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Application of nanofi ltration in the process of the separation of model 
fermentation broths components
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The effectiveness of nanofi ltration with the use of ceramic membranes in the process of concentration and separa-
tion of fumaric acid or succinic acid from glycerol and citric acid from erythritol was evaluated. It was found that 
the retention of sodium salts of the acids investigated increased strongly with increasing the pH of the feed solu-
tion (depending on the degree of dissociation), while the retention degrees of di- and tricarboxylic acids, erythritol 
or glycerol were lower than 2%, irrespective of the initial concentration of the solution to be fi ltered. The results 
obtained showed that nanofi ltration can be considered as one of the purifi cation steps in the process of recovery 
of salts of organic acids from fermentation broth.

Keywords: nanofi ltration, ceramic membrane, fumaric acid, succinic acid, erythritol, glycerol.

INTRODUCTION

Development and improvement of biotechnological 
processes and preference for low-waste technologies have 
stimulated much interest in the fermentation processes. In 
many cases bioconversion is a safer and more cost-effecti-
ve alternative to the production of chemicals. Moreover, a 
biosynthetic process usually takes place in milder conditions 
than traditional chemical synthesis and also requires less 
energy. Biocatalysts and reactants of biosynthesis (substra-
tes, intermediates and fi nal products) are biodegradable. 
In most biotechnological processes water is used as the 
solvent, which makes a great difference between bioco-
nversion and chemical conversion in which biodegradable 
toxic chemicals and catalysts are generally used. Although 
biotechnological processes have many advantages, they are 
not free from drawbacks, of which the most important is 
the problem of purity of the fi nal product. However, this 
problem can be successfully solved by suitable purifi ca-
tion techniques of the reactive mixture. There are many 
methods proposed for the separation and concentration of 
low molecular weight organic compounds from fermentation 
broths, they include crystallization, precipitation, distilla-
tion, liquid-liquid extraction, ion exchange1–3. Alternative 
to the traditional methods of purifi cation are membrane 
techniques, for example nanofi ltration, which is the subject 
of the study presented. 

It is expected that the signifi cance of biodiesel and thus 
its use will soon increase not only in Poland but globally. 
The raw materials for its production are primarily vegetable 
oils, but also the fraction of fatty waste, waste fats and 
substances containing triglycerides. Currently, the most 
important raw materials for the production of biofuels are 
rapeseed oil and soybean oil4. In the biodiesel production 
process, signifi cant amounts of by-products are generated, 
including (in the most quantity) glycerol phase in amounts 
not less than 12% relative to the esters obtained. This phase 
contains mainly glycerol (propane-1,2,3-triol) (50–60%), 
methanol, mono-, diacylglycerols, free fatty acids and soaps. 
Management of this waste could contribute to a signifi cant 
reduction of fuel prices. Utilization of waste glycerol by 
microbial bioconversion seems to be most favorable both 
from the economic and environmental points of view. By 

using appropriate microbial fermentation of glycerol it is 
possible to obtain commercially useful metabolites, such 
as carboxylic acids (e.g., fumaric acid – (E)-butenedioic 
acid, succinic acid – butanedioic acid), polyols (e.g. pro-
pane-1,3-diol) or sugar alcohols (e.g. erythritol – (2R,3R)-
-butane-1,2,3,4-tetraol). Bioconversion of glycerol is also 
used for the production of microbial fat, biosurfactants, 
amino acids: L-lysine and L-glutamine, pigments such 
as astaxanthin or prodigiosin and polyhydroxyalkanoates 
(PHA) – exemplary of biodegradable polymer5, 6.

The paper reports on the possibility of separation of 
selected components of the model fermentation broths after 
conversion of glycerol in the process of nanofi ltration with 
the use of ceramic membranes. The effect of concentration 
and pH is taken into account.

EXPERIMENTAL PART

Materials
The model solutions of the individual components of 

the fermentation broth (fumaric acid, succinic acid, citric 
acid, erythritol, glycerol, Sigma-Aldrich) and solutions 
containing a mixture of dicarboxylic acids with glycerol, 
and tricarboxylic acid with erythritol were studied. Na-
nofi ltration was carried out without adjusting the pH of 
the solutions, and for the solutions with a pH corrected 
by addition of sodium hydroxide (POCH SA).

