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Abstract 

A preliminary study has been conducted for the development of a bioprocess targeting the valorization of 
orange peel waste (OPW). Essential oils and pectin were recovered from OPW through distillation, acid hydrolysis 
and precipitation with ethanol. Optimal conditions for dilute-acid hydrolysis were investigated via estimation of the 
sugars released and fermentation. Hydrolysis conditions of 109 oC for 20 min and 116 oC for 10 min using 5 % of 
dry raw material produced the highest sugar yields at 0.76 and 0.77 (gtotal sugars gdry raw material

-1) respectively. In order to 
test the efficiency of enzyme hydrolysis as a pretreatment method for OPW valorization, cellulase production from 
T. reesei was investigated, which was maximized following 5 days of cultivation. Furthermore, elemental analysis in 
hydrolyzates from dilute-acid hydrolysis and a combination of acid and enzyme hydrolysis was performed. The 
results indicate that during acid/enzyme hydrolysis, high concentrations of Mg2+ and Ca2+ ions are liberated in 
contrast to dilute-acid hydrolysis. A. succinogenes fermentations of glucose and fructose were performed and the 
succinic acid yields achieved were 0.66 (gsuccinic acid gglucose

-1) and 0.33 (gsuccinic acid gfructose
-1) respectively, while 

galactose was not fermented. Overall, OPW may serve as a promising raw material for simultaneous production of 
essential oils, pectin and succinic acid. 
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1. Introduction 

The global citrus production constitutes over 88 x 106 tons annually, while industrial OPW generation 
reaches approximately 15 x 106 tons [1]. During processing of the fruit, half of its mass is extracted as juice, while 
the rest remains as peel waste consisting of peels, seeds and segment membranes [1, 2]. Citrus fruits of industrial 
interest are oranges, lemons, grapefruits and mandarins, with oranges being the most important consisting 82 % of 
the total production according to Marin et al [1]. Current management practices for OPW include its use as animal 
feed or disposal in landfills. However, the composition of the peel renders OPW a promising feedstock for the 
biotechnological production of added-value products through the biorefinery platform. Specifically, OPW is rich in 
pectin and essential oils, while the high cellulose, hemicellulose and soluble sugars content can be valorized [3]. 

Components of OPW such as pectin, cellulose and hemicellulose must be pretreated prior to fermentation. 
Previous studies evaluated commercial enzymes such as pectinase, cellulase and β-glucosidase for breaking of 
pectin, cellulose, hemicellulose and β-glycosidic bonds [4]. Pourbafrani et al [5] studied dilute-acid hydrolysis of 
polysaccharides contained in OPW at high temperatures, whereas previous studies employed microorganisms for 
enzyme production, which was then consequently used for enzyme hydrolysis of lignocellulosic biomass. 
Specifically, Trichoderma reesei and Aspergilus niger are considered as the most suitable microorganisms for the 
preparation of cellulase and β-glucosidase, respectively [6, 7]. 

Soluble sugars and monosaccharides liberated through hydrolysis could serve as a nutrient rich 
fermentation broth for the production of succinic acid, which is predicted to be one of the most important biobased 
platform chemicals used for the manufacture of various added-value products [8]. Succinic acid (C4H6O4) is a di-
carboxylic acid produced mainly by chemical technologies such as catalytic hydrogenation, paraffin oxidation and 
electrolytic reduction of maleic acid or anhydride [9]. The biobased production of succinic acid has a series of 
advantages compared to its chemical production due to high theoretical yield and environmental friendly impact. 

Various microorganisms such as Mannheimia succiniciproducens, Anaerobiospirillum succiniciproducens, 
Basfia succiniciproducens and Actinobacillus succinogenes have been tested for succinic acid production in 
previous studies [9, 10]. Among the strains examined, A. succinogenes is predicted to be one of the most promising 
industrial succinic acid-producing microorganism because it has the ability to utilize CO2 and to produce high 
concentrations of succinic acid. A. succinogenes, isolated from bovine rumen, is a capnophilic and mesophilic 
bacterium which is capable of valorizing monosaccharides under anaerobic conditions [10]. 

