 Response 1: Response 2:

Run X1:pH Xa2:Crude X3:Shaking X4:Temperature Succi;{ilc acid Acetz{czacid
glycerol (g/L)  speed (rpm) (0 (g/L) (g/L)
1 8 40 100 39 22.00 1.62
2 7 40 100 38 30.20 1.49
3 7 30 150 38 20.60 1.77
4 7 40 150 39 31.80 1.07
5 8 30 50 39 15.10 1.99
6 6 40 100 39 34.80 2.00
7 6 30 100 40 22.50 1.45
8 8 30 150 39 14.30 2.23
9 8 20 100 39 12.90 1.63
10 8 30 100 38 16.80 1.78
11 7 30 100 39 16.80 1.78
12 7 40 50 39 22.00 1.48
13 7 40 100 40 23.60 1.39
14 7 20 50 39 12.50 2.74
15 6 30 150 39 22.23 1.67
16 7 30 150 40 18.60 1.80
17 7 20 100 40 14.32 2.76
18 6 30 50 39 20.19 1.83
19 6 30 100 38 25.50 1.51
20 6 20 100 39 20.04 2.31
21 7 20 150 39 14.12 2.95
22 7 30 50 40 19.90 2.48
23 7 20 100 38 15.90 2.48
24 7 30 100 39 18.80 2.14
25 7 30 100 39 17.20 2.30
26 7 30 100 39 16.20 2.29
27 8 30 100 40 16.89 2.52
28 7 30 50 38 16.70 2.45
29 7 30 100 39 19.30 2.35

The experimental data were then analyzed by fitting the polynomial regression models: linear, 2F]I,
quadratic and cubic polynomials using the Design-Expert statistical software version 8.0.6. We found that
the quadratic response model can correctly describe the production behavior of this system after
considering all the linear terms, square terms, and linear by linear interaction items. Three different tests

16 Volume 5, Number 1, January 2015



such as the sequential model sum of squares, lack of fit tests, and model summary statistics were then
carried out to check the four different models. Table 3 shows the results of the statistical tests for the
regression results for succinic acid fermentation using encapsulated A. succiniciproducens’s cells. The table
shows that the regression coefficient was the highest (R2=0.8726) for the quadratic model with a minimum
standard deviation (2.15). Table 4 shows the results of analysis of variance tests of significance of the
quadratic polynomial model. As shown in Table 4, the analysis of variance (ANOVA) confirmed that the
quadratic form of the model satisfactorily explained the relationship between the various factors and that it
was not necessary to use a cubic model.

Table 3. Summary of Statistical Tests: Sequential Model Sum of Squares, Lack of Fit Tests, and Model
Summary Statistics

Sequential Model Sum of Squares [Type I]
Sum of Mean F p-value Remark
Source Squares df Square Value Prob >F
Mean vs Total 11273.92 1 11273.92
Linear vs Mean 677.77 4 169.44 25.56 <0.0001
2Fl vs Linear 42.20 6 7.03 1.08 0.4089
Quadratic vs 2FI 68.66 4 17.16 4.98 0.0104 Suggested
Cubic vs Quadratic 35.10 8 4.39 2.01 0.2058 Aliased
Residual 13.12 6 2.19
Total 12110.78 29 417.61
Lack of Fit Tests
Sum of Mean F p-value Remark
Source Squares df Square Value Prob >F
Linear 152.01 20 7.60 4.30 0.0833
2FI 109.81 14 7.84 4.44 0.0803
Quadratic 41.15 10 412 2.33 0.2157 Suggested
Cubic 6.05 3.02 1.71 0.2905 Aliased
Pure Error 7.07 4 1.77
Model Summary Statistics
Std. Adjusted Predicted Remark
Source Dev. R-Squared R-Squared | R-Squared PRESS
Linear 2.57 0.8099 0.7782 0.7188 235.330
2FI 2.55 0.8603 0.7827 0.6121 324.583
Quadratic 1.86 0.9424 0.8848 0.7036 248.082 Suggested
Cubic 1.48 0.9843 0.9268 -0.0540 882.057 | Aliased