Experiment and operating conditions
Two nanofi ltration modules were used in this study: 

laboratory scale: Spirlab cross-fl ow module (Tami Indu-
stries) and pilot scale (Intermasz). The parameters of 
these modules and membranes, given by the producers, 
are presented in Table 1. The experiments were perfor-
med with recycling of the retentate into the feed vessel 
and collecting the permeate solution into a permeate 
test-tube. 

After each experiment, the membrane was washed  
with a view to recovering its initial permeability with the 
following procedure: i) washing with water (3–5 minutes 
at 30–50°C), ii) alkaline bath – about 2% strength sodium 
hydroxide (15–45 minutes at 70–80°C), iii) washing with Brought to you by | University of Science and Technology Bydgoszcz/ Biblioteka Glowna Uniwersytetu
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water (3–5 minutes at 40–50°C), iv) washing with water 
(3–5 minutes at 25–50°C) until the pH neutralization, v) 
acid bath – about 1% aqueous phosphoric acid (5–10 
minutes at 50°C), vi) washing with water (3–5 minutes 
at 20–50°C), vii) washing with water (3–5 minutes at 
20–50°C) until the pH neutralization. Moreover, prior 
to each fi ltration process the membrane was re-fi ltered 
with deionized water over 30 minutes and the permeate 
fl ux was then checked and compared with the initial one. 
Usually, there were no apparent differences between 
these fl uxes.

Analysis
The concentration of fumaric acid and its sodium salt 

was determined using polarograph 797 VA Computrace 
(Metrohm)7. Other components were determined using 
the reversed-phase high performance liquid chromato-
graphy (HPLC). The HPLC system consisted of an LKB 
BROMMA 2150 solvent pump with a SSI LO-Pulse 
Damper, a Waters 517 Plus autosampler and a RIDK-
102 refractometric detector. A Chromeleon (Gynkotek) 
integration system was used for data acquisition. The 
column used was a Rezex ROA – Organic Acid H+ 
(Phenomenex), 150 mm x 7.8 mm stainless steel analytical 
column with 8 m particle size. The mobile phase was 
water containing 5 mM of sulfuric acid. The separation 
was carried out by isocratic elution with a fl ow rate of 
0.5 ml · min–1. All samples were acidifi ed using the fi ve 
times diluted sulfuric acid (200 l per 2 ml sample).

RESULTS AND DISCUSSION

In the fi rst stage of this study, the retention of individual 
components in the process of nanofi ltration with ceramic 
membrane module was examined. The results showed that 
glycerol, fumaric acid, succinic acid, citric acid and ery-
thritol were not retained in the nanofi ltration process of 
aqueous solutions of these compounds, irrespective of the 
initial concentration used in the feed solution. No pH 
adjustment was made, so it was about 3 for the solutions 
of carboxylic acids and about 7 for the aqueous solutions 
of glycerol or erythritol. The retention of individual compo-
nents did not exceed 2%. As follows from a comparison 
of the size of the molecule studied and the membrane 
cut off, these compounds must have had poor retention 
by the membranes investigated.

Because of the negative results of separation another 
approach was taken. Organic acids are in general weak 

and undergo dissociation at high pH. As the retention 
of weak acids and bases is highly dependent on pH, 
their retention in the NF process should be greater in 
the ionised form. It was found that the degree of retention 
of acids investigated signifi cantly increased with increasing  
the pH of the solution. The effect observed can probably 
be explained by the increase in electrostatic interaction 
(repulsion) between the ionized form of acids and the 
surface charge of membrane’s material. Van der Bruggen 
et al.8 reported that only the rejection of negatively 
charged organic solutes with a molecular size close to 
the pore size of a nanofi ltration membrane is driven 
more by sieving than electrostatic repulsion. The results 
of nanofi ltration process of aqueous solutions of fumaric 
acid are shown in Fig. 1. According to them the rejection 
of fumaric acid changed from 1.5 to 98% over pH va-
riation in the range 3–11, implying that the separation 
mechanism of fumaric acid by the ceramic membrane 
may involve only electrostatic repulsion because of the 
molecular size much smaller than the cut off of the 
membrane used. A similar relationship was observed by 
Choi et al.9 during the separation of formic acid in the 
nanofi ltration by polyamide membrane.

