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The application of ultrafiltration for separation of glycerol solution fermented

by bacteria
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A biotechnological synthesis generated a fermentation broth containing the dissociated forms of organic
compounds and residual mineral salts. An effective method of selective removal of the ionic species
and organic compounds from solutions comprises nanofiltration and reverse osmosis. Ultrafiltration
(UF) was used in this work as a pre-treatment method for the preparation of feed for these processes.
The UF study was carried out with a real broth, which was obtained using Citrobacter freundii bacteria
for the fermentation of glycerol solutions, resulting in the UF permeate with turbidity below 0.1 NTU.
However, a significant decline of the permeate flux was observed during the UF process. The influence
of the transmembrane pressure on the fouling intensity of used ceramic membranes was investigated.
A periodical membrane cleaning was carried out by rinsing with water and a 1 wt % solution of sodium
hydroxide. The applied cleaning procedures permitted to restore the initial permeate flux.
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INTRODUCTION

During the production of biodiesel, is generated a lar-
ge amount of raw glycerol as a by-product comprising
10 wt% of fuel production’. The usage of crude glycerol
as a substrate for biotechnological synthesis of different
organic compounds (such as 1,3-propanediol) has been
proposed in several works'®. The fermentation process
generates a broth containing the dissociated and non-
-dissociated forms of metabolites and residual mineral
salts (nutrients). Various unit operations are required
for the purification, concentration, and the separation
of organic compounds from the fermentation broth®*!.
The methods used for the separation of 1,3-propanediol
from fermentation broth based on the following stages:
removal of biomass, removal of proteins, concentration
of broth, and the separation of 1,3-propanediol by silica
gel chromatography, were also presented'?. With regard
to a complex composition of the broth, the applied sepa-
ration methods require a multi-stage operation, and the
membrane processes constitute their important element.
The nanofiltration (NF) and reverse osmosis (RO) has
been successfully used for the separation of compounds
present in the broth™ ™, Due to a high turbidity of the
broth, resulting from the content of microorganisms, the
separation of this broth cannot be directly performed with
the use of spiral-wound membrane modules, therefore,
the broth should be subjected to the pre-treatment. The
mirco- and ultrafiltration processes can be used for this
purpose™® 3,

Ultrafiltration (UF) is a low-pressure membrane tech-
nique (0.1-0.7 MPa) in which the separation of dissolved
matter depends on their dimensions and the molecular
weight. The UF process is widely used in many industrial
applications. In the food industry, this process can be used
to replace the conventional concentration, separation and
purification methods'® . Moreover, the UF process is
also proposed for the removal of high-molecular organic
compounds from natural waters, e.g. the substances cau-
sing their colour and the turbidity. Ultrafiltration is also
an effective method for the separation of bioproducts
and microorganisms from fermentation broths'®.

Ultrafiltration and microfiltration were found to be the
best pre-treatment methods for the removal from the feed
the majority of the potential constituents responsible for
the membrane fouling such as particles, colloids, bacteria
and large molecular weight organic matters'>'8, These
clarification membrane processes also significantly reduce
the silt density index to a level below 3%. Several works
confirmed the effectiveness of application of the MF/UF
integrated systems for seawater pre-treatment for water
desalination by reverse osmosis. Although UF and MF
processes are always protected by the use of a screen
(50-500 wm) and sometimes by upstream coagulation
and other chemical processes, a flux decrease up to 50%
(and larger) during a long-term treatment of natural wa-
ters was observed. The broths have several times larger
fouling impact in comparison to the surface water and
seawater, therefore, the effective membranes cleaning
methods could be used in the case of UF integrated
with bioreactor™ ¥,

A cleaning operation is not completely efficient or
may be aggressive for the membranes; hence, their
performance undergo deterioration more or less quickly
over the operational cycles. A frequent cleaning of the
membranes may be costly (large energy and water con-
sumption, excessive duration, effluent production) and
could damage the membrane material, which results in
reduced membrane lifetime and the selectivity®.

