Polish Journal of Chemical Technology, 18, 3, 17—21, 10.1515/pjct-2016-0043

I DE GRUYTER,
— BeEEN
G

Research on flux decline in nanofiltration of lactic acid solutions with

ZRIV/PAA membranes application

Ewa Polom

West Pomeranian University of Technology, Szczecin, Faculty of Chemical Technology and Engineering, Chemical
Engineering and Environmental Protection Institute, al. Piastow 42, 71-065 Szczecin, Poland
*Corresponding author: e-mail: ewa.polom @zut.edu.pl

The efficiency of lactic acid solutions nanofiltration with dynamically formed zirconium (IV) hydrous oxide poly-
acrylate (ZrIV/PAA) membranes application were considered in this paper. The results of investigations on flux
decline in nanofiltration of lactic acid solutions under conditions resulting in low and high lactic acid rejection
are reported. In the long term experimental research on pressure driven membrane processes the main reason
of permeate flux reduction is an accumulation of concentration polarization and fouling effects. The experimental
permeate flux versus time curves were analyzed in the frame of resistance-in-series model with the aim to develop
the characteristic fouling and concentration polarization resistances. The analysis of experimental data and results
of calculations showed that both: concentration polarization and fouling phenomena in investigated system depend
on hydrodynamic conditions and properties of filtered solutions and (ZrIV/PAA) membrane.
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INTRODUCTION

Lactic acid is a highly valuated product that is widely
used in food processing and pharmaceutical industry
but its primary application is based for biodegradable
polymers production. Lactic acid can be obtained by
two different ways: chemical synthesis from oil- based
non-renewable resources or biotechnical fermentative
processes starting from renewable resources’.

In recent years, the amount of lactic acid produced by
biotechnological methods has increased significantly. In
dairy industry whey is considered as a main waste, on
the other hand it could be source of valuable products
such as: lactose, proteins or raw material for lactic acid
production in a fermentation process. One of the possibi-
lities to utilize whey is the fermentation of lactose made
by lactic acid bacteria to lactic acid'*. The membrane
approach for lactic acid production from waste lactose
is presented in Figure 1.

The distinctive feature of bioprocess is the necessity
separating precisely the desired products from multicom-
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Figure 1. The conception of lactic acid production from whey
with pressure membrane processes employment®

ponent and usually much diluted systems. The lactic acid,
as the final product and the inhibitor of fermentation
process, has to be separated from fermentation broth
and in the next step purified and concentrated. The
fermentation process can be performed in batch or in
continuous mode. The continuous process is characteri-
zed by higher productivity than the batch fermentation.
The lactic acid obtained by fermentation process has
to be separated from fermentation broth, purified and
concentrated to the commercial level. There is applied
neutralization with base followed by filtration, concen-
tration and acidification, in the conventional process of
lactic acid producing. In practice, the most popular are
hybrid technologies employing membrane processes as an
alternative to conventional techniques. During the conti-
nuous fermentation bioreactors coupled with membrane
units permit for continuous removal of lactic acid from
the fermentation broth and also recovery of substrate and
bacteria. The membrane approach for the final product
concentration to the commercial level includes reverse
osmosis or nanofiltration (NF) processes.

Nowadays, membrane separation processes are beco-
ming an important tool for separation and concentration
of wide range of materials and its applications can be
found in food and chemical industries as well. One of
the major limitation to the practical application of mem-
branes is permeate flux reduction, defined in literature as
concentration polarization and fouling phenomenon’"2,
Many different methods, such as: pre-treatment of filte-
red solution or determination of the optimal operational
parameters values, are used to minimise flux decline
effects” ', On the other hand the membrane processes
are regarded as environmental friendly techniques,
which allow to save energy and substrates. Dynamically
formed membranes are regarded as the most intere-
sting separation medium in this area’™. These kinds of
membranes can work in conditions resulting in low as
well as in high solute rejection. Hence, they can be used
for concentration and purification processes like lactic
acid recovery from waste lactose obtained from whey’.
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The dynamically formed membranes are special kind of
inorganic membranes. They consist of a porous support
and one or more gel layers. Because both the support
and gel layer are of inorganic origin, those membranes
are also called inorganic ones. The porous support is
made out of powders, which are sintered in order to
obtain proper structure. The gel layers are formed on
the porous supports during the filtration of solutions
containing membrane forming substances under appro-
priate cross-flow and pressure conditions.

