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a b s t r a c t

A new liquid membrane technique, hollow fiber renewal liquid membrane (HFRLM), is used for simulta-
neous extracting and concentrating citric acid from dilute solutions. The organic phase of 30% N235 + 20%
n-octanol + 50% kerosene was used as liquid membrane phase, NaOH as stripping phase. Experiments
were performed as a function of operation mode, carrier concentration in the organic phase, initial citric
eywords:
ollow fiber renewal liquid membrane

HFRLM)
xtraction
itric acid

acid concentration in the feed phase, NaOH concentration in the stripping phase, etc. The results showed
that the HFRLM process was very stable. The transport of citric acid from membrane phase to the stripping
phase was the rate-controlling step for this process. The stirred mixture of the stripping phase and the
organic phase flowed through the lumen side of the module could provide a higher mass transfer rate. The
transport studies with a recycling experiment indicated that HFRLM was a promising recovery method
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. Introduction

Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid,
6H8O7·H2O, H3A) is one of the important organic acids suc-
essfully developed by fermentation process. The principal uses
f citric acid are food, pharmaceutical, and industrial. The world
arket of citric acid is growing every year [1]. The recovery of

itric acid from fermentation broth is one of important steps in
commercial process of citric acid production, especially from

ilute solutions. Now, the only commercially viable technique
n large-scale processes is precipitation technique using calcium
alt followed by filtration and subsequently treated with sul-
huric acid, but the common calcium salt precipitation process
or isolation of citric acid produces 2.5 tons of waste per ton of
itric acid [1–4]. Other recovery methods for this purpose, such
s, solvent extraction, ionic exchange, absorption, electrodialysis,
embrane separation, etc., encounter various difficulties [1,2].

herefore, it is necessary to look for an efficient, economic and
ower waste residual disposal process for recovery of citric acid

rom fermentation broth.

Recently, liquid membrane techniques have become an attrac-
ively alternative method for this purpose [5–11]. Boey and Garcia
el Cerro [5] studied the recovery of citric acid using emulsion
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iquid membrane technique. Alamine 336 was used as carrier, n-
eptane as diluent, Span-80 and Lubrizol as addition agent, and
a2CO3 solution as stripping phase. More than 80% of citric acid was
xtracted from aqueous solutions. Other researchers also investi-
ated this recovery process using emulsion liquid membrane [6–8].
uang and Chen [9,10] and Guo and Zhang [11] studied the transport
rocess of citric acid across a supported liquid membrane. However,
ue to the lack of their long-time stability, difficult operation of the
mulsification and de-emulsification steps in ELM processes, etc.,
iquid membrane techniques have not been adopted for large-scale
ndustrial processes [12–14].

In order to overcome these difficulties arising in the conven-
ional liquid membrane systems, Zhang et al proposed a new liquid

embrane technique, called hollow fiber renewal liquid membrane
HFRLM) [15–18], based on the surface renewal theory, which also
ntegrated the advantages of fiber membrane extraction process,
iquid film permeation process, and other liquid membrane systems
15].

In a HFRLM process, hydrophobic hollow fibers are used, whose
ores are filled with organic phase, i.e. liquid membrane phase.
he stirred mixture of organic phase and stripping phase (or feed
hase) at a high aqueous/organic volume ratio is pumped through
he lumen side of the module. The organic droplets are homoge-

eously dispersed in the mixture by stirring. The feed phase (or the
tripping phase) flows through the shell side, usually in countercur-
ent mode. The flow rates of two sides are controlled to maintain a
ositive pressure on the shell side with respect to the lumen side.
uring the fluid flowing through the lumen side, a thin organic film,

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:renzq@mail.buct.edu.cn
mailto:renzhongqi@yahoo.com.cn
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dx.doi.org/10.1016/j.cej.2008.03.020
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Nomenclature

A mass transfer area (m2)
A/O aqueous/organic volume ratio
C concentration (mol L−1)
�C driving force of mass transfer
D distribution coefficient
H3A citric acid
J mass transfer flux (mol m−2 s−1)
Kf overall mass transfer coefficient base on the feed

phase (m s−1)
L volumetric flow rate (m3 s−1)
m distribution coefficient of extraction process
m′ distribution coefficient of stripping process
t time (s)
T temperature (K)
u velocity (m s−1)
V volume (m3)