As is shown in Table 4, the significant terms in the quadratic model are: pH, crude glycerol, shaking speed,
the interaction term between crude glycerol and shaking speed and the quadratic term for crude glycerol,
where as temperature (p = 0.146) is not significant. The quadratic model was then refitted using only the
significant terms as the independent parameters. The results are shown in Tables 5 and 6. The resulting
ANOVA for the reduced quadratic model (Table 6) summarizes the analysis of variance of each response and
shows the significant model terms. The F-value of 16.35 implies that the model is significant (at p < 0.0001).
Values of “Prob > F” (p values) less than 0.05 indicated that the model terms were significant. There is only
a 0.01% chance that a “Model F Value” this large could occur due to noise. In this case pH and crude glycerol
(crude glycerol concentration) were highly significant model terms with p-values of < 0.0001. For the
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reduced model, we found R?= 0.8726 showing that the model gives a satisfactory fit to the experimental

data. The following reduced quadratic model in terms of tested fermentation parameters was obtained.

Table 4. Analysis of Variance Table for Response Surface Quadratic Model for Succinic Acid Production

Sum of Mean F p-value Remark

Source Squares df Square Value Prob > F
Model 788.63 14 56.33 16.35 <0.0001 significant

A-pH 186.20 1 186.20 54.06 <0.0001

B-Crude glycerol 464.01 1 464.01 134.71 <0.0001

C-Shaking speed 19.41 1 19.41 5.63 0.0325

D-Temperature 8.15 1 8.15 2.37 0.1463

AB 8.01 1 8.01 2.33 0.1496

AC 2.02 1 2.02 0.59 0.4569

AD 2.39 1 2.39 0.69 0.4191

BC 16.73 1 16.73 4.86 0.0448

BD 6.30 1 6.30 1.83 0.1977

CD 6.76 1 6.76 1.96 0.1830

A2 13.28 1 13.28 3.86 0.0698

B”2 50.75 1 50.75 14.73 0.0018

Cr2 1.44 1 1.44 0.42 0.5290

DA2 9.55 1 9.55 2.77 0.1181
Residual 48.22 14 3.44
Lack of Fit 41.15 10 412 2.33 0.2157 not significant
Pure Error 7.07 4 1.77
Cor Total 836.86 28

Table 5. Stepwise Regression for Response Surface Quadratic Model for Succinic Acid Production

Coefficient Added t for Ho Estimate Coeff=0 Prob > |t| R-Squared MSE
B-Crude glycerol 6.22 5.8 <0.0001 0.5545 13.81
A-pH -3.94 -5.09 <0.0001 0.777 7.18
B”2 2.5 2.77 0.0103 0.8295 5.71
C-Shaking speed 1.27 1.94 0.0638 0.8526 5.14
BC 2.05 1.9 0.07 0.8726 4.63

A normal plot of residuals, which shows how the model satisfies the assumptions of the analysis of
variance, is shown in Fig. 3a. The residual plot is approximately a straight line indicating that the residuals
follow a normal distribution. A graph of the predicted response values versus the actual response values is
shown in Fig. 3b. This graph shows that the quadratic model gives a satisfactory fit to the data because the
residuals are small.

3.3. Effect of Influential Fermentation Parameters

The three-dimensional response surface curves in Fig. 4-Fig. 7 illustrate the effect of interaction among
different fermentation parameters on the production of succinic acid and acetic acid. Fig. 4 shows the effect
of the interaction between crude glycerol and pH on succinic and acetic acid production with other
parameters held constant at optimum values for succinic acid production. The figure shows that the optimal
pH value for succinic acid production is 6 and the optimal crude glycerol value is 40 g/L. The succinic acid
production is reduced if the pH is increased and/or the crude glycerol concentration is decreased. In Fig. 4b,
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the acetic acid production is a minimum of 1.52 at pH 6.0 and crude glycerol 40 g/L and the maximum
succinic acid: acetic acid ratio of 22.76 occurs at shaking speed of 150 rpm and temperature of 38.67 °C.

