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a b s t r a c t

This paper presents a comprehensive study on removal of chromium(III) from aqueous waste solution
using emulsion liquid membrane (ELM). The study has highlighted the importance of emulsion stability
for maximizing the removal of chromium(III). The ELM consists of tri-n-butyl phosphate (TBP) as a car-
rier, commercial kerosene as organic solvent, sulfonated liquid polybutadiene (LYF) as surfactant agent,
eywords:
mulsion liquid membrane
hromium(III)
ributyl phosphate
ulfonated liquid polybutadiene

sulfuric acid, deionized water or sodium hydroxide as stripping phase. The important factors studied
which affected the ELM stability and removal of chromium(III) were the concentrations of surfactant
(2–8% w/w), carrier (2–10% w/w), internal phase H2SO4 [pH 0–6], deionized water [pH 6.65] and NaOH
(0–0.8% w/w), transfer time (5–35 min) and the effect of volume ratio of the feed solution to the emulsion
phase (Rf) (5:1–9:1). At the optimum condition it was possible to remove 99.71–99.83% of chromium(III)
by using ELM. LYF was not only the surfactant but also played a key auxiliary effect for TBP combining

dyin
with chromium(III) by stu

. Introduction

The extensive use of chromium in leather tanning, metal-
urgy, electroplating and other industries has resulted in the
elease of aqueous chromium to the subsurface at numerous sites
1]. Chromium is an element with muta-, terato- and cancero-
enic properties [2–5]. The most common oxidation states for
hromium are +3, +6. Chromium(III) cannot be absorbed, it can
orm complex with protein in the external layer of skin and
ccumulated in the lung causing lung cancer. Thus, the removal
nd recovery of chromium(III) of increasing interest because of
he growing importance given to environmental protection prob-
ems.

One of the promising methods for the separation of such efflu-
nts is the ELM process, invented by Li and Norman [6], about 30
ears ago. ELM combines a single step extraction and stripping pro-
esses which are generally carried out in two separate steps in
onventional solvent extraction processes. ELM is created by form-
ng a stable emulsion, such as a water-in-oil emulsion, between two
mmiscible phases, followed by dispersion of the emulsion into a
hird, continuous phase by agitation for extraction. The membrane
hase is the oil phase that separates the encapsulated, internal

queous droplets in the emulsion from the external, continuous
hase [6,7].

The main advantages of the ELM system are: (1) high interfacial
rea for mass transfer due to the small size of the aqueous phase

∗ Corresponding author. Tel.: +86 28 8540 6042.
E-mail address: feidejun338629@163.com (D. Fei).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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g on the transport mechanism.
© 2010 Elsevier B.V. All rights reserved.

droplets; (2) high diffusion rate of the metal ion through the mem-
brane; (3) simultaneous performance of extraction and stripping
in the same system; and (4) capability of treating a variety of ele-
ments and compounds in industrial setting at a greater speed and
with a high degree of effectiveness.

TBP was one of the most widely used organophosphorous
extractants in the solvent extraction process. TBP has been showed
to be an effective carrier for the separation and purification of a
number of metals and organic acids due to its excellent chemical
stability, high boiling point and low solubility in water. There are
only a few reports about the facilitated transport of chromium(III)
using TBP as mobile carrier through ELM. There are many stud-
ies having been carried out using ELM for the recovery of metal
ions [8–14], aniline [15], phenol [16], organic acids [17], sephalexin
from dilute solution [18]. Then there is no available information in
the published literatures on the removal study of chromium(III)
transport through ELM using TBP as carrier. Only some atten-
tion has been paid to the facilitated transport of chromium(III)
using a liquid membrane [19–23]. Our laboratory group have
studied on removal of chromium(III) from aqueous waste solu-
tion by liquid membrane using p-tert-butylcalix[4]arene acetate
as extractant and obtained some experience [24–27]. However,
the removal efficiency of chromium(III) was very low and can-
not meet the requirement of the standards of national wastewater
discharge.
The main objective of this work was to investigate the influ-
ence of various parameters affected the ELM formation and test
the performance of the prepared ELM on removal of chromium(III)
by using synthetic solution. It was possible to remove 99.71–99.83%
of chromium(III) by using ELM at the optimized condition.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:feidejun338629@163.com
dx.doi.org/10.1016/j.jhazmat.2010.01.052
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3000 rpm, emulsification time 5 min, internal phase deionized
water, carrier concentration 7% (w/w), organic solvent (commer-
cial kerosene) at O/A 1, Rf 5, transfer speed 300 rpm and transfer
time 20 min. The concentration of the surfactant was varied from
2% to 8% (w/w). The effect of surfactant on emulsion stability was
L. Zhao et al. / Journal of Hazar