Superscripts
eq equilibrium
exp experimental
O organic
W aqueous

Subscripts
f feed
in inlet
init initial
out outlet
st stripping phase
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T tube side

.e. liquid membrane layer, is developed in the internal side of fibers
s shown in Fig. 1 due to the wetting affinity of the organic phase
nd hydrophobic fibers. The shear force caused by the flowing fluid
n the lumen side will influence the coalescence and breakage of
rganic droplets during the stirred mixture flowing through the
umen side. That is, the shear force will cause the film liquid to
orm microdroplets on the surface of the liquid membrane layer,
hich will peel off from the surface of the liquid membrane layer

nd enter into the lumen side fluid. At the same time, the organic
roplets will fill the surface of the liquid film. Then the renewal of
he liquid membrane is continuous proceeding. This can enhance
he mass transfer rate and greatly reduce the diffusion resistance
cross the aqueous boundary layer within the lumen side. The thick-
ess of the developed liquid membrane film is thin due to the effects
f shear forces caused by fluid flowing in the HFRLM process. The

olute can be selectively transported across the liquid membrane
rom the feed phase to the stripping phase. Furthermore, the dis-
ersed organic droplets in the lumen side fluid can automatically
nd continuously replenish the loss of membrane liquid caused by
olubility and emulsification to prevent liquid membrane degra-

Fig. 1. Principle of hollow fiber renewal liquid membrane technique.
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Fig. 2. Experimental set-up of the HFRLM process.

ation. The leakage between phases is less than 0.01%. Then the
FRLM process can provide good stability.

Hollow fiber renewal liquid membrane process has several
otential advantages of high mass transfer rate, high concentra-
ion factor, long-time stability, no leakage occurs between phases,
o secondary pollution, low extractant consumption, low capital,
aintenance and operation costs, low energy consumption, easy

cale-up, etc.
In this paper, hollow fiber renewal liquid membrane tech-

ique was used for simultaneous extraction and concentration
f citric acid from dilute aqueous solutions. The system of citric
cid + N235/n-octanol/kerosene + NaOH solution was used to study
he mass transfer characteristics of HFRLM process. The stability
nd effects of operation mode, carrier concentration in the organic
hase, initial citric acid concentration in the feed phase, NaOH con-
entration in the stripping phase, etc. on mass transfer performance
f the HFRLM process were studied. The mechanism of mass trans-
er in the HFRLM process was also discussed.

. Experimental

.1. Reagents and apparatus

Citric acid (Beijing Beihua Refined Chemical Co. Ltd.), NaOH (Bei-
ing Beihua Refined Chemical Co. Ltd.) and n-octanol (Guangdong
handou Xilong Chemical Reagent Plant) are all analytical grade
eagents. Kerosene (Tianjin Damao Chemical Reagent Plant) and

235 (Shanghai Laiyashi Chemical Reagent Plant) is technical grade

eagent.
All the experiments were conducted using the self-designed

ystems. The experimental set-up was shown in Fig. 2. The used hol-
ow fiber modules were self-manufactured with small laboratory
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Table 1
Characteristics of the hollow fiber module

Shell characteristics
Material Glass
Length 30.2 cm
Internal diameter 1.50 cm
Outer diameter 1.70 cm

Fiber characteristics
Material PVDF
Number of fibers in module 80
Effective length 29.8 cm
Internal diameter 814 �m
External diameter 886 �m
Effective surface area of module 0.0544 m2
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Table 2
Distribution coefficient of citric acid extraction with various organic phases

No. Organic composition D

1 N235 18.02
2 Kerosene 0.04
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Fig. 3 shows the effect of carrier concentration in the organic
phase of (N235 + 20% n-octanol + kerosene) on the distribution
equilibria of citric acid extraction. The distribution coefficient
increases with increasing N235 concentration in the organic phase.
Packing density 0.387
Membrane porosity 0.82
Membrane tortuosity 2.0

cale versions (with two 0–1 dm3 min−1 peristaltic pumps and flow
eters) that were specifically designed for the experimental pur-

oses. The small size made it possible to avoid the influence of
on-ideal flow in the shell side of the module. The PVDF hollow
bers were used from Tianjin Polytechnic University. Additional

nformation about these modules was provided in Table 1.