The dynamically formed membranes have some inte-
resting from practical point of view, advantages: high
mechanical and chemical resistance, long life time,
high thermal stability, possibility of in situ membrane
replacement and high permeability corresponding to
high rejection and only few disadvantages: relatively
high construction cost and considerable weigh as well as
low rate of compaction of membrane modules® #1415,

The optimisation of nanofiltration (NF) efficiency is
first of all bound by the proper choice of operational
parameters. In the previous papers the aim of the research
was the attainment of range of optimum conditions for
nanofiltration resulting in low and high lactic acid rejec-
tions with high pressure zirconium (IV) hydrous oxide —
polyacrylate dynamically formed membranes, Zr(IV)/PAA
application* 1, For this purpose the effect of operating
parameters such as cross-flow velocity, transmembrane
pressure, pH and lactic acid concentration in the feed
solutions on lactic acid rejection was investigated using
statistical 2*-factorial design.

This paper focuses on the description of flux decline
in nanofiltration for operating parameters providing low
and high lactic acid rejection with use of resistance-in-
-series model.

EXPERIMENTAL

Zr(IV)/PAA membrane properties

High-pressure Zr(IV)/PAA membranes were used in
research on nanofiltration process of lactic acid model
solutions. They were formed on a permanent titanium
dioxide microfiltration membrane support with internal
diameter, 0.016 m and area, 0.029 m? produced by Du
Pont Separation Systems (USA), in a two step dynamic
process®*> %15 Replacement of Zr(IV)/PAA membrane
is possible by three-step rinsing process.

Morphological characteristic of Zr(IV)/PAA membra-
ne'* ¥ is presented in Table 1.

Cross-flow filtration unit

The research on nanofiltration process of lactic acid
solutions was performed with use of high pressure
membrane installation equipped with tubular module
and zirconium (IV) hydrous oxide dynamically formed
membrane. The side valve gave possibility of velocity
regulation at constant pressure. The scheme of experi-
mental set up is presented in Figure 2.
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Figure 2. Scheme of experimental set-up

The temperature was regulated with a heat exchanger
on the retentate circulation loop and was maintained
at the level of 40°C during the time of measurements.

During the experiments lactic acid solutions were
pumped from the feed tank to the one pipe membrane
module in a cross — flow filtration mode and then both
permeate and retentate were recirculated back to the
feed tank. After each measurement fouled membrane
was rinsed with deionised water in 4 hours periods at
open permeate outlet valve. This way of research set-
-up gave possibility to estimate an impact of operating
parameters on permeate flux reduction.

Concentration of lactic acid was measured by HPLC
method with 440 Absorbance Detector supplied by Wa-
ters Associates. Samples of retentate and permeate were
collected for the analysis in a 30 minutes periods during
first 3 hours and then each hour of experimental cycle.

Operating conditions of nanofiltration experiments

Nanofiltration experiments were performed at constant
temperature of 40°C for operating parameters resulting
in low and high lactic acid rejection. The operating pa-
rameters for analysis of concentration polarization and
fouling phenomena evaluated earlier using statistical
design method are presented in Table 2% 1,

Table 1. Characteristic of dynamically formed membranes used in the research

Membrane type Support Gel layer Nomenclature
Ti(IV) Stainless steel (SS) TiO, (permanent) MF
Zr(IV) SS/TIO, ZrO(OH), UF
Ti(IV)/Zr(IV)/PAA SS/TIO2/ZrO(OH), polyacrylc acid NF
Table 2. Values of operating parameters chosen for flux decline analysis® '3
Lactic acid rejection Parameters
Rumin u, m/s Ap, MPa pH CLa, mol/dm?®
0.02 2.6 1.4 4.0 0.02
0.09 1.0 1.4 4.0 1.00
Rimax u, m/s Ap, MPa pH CLa, mol/dm?®
0.82 1.0 5.5 8.0 0.02
0.58 2.6 5.5 8.0 1.00




The investigated nanofiltration system provides low
lactic acid rejection for both low (c, , = 0.02 mol/dm?)
and high (c;, = 1.0 mol/dm®) lactic acid concentration
in the feed solution at different velocity values 2.6 m/s
and 1.0 m/s. The high lactic acid rejection value have
been obtained for lactic acid concentration increased
from 0.02 to 1.0 mol/dm® at pH = 8.0 and cross-flow
velocity decreased from 2.6 m/s to 1.0 m/s at transmem-
brane pressure 5.5 MPa.