. Experimental

.1. Materials

The following inorganic salts, acids, and organic solvent are used
n the experiments without further purification: sulfonated liquid
olybutadiene (synthesized in our laboratory), tributyl phosphate
TBP, ≥98.5%), phosphoric acid (H3PO4, ≥85%), sulfuric acid (H2SO4,
5–98%), sodium hydroxide(NaOH, ≥99%), commercial kerosene
density, 0.8 kg L−1), chromic nitrate(Cr(NO)3, ≥99%). Deionized
ater is used for preparing all the aqueous solutions.

.2. Procedure

In specific volume beaker (250 ml or 500 ml), a 15 g portion of
ributyl phosphate [2–10% w/w], sulfonated liquid polybutadiene
2–8% w/w] in organic solvent (commercial kerosene) are emul-
ified at stirring speed (3000 rpm) by means of a motor-driven
mulsifier. 15 g of H2SO4 [pH 0–6], deionized water [pH 6.65] or
aOH [0–8% w/w] is added drop wise to the stirred organic phase
ntil O/A [the weight ratio of the oil phase to the aqueous (strip-
ing) phase] 1. The solution is stirred continuously for 5 min to
btain a white ELM. The prepared ELM is added to specific volume
f external aqueous solution. The contents are stirred by means of
otor-driven at 300 rpm speed for a different transfer time.

.3. Analytical method

The chromium(III) concentration is determined by visible-
nfrared spectrometer (721, Shanghai, China) at 540 nm

avelength. 1,5-diphenylcarbazide is used as indicator. The
hromium(III) concentration in the stripping phase is calculated
rom mass balance. All experiments were carried out at ambient
emperature. Reproducibility was confirmed as ±3% or better.

. Results and discussion

.1. Optimization of process parameters for the extraction of
hromium(III) by ELM

The results and discussion of the effect of surfactant concentra-
ion 2–8% (w/w), carrier concentration 2–10% (w/w), internal phase
oncentration H2SO4 [pH 0–6], deionized water [pH 6.65] or NaOH
0–8% w/w], transfer time 5–35 min and the volume ratio of the
eed solution to the emulsion phase (Rf) (5:1–9:1) on the stability
f the prepared ELM and removal of chromium(III) from synthetic
olutions which is 20 mg L−1 are prepared as follows:

.1.1. Effect of sulfuric acid concentration in the internal phase on
he removal efficiency of chromium

The influence of sulfuric acid concentrations [pH 0–6] and deion-
zed water [pH 6.65] on the emulsion stability at emulsification
peed (3000 rpm), emulsification time 5 min at constant surfactant
oncentration 8% (w/w), carrier concentration 7% (w/w), organic
olvent (commercial kerosene) O/A ratio 1, Rf 5, mixing speed
00 rpm and transfer time 20 min was shown in Fig. 1. It was
bserved that the removal efficiency passed 99% and kept constant
ith the H2SO4 pH 0 to pH 6.65. Generally there are two kinds

f driving force in the ELM process, the first is the differences of
ydrogen ion chemical potentials between the aqueous phases, the
econd is the mental concentration gradient between internal and

xternal phase. Chromium(III) is amphoteric oxide which dissolves
n acid and alkali and precipitates in water. From these results

e concluded that hydrogen ion concentration was the main driv-
ng force at H2SO4 pH 0 and chromium(III) concentration gradient

as the main driving force at pH 6.65 which was deionized water.
Fig. 1. Effect of sulfuric acid concentration in internal phase on the removal effi-
ciency of chromium(III) at surfactant concentration 8% (w/w), carrier concentration
7% (w/w), O/A 1, Rf 5, mixing speed 300 rpm and transfer time 20 min.

Although chromium(III) precipitated in internal phase, the ELM was
enough stability to achieved so high removal efficiency.

3.1.2. Effect of sodium hydroxide concentration in the internal
phase on the removal efficiency of chromium

The effect of NaOH (0–8% w/w) as the stripping phase on
the removal efficiency of chromium(III) was investigated. The
operating parameters were: emulsification speed (3000 rpm) and
emulsification time 5 min at constant surfactant concentration 8%
(w/w), carrier concentration 7% (w/w), organic solvent (commer-
cial kerosene) O/A ratio 1, Rf 5, mixing speed 300 rpm and transfer
time 20 min. The results are represented in Fig. 2. As seen from
Fig. 2, the removal efficiency nearly kept constant with increas-
ing the sodium hydroxide concentration from 0% to 0.4% (w/w),
0% concentration of sodium hydroxide is deionized water. With
further increased sodium hydroxide concentration from 0.4% to
0.8% (w/w), the removal efficiency decreased sharply. So it was
concluded that deionized water was selected as the internal phase.