.2. Experimental procedures

To determine the distribution coefficient, equal volume (25 mL)
f aqueous phase and organic phase were added to each flask. The
ask containing the mixture was vigorously mixed by a shaker for
bout 5 min, and then the mixture was transferred to a separating
unnel and allowed to settle for at least 15 min. After separation
f the phases, the aqueous phase sample was taken for citric acid
oncentration analysis with neutralization titration method. The
oncentration of citric acid in the organic phase was calculated by
ass balance law. The distribution coefficient can be calculated as

ollows:

= [A3−]O,eq

[A3−]W,eq

(1)

For the HFRLM process, the used hydrophobic fibers were pre-
etted with organic phase more than 48 h in order to make the
ores of fibers fully filled with organic phase. The stirred mixture
f stripping phase and organic phase at a high aqueous/organic vol-
me ratio was pumped through the lumen side of the module; the

eed phase flowed through the shell side of the module. In all exper-
ments, both sides were contacted in countercurrent mode. When a
table flow was achieved, aqueous samples were taken from outlet
f lumen side and shell side at preset time intervals.

The experimental mass transfer flux J of the transport of cit-
ic acid across the liquid membrane from the feed phase to the
tripping phase was determined by the following equation:

= dCstVst

A dt
= Lst �Cst

A
(2)

here �Cst represents the variation of the citrate concentration
n the stripping phase at time interval �t, Lst the volumetric flow
ate of the stripping phase, A the mass transfer area, and Vst is the
olume of the stripping solution.

The overall mass transfer coefficient based on the feed phase

an be calculated as follows:

f = J

�Clm
(3) F

(

n-Octanol 0.03
30% N235 + 70% kerosene 13.50
30% N235 + 20% n-octanol + 50% kerosene 27.50

here

Clm= �C1 − �C2

ln(�C1/�C2)
= (C in

f − (m′/m)Cout
st ) − (Cout

f − (m′/m)C in
st )

ln((C in
f − (m′/m)Cout

st )/(Cout
f − (m′/m)C in

st ))

here C in
f , Cout

f are the inlet and outlet citric acid concentration
n the feed phase, respectively, C in

st , Cout
st the inlet and outlet cit-

ate concentration in the stripping phase respectively, m and m′ the
istribution coefficient of extraction and stripping process, respec-
ively, �Clm is the logarithmic mean driving force of mass transfer.

. Results and discussion

.1. Extraction equilibria

Determination of liquid membrane composition is a very impor-
ant step in HFRLM process. Extraction equilibria experiments were
onducted for this purpose. Citric acid (C6H8O7, H3A) is a Lewis acid.
hen the solvent with Lewis base functional group is better for citric
cid extraction process, such as TBP, TOA, N235, etc. [19–23]. In this
aper, N235, a mixture of tertiary amine-based extractant, is used.
he extraction experimental results are shown in Table 2. Although
he distribution coefficient of citric acid between 100% N235 and
queous phase is higher, it is found in the experiments that the
hase splitting became very difficult due to the heavy emulsifica-
ion effect when the 100% N235 was used as solvent [24]. The results
how that the pure n-octanol and kerosene without carrier could
xtract few citric acids from aqueous phase; the distribution coef-
cient is less than 0.05. The addition of n-octanol in the mixture
f N235 and kerosene could increase the distribution coefficient of
xtraction process. This indicated that n-octanol had the synergis-
ic extraction effect for this process, which also reported by Yang et
l. [23].
ig. 3. The effect of the N235 concentration on distribution equilibrium of citric acid
T = 295 K, Cinti,citric acid = 0.10 mol L−1).
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ig. 4. The effect of operation mode on the overall mass transfer coefficient of
FRLM process (uS = 0.10 cm s−1).

hen the N235 concentration increasing from 5% to 40%, the
istribution coefficient increases from 0.5 to 27.6. As mentioned
bove, higher N235 concentration leaded to higher emulsification,
he phase splitting and analysis were all difficult. Then in later
FRLM experiments, the organic solution of 30% N235 + 20% n-
ctanol + 50% kerosene was used as liquid membrane composition.