The ceramic membranes exhibit a high chemical and
thermal resistance, which allows to perform the cleaning
operation with acids and alkaline solutions at elevated
temperature'® 2!, For these reasons, they found the
application in the food industry, where the membranes
have to be cleaned at least once a day in most cases for
the recovery of the separation performances. Due to
a high mechanical resistance of the ceramic membranes,
during their exploitation can be used high operation
pressures' 22, The chemical cleaning is usually carried
out at a lower transmembrane pressure (TMP) than
that used during the ultrafiltration operation. Under
these conditions a compressible fouling layer is relaxed
and an additional irreversible fouling originating from
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a high-applied TMP can be mitigated or eliminated.
Several researchers reported that the cleaning time has
a beneficial effect on the flux recovery”. When NaOH
solutions were used for cleaning of the ceramic mem-
branes, obtained data indicated that the removal of the
main part of the fouling resistance took place within the
first few minutes of cleaning (up to 12 min)*. Although
the flow rate has an advantageous impact since the
mechanical and chemical effects add up, its influence
is lower than expected in UF. A rinsing efficiency of
ceramic UF membrane fouled with proteins was found
to be independent for flow rate between 2 and 6 m/s®.

The major limitation in the effective application of
membranes is a continuous decline of their yield caused
by the accumulation of contaminants on the membrane
surface or within the pores. A decrease of the membrane
yield during the ultrafiltration process of macromolecu-
les depends primarily on the interaction of separated
molecules with the membrane, and is associated with
the properties of material used for manufacture of UF
membranes. Moreover, these interactions are affected by
the composition of feeding solution and the process con-
ditions (TMP, feed concentration, cross-flow velocity)'> .

A number of presented works have a major drawback
associated with the use of a model fermentation broths
(containing e.g.: 1,3-propanediol, glycerol, glucose, and
also in some cases a few other byproducts) for the eva-
luation of UF process performance. Therefore, the real
broth was used as a feed for UF study. The ultrafiltration
effectiveness in the broth separation was evaluated in
this work by a comparison of the feed and permeate
turbidity. The efficiency of alkaline chemical cleaning
of the membranes was also determined.

EXPERIMENTAL

The real post-fermentation solutions were used as
a feed for UF process with the ceramic membrane. The
glycerol fermentation was carried out using Citrobacter
freundii bacteria (isolated and characterized in Depart-
ment of Biotechnology and Food Microbiology, Poznan
University of Life Science, Poland), at temperature
300 K. A prepared broth contained per liter: glycerol
20 g, yeast extract 2 g, meat extract 1.5 g, peptone K
2.5 g, K,HPO,3H,0 3.4 g, KH,PO,1.3 g, MgSO,-7H,O
0.4 g, (NH,),50,2 g, CaCl,.2H,0 0.1 g and CoCl,-6H,0O
0.004 g. After sterilization, the medium was inoculated
with bacteria in a lag phase (10% vv.) and incubated for
2 days. After this period, the fermented broth (4 L) was
subjected to the separation by ultrafiltration.

A biomass concentration was estimated by measuring
the weight of wet biomass present in 0.1 L of broth
(6000 rpm, centrifuge MPW-350R, Med-Instruments,
USA). Additionally, a series of broths dilution was
prepared in a NaCl solution (0.9%) and the obtained
samples were placed on the MRS agar (BTL, Poland).
The plates were incubated for 24 h at 303 K and the
colony-forming units (CFU s/ml) were then counted.
This experiment was verified three times. A statistical
significance of the differences in daily growth rates was
evaluated with one-way ANOVA test at p < 0.05.