The aim of the current work was to conduct a preliminary study for the development of an OPW bio-
refinery (Fig. 1). Specifically, the bioprocess presented in this work targets, following the removal of essential oils 
from OPW, optimization of dilute-acid hydrolysis conditions, pectin recovery as well as investigation of optimal 
cultivation time for cellulolytic enzyme production by T. reesei. The release of metal ions during hydrolysis has 
been evaluated, while succinic acid fermentations were conducted using simple sugars and OPW hydrolyzates. 

 

2. Methods 

2.1. Pretreatment of OPW and vacuum distillation 

OPW was obtained from a local juice factory (KEAN, Limassol, Cyprus) and stored at -20 oC until further 
use. The first step of OPW pretreatment required extraction and collection of essential oils through the addition of 
water to the raw material at a ratio of 6:1 (w/w) and boiling for 1 h. Essential oils were collected through vacuum 
distillation [11] and the residue was dried at 70 oC for 24 h [12]. 
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2.2. Dilute-acid hydrolysis 

An autoclave (SANYO MLS-3718L) was used for dilute-acid hydrolysis. Dry OPW was diluted with 
distilled water at 1:20 and 1:10 (w/v) ratios, while sulfuric acid was added to the mixture at a concentration of 0.5 % 
(v/v). Mixtures were hydrolyzed at temperatures, time duration and raw material content as specified in (Table 1). 
Temperatures and reaction times were chosen according to Talebnia et al [13], which demonstrated that 116 oC and 
13 min reaction were the optimal conditions for dilute acid hydrolysis of citrus waste. Furthermore, Grohmann et al 
[14] stated that fructose is relatively stable between 100 oC and 120 oC in contrast to higher temperatures, whereas 
the structures of arabinose and galactose are more stable at temperatures above 120 oC.  

 

2.3. Pectin recovery 

Centrifugation and filtration followed dilute-acid hydrolysis in order to obtain the supernatant, which was 
mixed with an equal volume of ethanol (96 % v/v) to precipitate pectin at 25 oC for 4 h [5]. Consequently, the 
mixture was centrifuged at 3000 rpm for 30 min. The precipitate was washed five times with ethanol (45 % v/v) 
followed by drying at 50 oC [15], while the hydrolyzate was distilled at 80 oC for the removal of ethanol. 

 

2.4. Production of cellulase 

Trichoderma reesei was employed for the production of cellulase. The yeast was inoculated from -80 oC 
glycerol stocks into 1 L shake flasks, containing 200 mL of sterilized fermentation medium. The fermentation 
medium was composed of (per liter): 40 g wheat bran, 10 g avicel, 3 g peptone, 0.5 g yeast extract, 2 g (NH4)2SO4, 
0.3 g CaCl2

.2H2O, 0.3 g MgSO4
.7H2O, 4 g KH2PO4 and 0.2 g Tween-80. Incubation was performed at 28 oC, 180 

rpm and pH 5.5. Following five days of incubation, the fermentation broth was centrifuged at 3000 rpm for 10 min 
and the supernatant was filtered through filter paper (0.2 μm pore size). The solution was collected and stored at 4 
oC as crude cellulase liquid (CCL) [6].  

 

2.5. Microorganism and growth conditions 

The bacterial strain A. succinogenes Z130, obtained from the Leibniz Institute DSMZ-German Collection 
of Microorganisms and Cell Cultures (Braunschweig, Germany), was used in succinic acid fermentations. The strain 
was maintained at -80 oC in glycerol stock cultures and prior to the experiments cells were grown in tryptic soy 
broth at 37 oC for 14 h. Batch fermentations were conducted in 100 mL flasks with an initial working volume of 100 
mL, which contained 5 g L-1 yeast extract and 30 g L-1 MgCO3. The hydrolyzate from dilute-acid hydrolysis, 
obtained following pectin recovery, was used as the only carbon source in fermentations. 

Commercial sugars such as fructose, glucose and galactose were studied separately at 10 g L-1 initial 
concentration in batch fermentations. Experiments were carried out in 500 mL flasks with an initial working volume 
of 500 mL supplemented with contained 5 g L-1 yeast extract and 10 g L-1 MgCO3. Furthermore, batch fermentations 
were carried out in a 1 L-bioreactor supplemented with 30 g L-1 of glucose, 5 g L-1 yeast extract and 30 g L-1 
MgCO3. 