RESULTS AND DISCUSSION

Flux decline analysis

The measurements of deionised water flux through
clean membrane (J,4, from Table 3) were performed
in four series, each of them last for eight hours. The
experimental results of lactic acid solutions NF and NF
of deionised water after each series are presented in
Figures 3-6.
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Figure 3. Permeate flux decline versus time for operating
parameters providing high lactic acid rejection, r =
0.82 (Table 2); series 1, 2, 3 — nanofiltration of lactic
acid solutions; series 1w, 2w, 3w — nanofiltration of
water; concentration of lactic acid ¢; ,= 0.02 mol/dm’,
pH = 8.0, transmembrane pressure Ap = 5.5, MPa,
cross flow velocity u = 1.0, m/s
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Figure 4. Permeate flux decline versus time for operating parameters
providing high lactic acid rejection, r = 0.58 (Table 2);
series 1, 2, 3 —nanofiltration of lactic acid solutions; series
1w, 2w, 3w — nanofiltrattion of water; concentration of
lactic acid ¢; ,= 1.0 mol/dm®, pH = 8.0, transmembrane
pressure Ap = 5.5, MPa, cross flow velocity u = 2.6, m/s

The analysis of experimental results shows that hydro-
dynamic conditions and properties of filtered solutions
were crucial to the Zr(IV)/PAA membrane efficiency.
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Figure 5. Permeate flux decline versus time for operating pa-
rameters providing low lactic acid rejection, r = 0.02
(Table 2); series 1, 2, 3 — nanofiltration of lactic acid
solutions; series 1w, 2w, 3w — nanofiltration of deionised
water; concentration of lactic acid ¢, , = 0.02 mol/dm®,
pH = 4.0, transmembrane pressure Ap = 1.4, MPa,
cross flow velocity u = 2.6, m/s

0.25
T 0.2 | T Missisis 0D vy 000
N
mg 0.15
m.g. 0.1 m oiw| |
- A2  A2w
-3 0.05 3 o3w/| |

0 ‘ ; ‘ ‘ ‘ ‘ ‘ ‘
0 4 8 12 16 20 24 28 32

t [h]

Figure 6. Permeate flux decline versus time for operating pa-
rameters providing low lactic acid rejection, r = 0.09
(Table 2); series 1, 2, 3 — nanofiltration of lactic acid
solutions; series 1w, 2w, 3w — nanofiltration of deionised
water; concentration of lactic acid ¢, , = 1.0 mol/dm®,
pH = 4.0, transmembrane pressure Ap = 1.4, MPa,
cross flow velocity u = 1.0, m/s

Characteristic of flux decline during the experiments
of nanofiltration of lactic acid solutions changed due to
the operating parameters.

High lactic acid concentration in feed solution gener-
ate increase of mass transfer resistance and reduce of
permeate flux at high (Fig. 4) and low transmembrane
pressure (Fig. 6).

The strong impact on decreasing efficiency of lactic
acid nanofiltration process is observed for high value of
transmembrane pressure, Ap = 5.5 MPa, pH = 8.0 and
lactic acid concentration, ¢,, = 1.0 mol/dm® (Fig. 4).
Configured in such conditions operational parameters of
experiment causes problems with effectiveness of water
cleaning in short 3 hour terms.

Effect of pH on both selectivity as well as the ef-
fectiveness of nanofiltration process is connected with
characteristic behaviour of Zr(IV)/PAA membranes is
that electrolyte rejection increases with increasing of
pH in the feed solutions due to increase of membrane
charge (Fig. 3)*3.

For presented results impact of both transmembrane
pressure and crossflow velocity could not be ignored.
In regard to both increasing cross-flow velocity (Fig. 6)
an low trans membrane pressure (Fig. 6) negative con-
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sequences of concentration polarization and fouling are
reduced.

Fouling resistances

The experimental data concerning flux decline versus
time allow to estimate the main mass transport resi-
stances caused by fouling phenomena: reversible fouling
resistance R, and irreversible fouling resistance R .

According to the resistance—in-series model*"* per-
meate fluxes during nanofiltration processes of lactic
acid solutions, J,, and deionised water through fouled
membrane, J,, can be expressed by equations 1-4:

1= n
Sk = Rm%pRl/ (2
where:

R =R,+R, 3)
R, =R, +Ry, “4)

R, is the value of total membrane fouling, and R, is
the value of resistance caused by concentration polari-
zation and fouling.

The active membrane layer resistance, R,, was deter-
mined using experimental data obtained during nano-
filtration of deionised water through clean membrane
(Jy(aw) from Table 3) for investigated values of cross-flow
velocity, u and transmembrane pressure, Dp (Table 2).
The active membrane layer resistance, R,, obtained at
the same transmembrane pressure conditions was lower
at the higher cross-flow velocity, u = 2.6 m/s (Table 3).

The values of characteristic resistances calculated using
equations 1-4 are summarized in Table 3.

The contribution of concentration polarization into
mass transport resistances

The formation of boundary layer caused by the equ-
ilibrium between the back diffusion transport mecha-
nism and the convective transport of solute during the
initial time of pressure membrane processes is called

a concentration polarization phenomena. The value of
concentration polarization resistance due to the resistan-
ce—in-series model can be obtained from equation 5:

Ap
J = 5
v(0) Rm +Rp ( )

where Jv ) is the value of permeate flux measured when
the rejection of lactic acid achieved stability in the initial
time of nanofiltration process at the level presented in
Table 2.