3.1.3. Effect of surfactant concentration on the emulsion stability
and the removal efficiency of chromium

The effect of surfactant concentration on the behavior of the
emulsion stability and the removal efficiency of chromium(III) was
investigated. The operating parameters were: emulsification speed
Fig. 2. Effect of sulfuric acid concentration in internal phase on the removal effi-
ciency of chromium(III) at surfactant concentration 8% (w/w), carrier concentration
7% (w/w), O/A 1, Rf 5, mixing speed 300 rpm and transfer time 20 min.
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Fig. 5. Effect of transfer speed on the removal efficiency of chromium(III) at internal
phase deionized water, surfactant concentration 4% (w/w), carrier concentration 7%
(w/w), O/A 1, Rf 5, and transfer time 20 min.
ig. 3. Effect of surfactant concentration on the removal efficiency of chromium(III)
t internal phase deionized water, carrier concentration 7% (w/w), O/A 1, Rf 5, mixing
peed 300 rpm and transfer time 20 min.

resented in Fig. 3. It was observed that the removal efficiency
ncreased sharply and was 99.07% at the surfactant concentration
% (w/w). When the surfactant concentration from 4% to 8% (w/w),
he removal efficiency passed 99% and kept constant. From this
esult, 4% (w/w) concentration of the surfactant was selected, which
as enough to stabilize the emulsion and kept high removal effi-

iency.

.1.4. Effect of carrier concentration on the removal efficiency of
hromium

It was observed that the carrier concentration also played a
ey role on the removal efficiency of chromium(III). The exper-
mental conditions was kept constant at emulsification speed
000 rpm, emulsification time 5 min, internal phase deionized
ater, surfactant concentration 4% (w/w), organic solvent (com-
ercial kerosene) at O/A ratio 1, Rf 5, transfer speed 300 rpm and

ransfer time 20 min. The effect of carrier concentration (2–10%
/w) on the removal efficiency of chromium(III) was shown in

ig. 4. As seen from Fig. 4, the removal efficiency increased sharply
y increasing the carrier concentration from 2% to 6% (w/w) was
rom 73.08% to 98.19%. When the carrier increased from 7% to
0% (w/w), the removal efficiency passes 99% and kept constant.
herefore, 7% (w/w) concentration of the carrier was selected.
.1.5. Effect of transfer speed on the removal efficiency of
hromium

The influence of transfer speed (150–500 rpm) on the removal
fficiency at emulsification speed (3000 rpm) and emulsification
ime 5 min at constant surfactant concentration 4% (w/w), carrier

ig. 4. Effect of carrier concentration on the removal efficiency of chromium(III)
t internal phase deionized water, surfactant concentration 4% (w/w), O/A 1, Rf 5,
ixing speed 300 rpm and transfer time 20 min.
Fig. 6. Effect of transfer time on the removal efficiency of chromium(III) at internal
phase deionized water, surfactant concentration 4% (w/w), carrier concentration 7%
(w/w), O/A 1, Rf 5 and mixing speed 350 rpm.

concentration 7% (w/w), commercial kerosene 89% (w/w), internal
phase deionized water, O/A 1, Rf 5, and transfer time 20 min have
been studied.

The removal efficiency of chromium(III) at different transfer
speeds was shown in Fig. 5. It was observed that the removal
efficiency increased by increasing the transfer speed from 150 to
250 rpm, chromium(III) removed from 44.52% to 96.25%, when

the transfer speed increased from 300 to 500 rpm, the removal
efficiency of chromium(III) passed 99% and remained nearly con-
stant. It achieved 99.83% of chromium(III) efficiency at 350 rpm. We
selected 350 rpm as transfer speed.

Fig. 7. Effect of Rf on the removal efficiency of chromium(III) at internal phase deion-
ized water, surfactant concentration 4% (w/w), carrier concentration 7% (w/w), O/A
1, Rf 5, mixing speed 350 rpm and transfer time 15 min.
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.1.6. Effect of transfer time on the removal efficiency of
hromium

The effect of transfer time (5–35 min) on the removal efficiency
t emulsification speed (3000 rpm) and emulsification time 5 min
t constant surfactant concentration 4% (w/w), carrier concentra-
ion 7% (w/w), commercial kerosene 89% (w/w), internal phase
eionized water, O/A 1, Rf 5, and transfer speed 350 min have been
tudied.