Table 6. ANOVA for Response Surface Reduced Quadratic Model

Sum of Squares df Mean Square F Value p-value Prob > F Remark

Source
Model 730.27 5 146.05 31.52 <0.0001 significant

A-pH 186.2 1 186.2 40.18 < 0.0001

B-Crude glycerol 464.01 1 464.01 100.13 <0.0001

C-Shaking speed 19.41 1 19.41 4.19 0.0523

BC 16.73 1 16.73 3.61 0.07

B"2 43.92 1 43.92 9.48 0.0053
Residual 106.58 23 4.63
Lack of Fit 99.51 19 5.24 2.96 0.1508 not significant
Pure Error 7.07 4 1.77
Cor Total 836.86 28

Succinic acid = +59.81-(3.94 x pH)-(1.29 x Crude glycerol)-(0.097 x Shaking speed)+(4.09E-003 x Crude

glycerol x Shaking speed)+(0.025 x Crude glyc (3)
Acetic acid = +3.47-0.049 x Crude glycerol (4)
Normal Plot of Residuals Predicted vs. Actual
) 35.00 — //-
o . e
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@
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20.00 —
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1040001t 1|
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Fig. 3. Plot of residuals (a)Normal plot of probability (%) versus studentized residuals (b)Scatter graph of
the predicted response values versus the actual response values for the succinic acid production.

Fig. 5a shows the effect of the interaction between shaking speed and temperature. The maximum
production of succinic acid can be seen to occur at a shaking speed of 150 rpm and temperature of 39 °C,
but with a relatively slow decrease as these parameter values are changed. In Fig. 5b, the acetic acid
production is a minimum of 1.07 at pH 6.39 and crude glycerol 40 g/L and the maximum succinic acid:
acetic acid ratio of 31.12. Fig. 6a shows the effect of the interaction between pH and shaking speed. The
maximum production of succinic acid can be seen to occur at pH of 6 and shaking speed of 150 rpm, with a
fairly slow change as the shaking speed is reduced and a faster change as the pH is increased. In Fig. 6b, the
acetic acid production is a minimum of 1.35 at pH 6.0 and crude glycerol 40 g/L and the maximum succinic
acid: acetic acid ratio of 25.50.
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Fig. 7a shows the effect of the interaction between crude glycerol and shaking speed. The maximum
production of succinic acid can be seen to occur at crude glycerol of 40 g/L and shaking speed of 150 rpm,
with rapid changes in succinic acid production as the crude glycerol is reduced and the pH is increased. In
Fig. 7b, the acetic acid production is a minimum of 1.04 at pH 6.40 and crude glycerol 40 g/L and the
maximum succinic acid: acetic acid ratio of 31.74. The main features of the change in ratios of succinic acid
to acetic acid as parameter values were changed can be summarized as follows. We found that the ratios of
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succinic acid to acetic acid ranged from a minimum value of 4.56 at fermentation parameter values (pH 7,
crude glycerol 20 g/L, shaking speed 50 rpm, temperature 39 °C) to a maximum value of 29.72 at
fermentation parameter values (pH 7, crude glycerol 40 g/L, shaking speed 150 rpm, temperature 39 °C)
with an average ratio of 13.80. At the optimum fermentation conditions for succinic acid production (pH, 6,
crude glycerol 40 g/L, shaking speed 150 rpm, temperature 39 °C), the succinic acid/acetic acid ratio was
13.45. This ratio is lower than that previously reported by Lee [16] who found that the ratio using glycerol
as substrate was 26:1.
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Fig. 7. Response surface 3D graphs for (a) succinic acid production and (b) acetic acid affected by shaking
speed and crude glycerol.

We suggest that our experimental results can be explained as follows. Under anaerobic fermentation
conditions, an increase in shaking speed would increase the amount of CO; in the crude glycerol. This
should result in an increased diffusion of CO; into the NaCS/PDMAAC microcapsules which encapsulate the
A. succinoproducens. Fermentation studies indicated that succinic acid production was regulated by the level
of available CO2 and culture pH [25]. Previous reports on the metabolic and kinetic studies on A.
succiniciproducens on a whey substrate have shown that the succinate/lactate ratio was dependent on pH
and CO: availability. Their reports suggested that high CO; concentrations and a pH near 6, rather than 7,
shifted metabolism away from lactate to succinate and acetate at a ratio of 1.8:1 [26]. Therefore, the
significance of shaking speed in our model (see Fig. 7) can be understood on the basis of an increase in CO>
concentration in the fermentation broth as the speed is increased. This observation can be explained from
the view point of an increased efficiency of enzyme binding to crude glycerol for succinic acid production
due tothe fact that in vitro enzyme activities for this system depend on pyruvate-ferredoxinoxidoreductases
(PEPCK) which are responsible for converting pyruvate to acetyl-CoA. PEPCKwas implicated as the major
CO;-fixing enzyme that generatesoxaloacetate (OAA) which can then be converted to succinic acid by a
reductive tricarboxylic acid branch. Both pyruvate-ferredoxinoxidoreductase and PEPCK activity levels
respond to pH and CO; concentration changes. Based on the kinetic data reported previously, it appears that
the fixing of carbon dioxide to PEP is a rate limiting step [27] in the succinic acid production. Therefore by
accelerating this reaction it may be possible to increase the affinity PEPCK for carbon dioxide. PEPCK is also
generally known as a gluconeogenic enzyme. This function of PEPCK has been observed in a few instances,
such as during propionate fermentation by Bacteroides species [28], [29].