Figure 1. Retention of fumaric acid or sodium fumarate 
solution in different concentration and various pH 
(laboratory scale module)

Table 2. Retention of sodium salts of succinic acid, pH = 11

Table 1. The parameters of modules and membranes

The retention of sodium fumarate also depends on the 
initial concentration. Higher values of retention were ob-
served at lower concentration. A similar relationship was 
observed for the other sodium salts of acids investigated. 
It is particularly evident in Table 2 which shows the results 
of fi ltration of aqueous solutions of succinic acid sodium 
salt, at pH 11 and for concentrations varied from 0.5 to 
30 g/L. With increasing the initial concentrations of sodium 
succinate, the degree of retention decreases from 40% to 
about 2.5%. The lower retention at higher concentration 
of sodium salts of carboxylic acids could be explained 
by the transfer of charged solute which depends on a 
combination of steric hindrance effects and electrostatic 
interactions (interaction, attraction or repulsion forces, 
between the charged solute and fi xed charge on the mem-
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brane surface)10. At low concentrations, the electrostatic 
repulsions are dominant. At higher salt concentrations, 
the electrostatic repulsions become weaker and the salt 
retention decreases. It is called “the screening effect”. 
Moreover, at high concentrations the effect of concen-
tration polarization is important.

There are no signifi cant differences in the retention for 
other components of model fermentation broth - glycerol and 
erythritol – with increasing the pH of the aqueous solution. 
For example, the average retention of erythritol at pH 11 
does not exceed 2% (Table 3). Generally, the retention of 
uncharged solute, as glycerol or erythritol, only results 
from the steric-hindrance effect, which is determined by 
the hydrodynamic radius of the solute (Stokes radius) 
and the mean pore size of the membrane11.

higher, almost the whole amount of glycerol permeated 
through the membrane and the two dicarboxylic acids in the 
form of their salts were retained in the nanofi ltration pro-
cess. As follows, the separation of glycerol from sodium 
fumarate or succinate is expected. It is not possible to 
separate directly dicarboxylic acids from glycerol. Citric 
acid as well as both dicarboxylic acids tested, could be re-
tained in the nanofi ltration at high pH, thus in the ionised 
form. Moreover as mentioned above, the retention of 
erythritol does not exceed 2%, irrespective of pH. Thus, 
nanofi ltration process could be used to separate erythritol 
from sodium citrate.

According to the results, there is a slight reduction in the 
degree of retention of fumaric acid in the presence of glycerol 
in the mixture fi ltrated, at the next stage of the study the 
impact of addition of other substances (inorganic salt, other 
carboxylic acids) on the NF membrane separation capacity 
was examined. Figure 3 shows the results of retention of 
fumaric acid in the multicomponent solution. The compo-
sition of the solutions studied is shown in Table 4. Based 
on the results obtained, it was found that the retention 
of sodium fumarate by the ceramic membrane was lower 
for the ternary model solution containing acetic acid 
(mixture 4) than the degree of the retention of sodium 
fumarate in the case of NF separation of  mixture 
with glycerol and citric acid (mixture 5) at the same 
concentration of fumaric acid and pH. This effect can 
be explained by a different structure of these acids and 
their molecular size, i.e. citric acid has three carboxylic 
groups, while acetic acid only one. As shown, fumaric 
acid can be effectively concentrated in the nanofi ltration 
process on the module with a ceramic membrane.

CONCLUSIONS

The retention of a neutral solute such as glycerol, 
erythritol or carboxylic acids is mainly due to the steric 

Table 3. Retention of erythritol, pH = 11

Table 4. Composition of the solutions tested (pH = 11)

Figure 2. Comparison of the degree of retention of sodium 
fumarate: grey bar – aqueous solution of sodium 
fumarate (c = 0.0025 g/L), black bar – binary mixture 
of sodium fumarate (c = 0.0025 g/L) and glycerol 
(c = 2.5 g/L), depending on the pH (laboratory scale 
module)

Figure 3. Retention of fumaric acid in its sodium salt form in 
the model fermentation broths (pilot scale module)

In the next step of the study, a possibility of the sepa-
ration of low molecular weight compounds from binary 
model aqueous solutions mixture was studied. Three types 
of mixtures were considered: i. succinic acid and glycerol, 
ii. fumaric acid and glycerol, iii. erythritol and citric acid. 
It was found that the addition of glycerol to the aqueous 
solution of dicarboxylic acids or their salts causes a slight 
decrease in the retention of acids or their salts in the 
case of the laboratory scale module. The exemplary results 
for a mixture of fumaric acid and glycerol are shown in 
Figure 2. A similar relationship was observed for a mixture 
of glycerol and succinic acid. However, as the pH was 
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effect which follows from the ratio of the solute to the 
pore radii. The transfer of a charged solute (sodium salts 
of acids investigated) results from a combination of the 
steric effect and electrostatic interactions. 