The values used to characterize concentration polariza-
tion resistance are presented in Table 4.

CONCLUSIONS

Due to experimental research on pressure driven
membrane processes the main reason of permeate flux
reduction is an accumulation of concentration polariza-
tion and fouling effects. In this work values of fouling
and concentration polarization resistance as well as the
membrane active layer resistance in nanofiltration pro-
cess of lactic acid solutions have been determined for
chosen parameters presented in Table 2 with application
of resistance—in-series model.

The performance of ZrIV/PAA dynamically formed
nanofiltration membrane with varying process parame-
ters in terms of extent of flux reduction was evaluated.

The impact of hydrodynamic conditions were evident
to results providing NF of deionised water through clean
membrane.

The analysis of deionised water filtration results showed
that compilation of high velocity and transmembrane
pressure causes increase of the permeate flux (Jyy,
from Table 3).

The active membrane layer membrane resistance, R,,
strongly dependence on transmembrane pressure and
cross-flow velocity, achieved the highest values for lowest
value of cross- flow velocity (Table 3).

It was found that the major effect of mass transfer
resistance is bound with properties of Zr(IV)/PAA mem-
brane and operational parameters. Major effect on flux
reduction and effectiveness of cleaning membrane has

Table 3. Experimental results of permeate fluxes and calculated values of fouling resistances for nanofiltration process of lactic acid

solutions with Zr(IV)/PAA dynamically formed membranes

Rejection of lactic acid r=0.02 r=0.09 r=0.58 r=0.82

Series number 1 2 3 1 2 3 1 2 3 1 2 3
t,h 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Juaw 10°, m¥m?s 2.03 2.03 2.03 0.98 0.98 0.98 4.91 4.91 4.91 4.10 4.10 4.10
Rn10°, MPam?s/m® 0.69 0.69 0.69 1.43 1.43 1.43 1.12 1.12 1.12 1.34 1.34 1.34
Ju10°, m*m%s 1.24 1.21 1.19 0.21 0.20 0.19 1.03 0.86 0.80 0.72 0.67 0.65
R10™°, MPam?s/m® 1.13 1.16 1.18 6.67 7.00 7.37 5.34 6.40 6.88 7.64 8.20 8.45
Rn10~°, MPam?s/m® 0.69 0.69 0.69 1.43 1.43 1.43 1.12 1.12 1.12 1.34 1.34 1.34
R, 10°, MPam?s/m? 0.44 0.47 0.49 5.24 5.57 5.94 4.22 5.28 5.76 6.30 6.86 7.11
Juk 10°, m¥m?s 1.81 1.44 1.61 0.22 0.21 0.20 1.15 0.94 0.86 0.86 0.75 0.71
Rt 107°, MPam®s/m? 0.08 0.28 0.18 4.92 5.24 5.57 3.66 4.74 5.28 5.06 5.99 6.40
R+10°°, MPam?s/m® 0.36 0.19 0.31 0.32 0.33 0.37 0.56 0.54 0.48 1.24 0.87 0.71

Table 4. Experimental results of permeate fluxes and calculated values of concentration polarization resistances for nanofiltration
process of lactic acid solutions with Zr(IV)/PAA dynamically formed membranes

Rejection of lactic acid r=0.02 r=0.09 r=0.58 r=0.82

Series number 1 2 3 1 2 3 1 2 3 1 2 3
Ju010°, mm’s 1.63 1.57 1.47 0.22 0.21 0.207 | 1.32 1.07 0.90 0.86 0.78 0.72
R,10°, MPam’s/m° 0.17 0.20 0.25 4.97 5.24 5.32 3.05 4.02 5.00 5.06 5.75 6.26
Rp, % R¢ 15 17 21 74 75 72 56 63 73 65 69 73




been observed for high concentration of lactic acid in
feed solution ¢;, = 1.0 mol/dm?, transmembrane pres-
sure, Ap = 5.5 MPa and pH = 8.0.

In spite of many advantages of ZrIV/PAA membranes
application in practise more effective way of cleaning
could be used (e.g. backflushing).

The operating parameters for analysis of concentration
polarization and fouling phenomena evaluated earlier
using statistical design method and concerns conditions
enabling for obtained low (0.02-0.09) and high (0.58-0.82)
values of lactic acid retention coefficients.

The research on effectiveness of (ZrIV/PAA) mem-
brane lead to choice of the optimal process conditions
even of flux reduction due to fouling and concentration
polarization. resistances.

The Zr(IV)/PAA membrane may be successfully used
in a nanofiltration process of lactic acid solutions if the
operational parameters enabling for achievement of
satisfactory values of retention coefficient and permeate
flux have been properly selected. The selection of the
latter values should give the best chance for membrane
application in separation and concentration of lactic
acid solutions.
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