.2. Stability of HFRLM process

In order to study the stability of HFRLM process, a set of exper-
ments were conducted in single-pass mode. The stirred mixture
f 0.11 mol L−1 NaOH aqueous solution and 30% N235 + 20% n-
ctanol + 50% kerosene (20:1, v/v) was pumped through the lumen
ide of the module. The feed phase of 0.1 mol L−1 citric acid solu-
ion flowed through the shell side. Also the reverse operation mode,
hat is, the organic phase and feed phase flowed through the lumen
ide of the module and the stripping phase flowed through the shell
ide, was studied. Results showed that after 20 min stable citric
cid concentration profiles were developed both in the feed phase
nd the stripping phase. That is, the stable mass transfer perfor-
ance was achieved for this process. It was indicated that the mass

ransfer rate of citric acid from the feed phase across the liquid
embrane to the stripping phase is high. Also, the HFRLM pro-

ess could run for over 11 h without any difficulty, mainly due to
he continuously and automatically replenishment of membrane
iquid by the renewal and regeneration of the liquid membrane.
t was suggested that the HFRLM process had long-term stabil-
ty [15]. In later experiments, all the operation time was set more
han 30 min in order to get the stabilized and reliable experimental
esults.

.3. Influence of the operation mode

In order to investigate the mass transfer mechanism of the pro-
ess, two different operation modes are used in this paper. Mode
1: the stirred mixture of 0.1 mol L−1 citric acid aqueous solution
nd 30% N235 + 20% n-octanol + 50% kerosene (20:1, v/v) is pumped
hrough the lumen side of the module; and 0.2 mol L−1 NaOH aque-
us solution flows through the shell side of the module. Mode #2:
he stirred mixture of NaOH aqueous solution and 30% N235 + 20%
-octanol + 50% kerosene flows through the lumen side; citric acid

queous solution flows through the shell side of the module.

The results are shown in Figs. 4 and 5. The overall mass trans-
er coefficient and mass transfer flux of mode #2 are higher than
hose of mode #1. It is indicated that main mass transfer resistance
f HFRLM process for this system is located in the transport of cit-

b
t
r
a
t

ig. 5. The effect of operation mode on the mass transfer flux of HFRLM process
uS = 0.10 cm s−1).

ic acid from membrane phase to stripping phase. Although the
istribution coefficient of citric acid between NaOH aqueous solu-
ion and organic phase is much higher than that between the citric
cid aqueous solution and organic phase, the extraction chemistry
nvolved in liquid membranes is basically the same as that found
n solvent extraction, but the overall transport process is governed
y kinetic rather equilibrium parameters.

As shown in Fig. 4, the influence of lumen side flow rate on the
verall mass transfer coefficient of operation mode #2 is slight.
t is indicated that the transport of citric acid from membrane
hase to the stripping phase is not governed by the diffusional
obility of citrate complex through aqueous boundary layer from

iquid membrane phase to stripping phase interface, but the rate of
ecomplexation chemical reaction at the interface. On the contrary,
he overall mass transfer coefficient of operation mode #1 increases
ith increasing lumen side flow rate. It is indicated that in the trans-
ort of citric acid from feed phase to the membrane phase is mainly
overned by the diffusional mobility of citrate complex through
queous boundary layer from feed phase to liquid membrane phase
nterface, not the rate of complexation chemical reaction. Certainly
he low values of overall mass transfer coefficient for both opera-
ion modes also indicate the diffusion of citrate complex across the
ores of membrane plays a definite role in the transport of citric
cid in HFRLM process. These agree with the Juang and Chen’s [19]
tudy about the transport rates of citric acid through a supported
iquid membrane containing tri-n-octylamine. They indicated that
he transport process was governed by mixed interfacial chemical
eaction and membrane diffusion.