The results obtained indicate that the nanofi ltration process 
with ceramic membranes can be applied to concentrate 
fumaric acid, succinic or citric acid from aqueous solutions 
under the following conditions - low initial concentrations of 
these acids and the pH above the acid dissociation constants. 

Because glycerol is not retained in the nanofi ltration 
process, it can be separated from the fermentation broth, 
e.g. from fumaric acid or succinic acid in the form of 
their salts. In the studies of separation from a fermentation 
broth containing erythritol and citric acid, it was found 
that erythritol permeated through the membrane while the 
citric acid in the form of its sodium salt was rejected. A 
nanofi ltration process may therefore be proposed as one of 
the purifi cation steps of the fermentation broth. 

Acknowledgements
This research was supported by the project „Biotechno-

logical conversion of glycerol to polyols and dicarboxylic 
acids”, implemented within the Operational Programme 
– Innovative Economy, 2007–2013, co-fi nanced by the 
European Union. Contract: POIG 01.01.02-00-074/09.

The authors thank Ms J. Kubczak and A. Wójkiewicz 
for their assistance in carrying out part of the experi-
mental measurements.

LITERATURE CITED
1. Kumar, S. & Babu, B.V. (2008). Process Intensifi cation 

for Separation of Carboxylic Acids from Fermentation Broths 
using Reactive Extraction. J. Future Eng.&Technol. 3, 21–28.

2. Li, Q., Wang, D., Wu, W., Li, Y., Zhang, Y., Xing, J. 
& Su, Z. (2010). One step recovery of succinic acid from 
fermentation broths by crystallization. Sep. Purif. Technol. 71, 
294–300. DOI: 10.1016/j.seppur.2010.02.021.

3. Davison, B.H., Nghiem, N.P. & Richardson, G.L. (2004). 
Succinic acid adsorption from fermentation broth and regene-
ration. Appl. Biochem.&Biotech. 113–116, 653–669.

4. Sulewski, M. & Urbaniak, W. (2011). Zagospodarowanie 
ubocznych produktów syntezy biodiesla (Management of by-
products from biodiesel synthesis; in Polish). Czysta Energia. 
6, 27–28.

5. Meler, A., Klugmann-Radziemska, E. & Ciunel, K. (2011). 
Zagospodarownanie fazy glicerynowej z produkcji biopaliw 
(Management of glicerol phase from biofuels production; in 
Polish). Archiwum Gospodarki Odpadami i Ochrony Środowi-
ska. 13, 1–20

6. Clomburg, J.M. & Gonzalez, R. (2013). Anaerobic fer-
mentation of glycerol: a platform for renewable fuels and 
chemicals. Trends in Biotechnology. 31, 20–28. DOI: 10.1016/j.
tibtech.2012.10.006.

7. Polarographic determination of maleic and fumaric acid 
alone or in mixtures, http://products.metrohm.com/method/
industry/organic-chemistry-1/prod-AB-179.aspx

8. Van der Bruggen, B., Schaep, J., Wilms, D. & Vandecaste-
ele, C. (1999). Infl uence of molecular size, polarity and change 
on the retention of organic molecules by nanofi ltration. J. Mem-
brane Sci. 156, 29–41. DOI: 10.1016/S0376-7388(98)00326-3. 

9. Choi, J.H., Fukushi, K. & Yamamoto, K. (2008). A stu-
dy on the removal of organic acids from wastewaters using 
nanofi ltration membranes. Sep. Purif. Technol. 59, 17–25. 
DOI: 10.1016/j.seppur.2007.05.021.

10. Kang, S.H., Chang, Y.K. & Chang, H.N. (2004). Recovery 
of ammonium lactate and removal of hardness from fermen-

tation broth by nanofi ltration. Biotechnol. Prog. 20, 764–770. 
DOI: 10.1021/bp030037y.

11. Pontalier, P.Y., Ismail, A. & Ghoul, M. (1997). Mecha-
nisms for the selective rejection of solutes in nanofi ltration 
membranes. Sep. Purif. Technol. 12, 175–181. DOI: 10.1016/
S1383-5866(97)00047-6 .

Brought to you by | University of Science and Technology Bydgoszcz/ Biblioteka Glowna Uniwersytetu
Authenticated

Download Date | 6/14/19 11:20 AM