The ultrafiltration process was carried out in a pilot
plant schematically shown in Fig. 1. The stainless-steel
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Figure 1. Experimental set-up for NF process. 1 — UF module,
2 — measuring cylinder, 3 — heat exchanger, 4 -
controler of temperature and flow rate, 5 — pump,
6 — rotameter, 7 — feed tank, 8 — heater, P — ma-
nometer

ASI 316 was used as a construction material. A single-
-channel (diameter 0.006 m) UF ceramic membrane
(8 kD and the membrane area equal to 3.8 - 10~ m?)
manufactured by TAMI (France) was used. The process
was carried out at a temperature of 308 K, and under
TMP pressure in the range of 0.1-0.25 MPa for 10-12 h/
per day. The process temperature was controlled (1 K)
and stabilized by a cooling/heating system (Fig. 1). When
the temperature of the circulating liquid exceeded the
set value, the cooling system was started and the tem-
perature decreased. The volume of feed tank was 4 L.
The experiments were carried out using the feed flows in
the range of 350-750 L/h, what corresponds to the flow
velocity tangential to the membrane surface of 3.64-6.8
m/s, respectively. The rotameters were used for the me-
asurements of flow rates. The actual values of maximal
permeate flux were determined using the distilled water
as a reference solution. After completing the studies of
UF process, the pilot plant was subjected to the chemical
cleaning. The cleaning procedure was as follows: rinsing
the installation with distilled water (10 min), washing
with a 1 wt % solution of sodium hydroxide for 5 min,
followed by rinsing with water for 5 min.

The determination of separated solution compositions
was performed using a high-performance liquid chro-
matograph HPLC UlitiMate 3000 (Dionex, USA) with
refractometer detector RI-101 (Shodex) and column Hy-
perREZ XP H (Thermo Scientific, USA), through which
a H,SO, solution (0.005M) was flowing (0.6 ml/min).

The hydraulic resistance appearing during the filtration
can quantify the membrane fouling, and cleaning can be
specified by the removal of this resistance. The resistance
is due to the formation of a cake or gel layer on the
membrane surface. The Darcy’s law can by used for the
description of the permeate flux through the cake layer
and the membrane:

AP

= u®, R W

wh ere AP is the transmembrane pressure (driving force),
u is viscosity of the fluid and R, and R, is the membrane
and the fouling layer resistances, respectively. The feed
viscosity was 0.94 cP, whereas that of the permeate was



0.86 cP (BROOKFIELD viscometer DV-II+Pro with
UL Adapter).
The membrane resistance (R,,) can be estimated from

the initial water flux, determined for clean membrane:
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RESULTS AND DISCUSSION

The permeate flux obtained during broths filtration
was significantly lower than that for pure water, due to
the deposition of foulants on the membrane surface?2*.
Although the permeate flux was initially high, a rapid
flux decline was observed during the first 100-200 min
of UF process duration (Fig. 2). Finally, the flux reached
a quazi-stabilization level for the next 600 min. During
the stabilization period the feed volume was reduced
over two-fold, thus the flux decline observed at initial
200 min was not due to increased concentration of the
feed. The initial concentration of the broths used in the
studies amounted to 5-10 g/L. of wet biomass and was
increasing to 25-34 g/L in the obtained retentates. The
concentration of Citrobacter freundii bacteria amounted
to 9.16-11 log CFU/ml, and was slightly higher in the
obtained retentates.
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Figure 2. The influence of process time and the transmembrane
pressure on the UF permeate flux. Feed flow rate
350 L/h

Most probably, the mechanism of cake layer formation
has a dominant effect on the flux decline. As can be seen
from Fig. 2, the values of used TMP have a significant
influence on a level of flux stabilization. The permeate
flux increased along with increasing TMP and as a result,
the amount of biomass retained at the membrane surface
was also increased, causing a decrease in the permeate
flux along with feed flow rate decrease. Moreover,
an increase in the transmembrane pressure results in
a compression of the deposited layer on the membrane
surface®. As a result, the flux was no longer increased
with the TMP (limiting flux). For the studied case (feed
flow rate 350 L/h) this phenomenon was observed for
TMP in the range of 0.2-0.25 MPa (Fig. 2).