In the case of operation mode #2, the renewal of the liquid mem-
rane, i.e. the repeatable exchange of organic droplets between the
tirred mixture and liquid membrane layer, and large mass transfer
rea due to the fully direct contact between the organic droplets and
tripping aqueous solution, will intensify the complexation chem-
cal reaction rate and mass transfer rate in HFRLM process. These
an greatly reduce the resistance of mass transfer of citric acid from
iquid membrane phase to the stripping phase. However, in the case
f operation mode #1, the effect of mass transfer intensification is
n the transport of citric acid from feed solution to the membrane
hase, which is not the main mass transfer resistance in the HFRLM
rocess.

In addition, for the treatment of large amount of low cit-
ic acid concentration aqueous solutions, such as fermentation

roth, wastewater, etc., the operation mode #1 would increase
he consumption of solvent and enhance the difficulties of solvent
ecovery, while the operation mode #2 could avoid these problems
nd carry out the concentration of solute simultaneously. Therefore,
he operation mode #2 is adopted in later experiments.
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stripping phase on the mass transfer performance of the HFRLM
ig. 6. The effect of the N235 concentration in the organic phase on Kf

uS = 0.1 cm s−1, cinit,H3A = 0.1 mol L−1, cNaOH = 0.2 mol L−1, A/O = 20:1).

.4. Influence of carrier concentration in the organic phase

Prior to the experiments to study the effect of N235 concentra-
ion in liquid membrane phase on the mass transfer characteristic of
FRLM process, hollow fibers used in the module were pre-wetted
ith organic phase in different N235 concentrations more than
8 h. Results are shown in Figs. 6 and 7.

In the HFRLM process, the overall mass transfer coefficient
nd mass transfer flux of HFRLM process mainly dependent
n facilitated transport capacity of the organic phase, which is
lso corresponding to the carrier concentration in the organic
hase. And the carrier concentration could also affect the chem-

cal reaction kinetic, distribution equilibria, diffusional mobility
f complex in the aqueous boundary layer, liquid membrane
hase, membrane phase, etc. Usually, the mass transfer rate
f HFRLM process increases with increasing carrier concentra-
ion due to the mass transfer mechanism of carrier-facilitated
ransport.

The distribution coefficient of citric acid between the aque-
us solution and organic phase increases with increasing N235
oncentration in the organic phase; higher N235 concentration
eads to higher driving force of mass transfer in HFRLM process.
nd the increasing quantity of carrier in liquid membrane phase
nd in mixture can also enhance the rates of complex reaction
nd carrier-facilitated transport of citric acid. Then as indicated
n Figs. 6 and 7, the overall mass transfer coefficient and mass

ransfer flux increase with increasing N235 concentration in the
rganic phase in the N235 concentration range of 0–40% (v/v) as
xpected.

ig. 7. The effect of the N235 concentration in the organic phase on J (uS = 0.1 cm s−1,
init,H3A = 0.1 mol L−1, cNaOH = 0.2 mol L−1, A/O = 20:1).

p
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ig. 8. The effect of the initial citric acid concentration in the feed phase on Kf

uS = 0.1 cm s−1, cN235 = 30% (v/v), cNaOH = 0.2 mol L−1, A/O = 20:1).

.5. Influence of initial citric acid concentration in the feed phase

The effect of initial citric acid concentration in the feed phase on
he mass transfer performance of the HFRLM process is also stud-
ed. The overall mass transfer coefficient decreases with increasing
nitial citric acid concentration in the feed phase as shown in Fig. 8.
ecause the higher initial citric acid concentration in the feed phase

eads to higher citric acid concentration in the organic phase by
istribution equilibrium, which results in the saturation in the

iquid membrane and the pore liquid by the complex molecules.
hen the rate of decomplexation chemical reaction at the stripping
nterface is presumably the rate-limiting step in specific operation
onditions. However the mass transfer flux of citric acid increases
ith increasing initial citric acid concentration in the feed phase

s shown in Fig. 9. It is because that the distribution coefficient
ecreases with increasing initial citric acid concentration in the
eed phase, the driving force of mass transfer caused by the dis-
ribution coefficient increases with increasing initial citric acid
oncentration in the aqueous solution. This behavior is similar with
ur previous study on the transport of copper in HFRLM process
15].