All fermentation processes were carried out at 37 oC, pH value of 7, 100 rpm and CO2 flow rate 0.5 vvm in 
duplicates with 13 % (v/v) inoculation volume. 
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2.6. Analyses 

2.6.1. Estimation of succinic acid and by-products concentration 

Succinic acid and other organic acids’ formation during fermentation were determined by High Pressure 
Liquid Chromatography (HPLC). A Shimadzu LC-20AD liquid chromatograph (Shimadzu, UK) equipped with a 
Shimadzu SPD-20A UV/VIS detector, a Shimadzu SIL-20A HT auto sampler and a CTO-10AS VP column oven 
was used. The column was eluted isocratically at a rate of 0.6 mL min-1 from an organic analysis column (Rezex 
RHM-Monosaccharide H+ (8 %) column, Phenomenex, USA) with 5 mM H2SO4 at 50 oC. The injection volume 
was 20 μL. 

 

2.6.2. Measurement of reducing sugars  

Orange peel hydrolyzate obtained from dilute-acid hydrolysis (120 μL) were transferred to a 5 mm NMR 
tube and sodium acetate (50.0 μL, 5.00 mM) was added as internal quantification standard. Deuterium oxide was 
added up to 500.0 μL final volume. All experiments were prepared twice. 1H NMR experiments of fresh prepared 
solutions were recorded on a 300 MHz Bruker Avance spectrometer, using a pre-saturating pulse for suppressing 
water absorption peak, relaxation delay 5 s, 2925 Hz spectral window, and 128 scans. Data analysis was performed 
using MestRenove software. 

During acid hydrolysis and fermentation reducing sugars were analyzed by the phenol-sulfuric acid method 
[16]. This method is based on the phenol-sulfuric acid reaction and is useful for the determination of simple sugars, 
oligosaccharides, polysaccharides and their derivatives.  

 

2.6.3. Measurement of enzyme activity 

Cellulase activity was measured using the Filter Paper Unit (FPU) method. The results are given in units of 
enzyme activity (U), where U is defined as the amount of enzyme that releases 1 μmol of product per minute. The 
total reducing sugars were estimated by the DNS method [17].  

 

2.6.4. Elemental analysis 

An inductively coupled plasma mass spectrometer (Thermo X-Series II, Germany) was used for elemental 
determination of hydrolyzates obtained from dilute-acid hydrolysis (conditions: 109 oC, 10 min, 5 % of dry raw 
material) and acid/enzyme hydrolysis (109 oC 10 min 5 % of dry raw material/20 IU CCL graw material

-1). Briefly 
explained, calibration curves with at least 6 points in the range 5-100 μg L-1 were prepared for 21 trace elements: 
As, Be, Ca, Cd, Co, Cu, Cr, Fe, Li, Mo, Mn, Mg, Ni, P, Pb, Sb, Se, Sr, Ti, Tl and V. The calibration curve with the 
highest correlation coefficient was used for each element. For the preparation of working standards a multi-analyte 
calibration standard (Thermo Scientific, Germany) was used. All samples (15 mL) were acidified to 2 % HNO3 and 
30 μl of an internal standard mixture of Ga, Lu and In were added prior to analysis. Each sample was analyzed in 
duplicate and for each duplicate at least 30 mass scans were performed. The concentration of trace elements in the 
samples was based on monitoring the analyte and its corresponding internal standard. A QC in which a recovery of 
80-120 % of spikes and standards was used. 
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3. Results and discussion 

3.1. Dilute-acid hydrolysis 

The dry OPW produced from orange juice production was hydrolyzed with 0.5 % v/v sulfuric acid at a ratio 
of 1:20 and 1:10 (w/v), at 109 oC and 116 oC for 10 and 20 min. The results obtained from the phenol-sulfuric acid 
and NMR methods are summarized in Figs. 2A-B. The maximum yield of total carbohydrates liberated from the raw 
material was achieved at 109 oC for 10 min reaction time with 5 % and 10 % (w/w) of dry OPW, through the 
addition of 0.5 % (v/v) sulfuric acid (Fig. 2A). According to the results obtained from the NMR method (Fig 2B), 
which was used for the detection of monosaccharaides and disaccharides in the hydrolyzate, the maximum yield was 
achieved at 116 oC for 10 min reaction time and 5 % (w/w) of dry OPW. The NMR results also demonstrate that 
acid hydrolysis carried out using 5 % (w/w) of dry OPW substantially increased the yields compared to the acid 
hydrolysis performed with 10 % (w/w) of dry OPW.  