The fouling phenomenon in UF process is strongly
affected by the diffusion and convection mechanisms'® '8,
An increase in the cross-flow velocity, which is associa-

Pol. J. Chem. Tech., Vol. 15, No. 3, 2013 117

ted with an increase in the shear rate, also enhances
the mass transfer of foulants in the fouling layer to the
bulk solution, and it was confirmed by obtained results
presented in Fig. 3. Although the turbulent conditions
were obtained (Re = 15 000 — 30 000) for all flow ra-
tes used (350, 500 and 750 L/h), the permeate flux was
decreasing according to a decrease in the feed flow rate.
A high flow rate provides turbulence, which causes an
increase in mass transfer, and can limit the fouling in-
tensity. The foulants transport from the fouling layer to
the bulk solution is also controlled by the transmembrane
pressure. Due to TMP increase, the larger amounts of
foulants were accumulated at the membrane surface,
therefore, a greater influence of the flow rate (shear
rate) was observed for the TMP equal to 0.25 MPa,
than that for 0.2 MPa (Fig. 3).
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Figure 3. The influence of the transmembrane pressure and
feed flow rate on the permeate flux during UF
process of broths with Citrobacter freundii bacteria

The measurements of feed and permeate turbidity
demonstrated a high degree of retention of suspended
matter by used UF membrane (Fig. 4). Depending on the
initial feed concentration and a value of TMP (permeate
flux), the concentration of feed proceeded with different
rate and the NTU value of the feed was changed in
the range from 200 to 1300 NTU. The permeate with
turbidity stabilized at a level of 0.1 NTU was obtained
in each of these cases. During the first 20-50 minutes
of UF process, the permeate turbidity was a tree-five
times higher, and the stabilization time to achieve
a value of 0.1 NTU decreased along with increasing
TMP. This indicates that a fouling layer formed on the
membrane surface improved the separation effectiveness.
The filtrate obtained in the UF process with such a low
turbidity can be successfully used for feeding of NF or
RO spiral-wound modules’.

The feed and permeate composition was presented in
Table 1. The UF membranes separated only the high
molecular compounds. The molecular weight of used
substrates and obtained fermentation products was below
300 g/mol, therefore, their concentrations in the feed
and UF permeate was similar.

The membrane permeability decreases during the
module exploitation; therefore, a periodical membrane
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Table 1. The changes of feed and permeate composition during the UF process

Component Broth Feed Permeate Feed Permeate t = 3 h Feed Permeate
P t=1h t=1h t=3h t=4h t=4h
Citric acid 2.55 2.55 2.49 2.66 2.54 2.51 2.56
Succinic acid 0.37 0.38 0.37 0.36 0.36 0.36 0.36
Lactic acid 1.40 1.44 1.46 1.40 1.39 1.40 1.42
Glicerol 1.53 1.55 1.54 1.59 1.55 1.54 1.54
Acetic acid 0.72 0.73 0.72 0.71 0.71 0.71 0.71
1,3-PD 3.45 3.65 3.66 3.66 3.62 3.63 3.63
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Figure 4. The influence of process time and the transmembra-
ne pressure on the turbidity of feed and permeate.
F - feed , P — permeate. Feed flow rate 350 L/h

cleaning should be applied. The fouling may be reversible
or irreversible, the latter causing a permanent change in
the membrane performance, thus the cleaning operation
aims to remove all foulants either by physical, chemical
or biochemical means'®?" %2 With regard to chemical
cleaning, there is no interest to increase the cleaning
time beyond 20 min, due to a plausible re-deposition (or
re-fouling) process'®. When the rinsing time of module
with a NaOH solution was shortened to 5 min, the pre-
liminary studies demonstrated that similarly good results
of cleaning were obtained as in the case of longer times
(10 and 20 min). For this reason, the time of chemical
cleaning amounting 5 min was used in further studies.
A module rinsing was performed after each cycle of
the separation of fermentation broth, and the obtained
results were presented in Fig. 5. Irrespective of the TMP
applied and the obtained final concentration of the feed
(Fig. 4), the initial yield of UF module was restored by
the application of membrane cleaning with a 1 wt.%
NaOH solution for 5 min. Moreover, the efficiencies
higher than 100% after the membrane cleaning were
obtained after 56 h of UF process. This may be a result
of membrane damage associated with the formation of
some large pores or tracks. The results of this work
demonstrate that the end users should pay attention to
a membrane specification.