.6. Influence of NaOH concentration in the stripping phase

Figs. 10 and 11 give the effects of NaOH concentration in the
rocess. The NaOH concentration in the stripping phase almost
ave no influence on the overall mass transfer coefficient and mass
ransfer flux in this process at range of 0.20–0.75 mol L−1. Because

ig. 9. The effect of the initial citric acid concentration in the feed phase on J
uS = 0.1 cm s−1, cN235 = 30% (v/v), cNaOH = 0.2 mol L−1, A/O = 20:1).
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ig. 10. The effect of NaOH concentration in the stripping phase on Kf

uS = 0.1 cm s−1, cinit,H3A = 0.1 mol L−1, cN235 = 30% (v/v), A/O = 20:1).

he relative excess stripping phase has not significant benefit for
he rate of decomplexation chemical reaction, which governed the
ransport of citric acid from membrane phase to stripping phase
s discussion above. The mass transfer intensification for this case
aused by effects of renewal of liquid membrane and fully contact
etween organic droplets and stripping solution is fixed.

.7. Transport studies

The ability of HFRLM technique to the transport of citric acid
rom the feed phase to the receiver phase is studied in recycling

ode. A small self-manufactured hollow fiber module with 20 hol-
ow fibers is used. The feed phase of 300 mL 0.10 mol L−1 citric
cid solutions is pumped through the shell side of the module. The
tirred mixture of 150 mL 1.50 mol L−1 NaOH aqueous solution and
5 mL 30% N235 + 20% n-octanol + 50% kerosene flows through the
umen side of the module. Both sides are operated in countercurrent
ecycling mode. The results are shown in Fig. 12.

“Up-hill” effect, which means the solute can be transported from
ow to high concentration solutions, is an important characteris-
ic of liquid membrane techniques. This characteristic provides the
dvantages of simultaneous extraction and concentration of solute
rom dilute solutions. The results show that the transport process
ppears the up-hill effect at 5 h, the citric acid transports from low
oncentration solution (feed phase) to high concentration solu-
ion (stripping phase); at 8.5 h, the enrichment effect is observed.

t 18 h, the citric acid concentration in the feed phase becomes
.0015 mol L−1, the recovery efficiency is up to 98.8%. Although the
ass transfer flux of this recycling experiment decreases with time,

t can remain a relative higher value in the whole process. It is indi-

ig. 11. The effect of NaOH concentration in the stripping phase on J (uS = 0.1 cm s−1,
init,H3A = 0.1 mol L−1, cN235 = 30% (v/v), A/O = 20:1).
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ig. 12. Transient concentration of citric acid in the feed phase and stripping phase
uring a transport experiment of HFRLM process.

ated that the transport rate of citric acid through HFRLM is high.
urthermore, it should be noted that the size of used hollow fiber
odule is so small that operation time is long in this experiment.

. Conclusions

A new liquid membrane technique, hollow fiber renewal liq-
id membrane, is used for the recovery of citric acid from dilute
olutions. The organic solution of 30% N235 + 20% n-octanol + 50%
erosene was used as liquid membrane phase, NaOH aqueous solu-
ion was used as stripping phase.

Results show that HFRLM process is very stable due to the
utomatic and continuous replenishment of membrane liquid. It is
etter for the HFRLM process that the stirred mixture of the strip-
ing phase and the organic phase flows through the lumen side of
he module, because the main mass transfer resistance is located in
he transport of citric acid from membrane phase to the stripping
hase, which is mainly governed by the rate of decomplexation
hemical reaction. The overall mass transfer coefficient and mass
ransfer flux increase with increasing carrier concentration in the
rganic phase. And the overall mass transfer coefficient decreases
ith increasing initial citric acid concentration in the feed phase,
hile the mass transfer flux increases with increasing initial citric

cid concentration in the feed phase. The effect of NaOH concen-
ration in the stripping phase on the mass transfer performance of
his process is slight.

The transport results show that the recovery of citric acid by
FRLM can carry out enrichment of the citric acid and the mass

ransfer rate is high. HFRLM technique has good prospects in the
ecovery process of citric acid from dilute solutions.
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