The presence of hydroxymethylfurfural (HMF), a common inhibitor formed during acid hydrolysis of 
lignocellulose, in the hydrolyzate was also investigated by NMR as shown in Fig. 3. According to Gunnarsson et al 
[18], concentrations between 0.15 g L-1 and 0.35 g L-1 of HMF do not impose an inhibitory effect in fermentations. 
HMF analysis performed in all hydrolyzates measured concentrations below 0.038 g L-1, which were approximately 
an order magnitude lower. 

 

3.2. Elemental analysis of OPW hydrolyzates through ICP-MS and investigation of cellulose production 

The production of cellulase by T. reesei was monitored for 6 days. Using to the FPU method, maximum 
production of enzymes was achieved following 5 days of cultivation (Fig. 4). Thus, the collection of cellulase was 
performed at the specific time point for OPW enzyme hydrolysis employed to study the release of elements from the 
waste. Hydrolyzates obtained from acid hydrolysis as well as a combination of acid and enzyme hydrolysis of OPW, 
were analyzed by ICP-MS for the presence of metal ions. During acid/enzyme hydrolysis, Mg2+ and Ca2+ ions were 
liberated at higher concentrations, as compared to acid hydrolysis (Figs. 5A,C). Mg2+ and Ca2+ ions serve as 
important cofactors for A. succinogenes fermentations. Ca2+ ions are necessary for preserving the fluidity and 
permeability of the cell membrane, thus facilitating energy and transfer regulation. Furthermore, apart from the 
positive influence of MgCO3 on succinic acid production, which needs to be supplemented in A. succinogenes 
fermentations for optimal performance, Mg+2 ions do not interrupt the stability of the membrane and cell 
flocculation is not observed [9]. 

A series of other metal ions were detected at lower concentrations in the hydrolyzates generated (Figs. 
5B,D). These elements could be important for succinic acid fermentations [19]. 

 

3.3. Fermentations 

3.3.1. Fermentation of commercial sugars to succinic acid 

The biomedium containing commercial sugars was supplemented with yeast extract and MgCO3 as 
described above. Glucose and fructose were fed in fermentations at 10 g L-1 (Figs. 6A,B), where the final 
concentration of succinic acid reached 3.26 g L-1 in fructose and 5 g L-1 in glucose fermentation respectively. The 
product yields calculated in these experiments correspond to 0.33 (gsuccinic acid gfructose

-1) and 0.57 (gsuccinic acid gglucose
-1) 

for fructose and glucose respectively, while galactose was not fermented by A. succinogenes. Apart from succinate, 
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acetic and formic acids were also formed as by-products in the processes, reaching final concentrations of 1.7 and 
3.62 g L-1 in fructose fermentations as well as 4.71 and 2.22 g L-1in glucose fermentations respectively. 

Furthermore, a batch culture was also performed in a 1 L bioreactor feeding glucose at a concentration of 
30 g L-1. The maximum concentration of succinic acid achieved was 17.11 g L-1 (data not shown) corresponding to a 
product yield of 0.66 gsuccinic acid gglucose

-1. The results obtained from this work are in agreement to the relevant 
literature, where succinic acid yields of 0.75 and 0.84 gsuccinic acid gglucose

-1 have been stated [9]. 

 

3.3.2. Succinic acid fermentation of OPW hydrolyzate 

The hydrolyzed OPW was supplemented with yeast extract and MgCO3 and fermented by A. succinogenes 
under anaerobic conditions. Succinic acid and total organic acids yields achieved in fermentations of OPW 
hyrolyzates are presented in Fig. 7A. The maximum succinic acid yield achieved was 0.88 gsuccinic acid ggtotal sugars

-1, 
which was obtained through fermentation of dilute-acid hydrolyzate obtained at 109 oC for 20 min with 10 % dry 
OPW. Furthermore, succinic acid yields of 0.77 gsuccinic acid gtotal sugars

-1 and 0.76 gsuccinic acid gtotal sugars
-1 were achieved by 

fermentation of dilute-acid hydrolyzate obtained at 116 oC for 10 min and 5 % (w/w) raw material as well as 109 oC 
for 20 min and 5 % (w/w) raw material respectively.  