Another explanation for cleaning efficiencies higher
than 100% is based on the membrane hydrophilicity.
A membrane characteristic, including its hydrophilicity,
may be changed when the membrane is subjected to the
action of various chemicals during the cleaning process.
If the membrane is altered to operate in a more hydro-
philic media, a higher flux can be expected.

The changes of membrane resistance during the dif-
ferent stages of UF study were presented in Fig. 6. The
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Figure 5. A comparison of the permeate flux (water as a feed)
after UF process of broths and after module rinsing
with 1 wt.% NaOH solution. TMP = (0.2 MPa and
feed flow rate 350 L/h. The initial flux (1 h) was
determined for clean membrane
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Figure 6. The effect of the transmembrane pressure on a
membrane hydraulic resistance at different stages
of UF experiment

resistance of clean membrane (R,,) we can consider as
equal to the average value of the initial membrane resi-
stance calculated from (Eq. 2) for different TMP values.
According to this calculation, the R,, values is equal to
2.62 x 10° = 0.12 x 10° m™. A significantly higher resi-
stance, calculated for the stabilized flux from (Eq. 1) was
obtained when the fouling layer was formed. In this case,
the value of (R, + R;) was dependent on the used TMP
values and increased from 1.15 x 10" to 2.14 x 10 m!
(Fig. 6). Further studies of the broth separation were
carried out by the initial water rinse in order to remove
a loosely bound fouling material from the membrane



surface. The operating conditions were as follows: flow
rate 3.4 m/s (Re = 15 000), TMP = 0 bar, 298 K and
process time of 10 min. The water flux, measured after
the first water rinse for TMP = 0.18 MPa, allowed to
calculate the total irreversible fouling resistance. The
calculated values were in the range of 7.54 x 10° to
1.39 x 10" m™. Thus, it can be concluded that more
than 65% of the mass transport resistance is associate
with irreversible fouling. The larger values of resistance
were obtained when the higher values of TMP were used
for the broth separation. Probably, the increase in the
TMP caused a compression of the deposited layer on
the membrane surface. However, independently on the
operation conditions of broth separation and the feed
concentration, the application of the chemical cleaning
(NaOH) for 5 min restored the membrane resistance
closed to that determined for the clean membrane
(Fig. 6). The effectiveness of NaOH solutions applied
for cleaning of the membranes which had been used for
the separation of post-fermentation solutions was also
demonstrated in other works'® 182527, 28

CONCLUSIONS

The application of UF process with ceramic membra-
nes having the molecular weight cut-off equal to 8 kDa
for the separation of fermentation broths, allowed to
obtain a filtrate with the turbidity at a level of 0.1 NTU.
This value was practically independent both on the feed
turbidity and concentration of the feed. Therefore, the
ultrafiltration can be considered as a suitable pre-treat-
ment method for the preparation of feed for nanofil-
tration and reverse osmosis, used for the separation of
post-fermented solutions.

Due to the membrane fouling, the permeate flux de-
creased several times during 50-100 min of process and
was stabilized at a level of 30-50 L/m*h depending on
a value of applied TMP (0.1-0.25 MPa).

A rinsing of module with water permitted to remove
the deposits formed on the membrane surface only in
a small degree. More than 65% of the resistance of
fouled membranes was associated with the presence of
irreversible foulants. The application of chemical cleaning
(1 wt.% NaOH) for 5 minutes restored the membrane
hydraulic resistance close to that determined for clean
membrane.
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