3.4. Validation of the Model

The experiments and results reported in Sections 3.1-3.3 were obtained in a 1L Duran flask. In this
section, we report results designed to test whether the results obtained in the small flask were valid for a
stirred tank bioreactor. The reactions were carried out in a batch bioreactor(BioFlow3000, New Brunswick
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Scientific, NJ, USA) with a working volume of 3 L. Carbon dioxide was sparged into the medium at 0.05 vvm
continuously throughout the fermentation time. In the bioreactor test, the fermentation parameters were
set at the optimal values found for the flask production, namely, crude glycerol, 40 g/L; shaking speed, 150
rpm; temperature, 39 °C and pH 6.0. To validate these fermentation parameters, results from the run of the
stirred tank bioreactor in anaerobic batch fermentation were compared with the flask results. The maximal
succinic acid production obtained in the bioreactor was 34.66 g/L compared with 34.80 g/L for the flask
experiments. For the flask, the conversion yield was 87% and ratio of succinic acid to acetic acid was 34:1.
For the bioreactor, the conversion yield was 86% and ratio of succinic acid to acetic acid was 34:1. Both sets

of experimental results are in good agreement with the predictions of the quadratic regression model.

4. Conclusion

This study demonstrated that succinic acid could be produced with little formation of by-product acetic
acid by using immobilized A. succiniciproducens cells encapsulated in NaCS/PDMAAC microcapsules with
crude glycerol by-product from biodiesel production as a carbon source. The immobilized condition
through entrapment has been found to facilitate the purification of succinic acid. It has been shown that the
statistical approach of response surface methodology can be used to find optimum conditions for succinic
acid production from encapsulated cells under anaerobic conditions. Although the encapsulated cells have
been found to be effective, it will be necessary to evaluate their use in more detail, for example, by testing
their effective lifetime of use in the production process. Previous studies have shown that A.
succiniciproducens can efficiently utilize glucose, glycerol, sucrose, maltose, lactose and fructose as carbon
sources. It has been shown in these studies that the use of glycerol as a carbon source results in an
increased succinic acid yield (133%, mol/mol) and much higher ratio of succinic acid to acetic acid (Gram
ratio of 25.8:1) than is obtained with glucose [16]. If succinic production using encapsulated A.
succiniciproduens is to be increased further, the metabolic flux through the succinate pathway should be
examined in more detail. It may be possible, for example, to enhance the succinic production by genetic
modification or allosteric activation of enzymes in the metabolic path way. The improved production of
succinic acid by A. succinoproducens encapsulated in NaCS/PDMDAAC microcapsules has shown the
possibility for increased production of bio-succinic acid. Bio-production is one approach that can be used at
present to increase succinic acid use in specialty chemical markets. However, the bio-production process is
not yet capable of supporting bulk chemical markets. In order to make bio-based succinic acid an
economically viable intermediary feedstock for bulk chemical production, it will be necessary to develop
inexpensive fermentation and purification processes or for alternative reduction methods to become more
expensive, for example, by increased oil prices. All organisms known to naturally produce succinate do so by
mixed acid fermentation. Thus, metabolic engineering will be needed to develop methods for diverting flux
towards succinic acid and away from undesirable by-products such as acetic acid. This target goal can be
reached if the efficiency of the substrate conversion pathway can be improved to a level at which the
bio-succinic acid can compete economically with the oil-based succinic acid.
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