According to the results obtained through NMR, fermentable sugars are liberated at higher concentrations 
in dilute-acid hydrolysis using 5 % (w/w) of dry OPW as compared to the use of 10 % (w/w) of dry OPW (Fig. 2B). 
Taking this into consideration, it is expected that a combination of enzyme and dilute-acid hydrolysis performed at 
109 oC for 20 min and 5 % (w/w) of dry OPW as well as 116 oC for 10 min and 5 % (w/w) of dry OPW would 
produce higher amounts of fermentable sugars, compared to the combination of the two pretreatment techniques at 
109 oC for 20 min and 10 % (w/w) of dry OPW. Therefore, future investigations of A. succinogenes fermentations 
on OPW hydrolyzates should employ the conditions mentioned above to increase succinic acid productivity. This 
assumption is also strengthened by the fact that less polysaccharide molecules will be present in a hydrolyzate 
obtained with a lower raw material concentration. Using a lower initial raw material concentration is beneficial for 
enzyme activity. The added enzymes would have to convert less polysaccharide molecules into fermentable sugars, 
thus resulting in higher efficiency for the process of enzymatic hydrolysis. This would ultimately lead to higher 
product yields, since the amount of soluble sugars produced in the hydrolyzate would correspond to a higher soluble 
sugar to raw material ratio (gsoluble sugar graw material

-1). 

A. succinogenes is predicted to be an industrially important microorganism because of its high efficiency in 
succinic acid production. Previous studies have shown the production of succinic acid through utilization of various 
carbon sources (Table 2). The results in this study demonstrate the ability of A. succinogenes to valorize OPW to 
succinic acid with high product yields (0.76 and 0.77 gsuccinic acid gtotal sugars

-1), as compared to the literature (0.115-1.02 
gsuccinic acid gtotal sugars

-1). However, the concentrations measured for succinic acid production via hydrolyzate 
fermentation were 6.13 g L-1 for 116 oC, 10 min and 5 % (w/w) of dry OPW as well as 6.17 g L-1 for 109 oC, 20 min 
and 5 % (w/w) of dry OPW (Fig. 7B). However, the low final product concentration achieved can be attributed to 
the lower initial concentrations of fermentable sugars in the hydrolyzates as compared to other raw materials in the 
literature. Optimization of OPW pretreatment conditions through a combination of acid and enzyme hydrolysis 
could lead to higher succinic acid concentrations and improved product yields.  

 

4. Conclusions  

In this work, a preliminary study for the development of an OPW biorefinery has been presented. 
Following extraction of essential oils and pectin, the residue was hydrolyzed to fermentable sugars and valorized 
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towards succinic acid production. The release of metal ions was enhanced with a combination of acid and enzyme 
hydrolysis. Furthermore, the release of fermentable sugars was maximized in dilute-acid hydrolysis at 109 oC for 20 
min and 10 % (w/w) of dry OPW, 109 oC for 20 min and 5 % (w/w) of dry OPW and 116 oC for 10 min and 5 % 
(w/w) of dry OPW. Similarly, the highest succinic acid production was achieved by fermenting the hydrolyzate 
obtained through dilute-acid hydrolysis at 109 oC for 20 min and 5 % (w/w) of dry OPW and 116 oC for 10 min and 
5 % (w/w) of dry OPW. The development of such a biorefinery for the valorization of OPW offers a sustainable and 
environmental friendly alternative to the current management techniques of orange peel waste. 

 

Acknowledgements 

We would like to thank KEAN Soft Drinks Ltd. for the provision of orange peel waste. 

 

References 

1. Marin, F. R., Soler-Rivas, A., Benavente-Garcia, O., Castillo, J., Perez-Alvarez, J. A.: By-products from 
different citrus processes as a source of customized functional fibres. Food Chem. 100, 736-741 (2007) 

2. Wilkins, M. R.: Effect of orange peel oil on ethanol production by Zymomonas mobilis. Biomas. Bioenerg. 
33, 538-541 (2009) 

3. Lopez, J. A. S., Li, Q., Thompson, I. P.: Biorefinery of waste orange peel. Crit. Rev. Biotechnol. 30(1), 63-
69 (2010) 

4. Wilkins, M. R., Widmer, W. W., Camero, R. G., Grohmann, K.: Effect of seasonal variation of enzymatic 
hydrolysis of Valencia orange peel waste. Proc. Fla. State Hort. Soc. 118, 419-422 (2005) 

5. Pourbafrani, M., Forgacs, G., Horvath, I. S., Niklasson, C., Taherzadeh, M. J.: Production of biofuels, 
limonene and pectin from citrus wastes. Bioresource Technol. 101, 4246-4250 (2010) 

6. Zheng, P., Fang, L., Xu, Y., Dong, J-J., Ni, Y., Sun, Z-H.: Succinic acid production from corn stover by 
simultaneous saccharification and fermentation using Actinobacillus succinogenes. Bioresource Technol. 
101, 7889-7894 (2010) 

7. Singhania, R. R., Sukumaran, R. K., Rajasree, K. P., Mathew, A., Gottumukkala, L., Pandey, A.: Properties 
of a major β-glucosidase-BGL1 from Aspergillus niger NII-08121 expressed differentially in response to 
carbon sources. Process Biochem. 46, 1521-1524 (2011) 

8. Bechthold, I., Bretz, K., Kabasci, S., Kopitzky, R., Springer, A.: Succinic acid: A new platform chemical 
for biobased polymers from renewable resources. Chem. Eng. Technol. 31(5), 647-654 (2008) 

9. Pateraki, C., Patsalou, M., Vlysidis, A., Kopsahelis, N., Webb, C., Koutinas, A., Koutinas, M.: 
Actinobacillus succinogenes: Advances on succinic acid production and prospectd for development on 
integrated biorefineries. (In Press) 

10. Jiang, M., Dai, W., Xi, Y., Wu, M., Kong, X., Ma, J., Zhang, M., Chen, K., Wei, P.: Succinic acid 
production from sucrose by Actinobacillus succinogenes NJ113. Bioresource Technol. 153, 327-332 (2014) 

11. Li, Q., Siles, J. A., Thompson, I. P.: Succinic acid production from orange peel and wheat straw by batch 
fermentations of Fibrobacter succinogenes S85. Appl. Micobiol. Biotechnol. 88, 671-678 (2010) 

12. Wilkins, M. R., Widmer, W. W., Grohmann, K., Cameron, R. G.: Hydrolysis of grapefruit peel waste with 
cellulose and pectinase enzymes. Bioresource Technol. 98, 1596-1601 (2007) 

13. Talebnia, F., Pourbafrani, M., Lundin, M., Taherzadeh, M. J.: Optimization study of citrus wastes 
saccharification by dilute-acid hydrolysis. Bioresources 3(1), 108-122 (2008) 

14. Grohmann, K., Cameron, R.G., Buslig, B.S.: Fractionation and pretreatment of orange peel by dilute acid 
hydrolysis. Bioresource Technol. 54, 129-141 (1995) 



8 
 

15. Faravash, R. S., Zokaee, F.: The effect of pH, ethanol volume and acid washing time on the yield of pectin 
extraction from peach pomace. Int. J. Food Sci. Technol. 42, 1177-1187 (2007) 

16. Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F.: Colorimetric method for determination of 
sugars and related substances. Anal. Chem. 28(3), 350-356 (1956) 

17. Ghose, T. K.: Measurement of cellulose activities. Pure Appl. Chem. 59(2), 257-268 (1987) 
18. Gunnarsson, I. B., Kuglarz, M., Karakashev, D., Angelidaki, I.: Thermochemical pretreatments for 

enhancing succinic acid production from industrial hemp (Cannabis sativa L.). Bioresource Technol. 182, 
58-66 (2015) 

19. Leduc, Y.A., Prasad, L., Laivenieks, M., Zeikus, J.G., Delbaere, L.T.J.: Structure of PEP carboxykinase 
from the succinate-producing Actinobacillus succinogenes: a new conserved active-site motif. Acta. Cryst. 
61, 903-912 (2005) 

20. Carvalho, M., Matos, M., Roca, C., Reis, M. A. M.: Succinic acid production from glycerol by 
Actinobacillus succinogenes using dimethylsulfoxide as electron acceptor. New biotechnol. 31, 133-139 
(2014) 

21. Dorado, M. P., Lin, S. K. C., Koutinas, A., Du, C., Wang, R., Webb, C.: Cereal-based biorefinery 
development: Utilization of wheat milling by-products for the production of succinic acid. J. Biotacnol. 
143, 51-59 (2009) 

22. Leung, C. C. J., Cheung, A. S. Y., Zhang, A. Y., Lam, K. F., Lin, C. S. K.: Utilisation of waste bread for 
fermentative succinic acid production. Biochem. Eng. J. 65, 10-15 (2012) 

23. Li, Q., Lei, J., Zhang, R., Li, J., Xing, J., Gao, F., Gong, F., Yan, X., Wang, D., Su, Z., Ma, G.: Efficient 
decolorization and deproteinization using uniform polymer microspheres in the succinic acid biorefinery 
from bio-waste cotton (Gossypium hirsutum) stalks. Bioresource Technol. 135, 604-609 (2013) 

24. Morales, M. A., Gunnarsson, I. B., Fotidis, I. A., Vasilakou, E., Lyberatos, G., Angelidaki, I.: Laminaria 
digitata as a potential carbon source for succinic acid and bioenergy production in a biorefineryu 
perspective. Algal. Research 9, 126-132 (2015) 

25. Chen, K., Zhang, H., Miao, Y., Wei, P., Chen, J.: Simultaneous saccharification and fermentation of acid-
pretreated rapeseed meal for succinic acid production using Actinobacillus succinogenes. Enz. Microb. 
Technol. 48, 339-344 (2011) 

26. Wan, C., Li, Y., Shahbazi, A., Xiu, S.: Succinic acid production from cheese whey using Actinobacillus 
succinogenes 130Z. Appl. Biochem. Biotechnol. 145, 111-119 (2008) 

  



9 
 

Figure Captions 

Fig. 1. Proposed block flow diagram for succinic acid production 
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Fig. 2. Yield of sugars obtained from acid hydrolysis. (A) Phenol-sulfuric acid and (B) NMR methods detection 
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Fig. 3. Concentration of HMF in dilute-acid hydrolyzates 
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Fig. 4. Production of cellulase by T. reesei 
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Fig. 5. Concentration of metal ions generated using dilute-acid hydrolysis (A,B) and a combination of acid and 
enzyme hydrolysis (C,D) 
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Fig. 6. Production of organic acids in batch fermentations of A. succinogenes with (A) glucose and (B) fructose 
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Fig. 7. Product yields (A) and final succinic acid concentrations (B) achieved in dilute-acid hydrolyzates 
fermentations 
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Tables  

Table 1. Dilute-acid hydrolysis conditions 

Temperature 
[oC] 

Reaction Time 
[min] 

% (w/v) dry raw 
material 

109 10 5 
109 20 5 
109 10 10 
109 20 10 
116 10 5 
116 20 5 
116 10 10 
116 20 10 

 

Table 2. Succinic acid bio-production in fermentations utilizing different raw materials 

Raw 
material 

Nitrogen source Gas supply, Fermentation, 

Total volume, Working volume 

Succinic 
acid 

[g L-1] 

Y 

[gSAgts
-1] 

Reference 

Glycerol YE (10 g L-1) Anaerobic, fed-batch, bio-reactor 2 L, 
1.5 L 

49.62 0.64 [20] 

Wheat 
hydrolyzate 

YE (5 g L-1) / 
Vit 

Anaerobic, batch, bioreactor 1.8 L, 0.5 L 62.1 1.02 [21] 

Bread 
hydrolyzate 

BH (200 mg/L 
FAN) 

Anaerobic, batch, bio-reactor 2.5 L, n.d. 47.3 n.d. [22] 

Cotton stalk 
hydrolyzate 

YE (30 g L-1) / 
Urea (2 g L-1) 

Anaerobic, batch SSF, flasks 500 mL, 
n.d. 

63 0.64 [23] 

Macroalgal 
hydrolyzate 

YE (16.7 g L-1) Anaerobic, batch, bio-reactor 3 L, 1.5 L 33.78 0.63 [24] 

Rapeseed 
meal 

YE (15 g L-1) Anaerobic, fed-batch SSF*, bio-reactor 
3 L, 1.2 L 

23.4 0.115 [25] 

Whey YE (5 g L-1) / 
Pep (10 g L-1) 

Anaerobic,batch, bio-reactor 2.5L, 1.2L 22.2 0.57 [26] 

Dilute-acid 
hydrolyzate 

of OPW 

ΥΕ (5 g L-1) Anaerobic, batch, bottles 100mL, 
100mL 

6.17 and 
6.13 

0.76 and 
0.77 

Current study 

YE: yeast extract, Vit: vitamins, BH: bread hydrolyzate, Pep: peptone 

*Simultaneous saccharification and fermentation 