The removal efficiency of chromium(III) at different transfer
imes was shown in Fig. 6. It showed that when the removal
fficiency increased by increasing the transfer time from 5 to
5 min, chromium(III) removed from 77.89% to 99.38%, then when
he transfer time increased from 20 to 35 min, the removal of
hromium(III) remained nearly constant. Therefore, the transfer
ime 15 min was selected.

.1.7. Effect of volume ratio of the feed solution to the emulsion
hase on the removal efficiency of chromium

The effect of volume ratio of the feed solution to the emulsion
hase (Rf) (5:1–9:1) on the removal efficiency of chromium(III)
as studied at emulsification speed 3000 rpm, emulsification time
min, internal phase deionized water, surfactant concentration
% (w/w), carrier concentration 7% (w/w), O/A 1, transfer speed
50 rpm, transfer time 15 min as shown in Fig. 7. It was clear that
he removal efficiency of chromium(III) decreased gradually in the
ange of Rf from 5:1 to 9:1 and was 75.70% at Rf 9:1.

.2. Theoretical aspects

We have studied the transport mechanism of chromium(III) on
LM by solvent extraction. The effect of TBP, the sulfonation degree
nd concentration of LYF on the extraction of chromium(III) from
ynthetic solutions which contains 20 mg L−1 chromium(III). The
ffect of different surfactant agents Span-80 and LYF on removal
fficiency of chromium(III) suing ELM.

.2.1. Effect of TBP and LYF on the extraction efficiency of
hromium(III)

In specific volume beaker (50 ml), TBP and LYF were mixed
t 300 rpm speed by means of a motor-driven stirrer for 5 min.
he prepared organic solution was added to 100 ml of 20 mg L−1

hromium(III) solution in 250 ml volume beaker. The contents were
tirred by means of motor-driven stirrer at 50 rpm speed for 30 min.
t was easy to be emulsified when there was LYF in the organic solu-
ion so that the mixing speed cannot surpass 50 rpm. The results
ere represented in Table 1. As seen in Table 1 the extraction effi-

iency was low if only there was TBP or LYF and kerosene as organic
olution, however it passed 95% when there were TBP and LYF as
rganic solution, LYF itself did not have extraction ability. So it was
concluded that TBP was difficulty to combine chromium(III), when
YF was added into TBP as organic solution, the –OSO3H of LYF
as on the interface and H+ dissociate from –OSO3H to aqueous

olution. There were lots of –OSO3
− groups at the interface and
aterials 178 (2010) 130–135 133

these negative groups would attract certain amount of Cr3+ at the
interface so that TBP could combine with Cr3+.

3.2.2. Effect of LYF concentration in organic solution on the
extraction efficiency of chromium(III)

In specific volume beaker (50 ml), TBP and LYF were mixed at
300 rpm speed by means of a motor-driven stirrer for 5 min. The
prepared organic solution was added to 100 ml of 20 mg L−1 Cr3+

solution in 250 ml volume beaker. The contents were stirred by
means of motor-driven stirrer at 50 rpm speed for 30 min. The
results were represented in Table 2. It was observed that extrac-
tion efficiency increased by increasing the LYF from 0.2 to 1.5 g,
and –OSO3

− groups were also increased. There must be certain
amount –OSO3

− which could attract Cr3+, then TBP could bind with
Cr3+. Finally TBP combined mostly Cr3+ from the aqueous solu-
tion.

There must be certain amount hydrophilic groups –OSO3
− of

LYF at the interface, it was not necessary to increase sulfonation
degree of LYF. The results were presented in Table 3. Therefore, 5%
degree of sulfonation was selected.

3.2.3. Effect of different surfactants on the removal efficiency of
chromium(III) using EML

The operating procedure was the same as in Section 2.2 and
parameters were: emulsification speed 3000 rpm, emulsification
time 5 min, internal phase deionized water, carrier concentra-
tion (TBP) 7% (w/w), organic solvent (commercial kerosene) at
O/A 1, Rf 5, transfer speed 300 rpm and transfer time 20 min.
TBP or LYF was 7% (w/w). The effect of different surfactants on
the removal efficiency was presented in Table 4. Span-80 was
one of the most widely used surfactant. Surfactant concentra-
tion 7% (w/w) was enough stability for membrane, however the
removal efficiency was nearly zero, there were three OH− in
Span-80, but H+ cannot dissociate from OH− to aqueous solu-
tion. At the external interface there was not enough negative
groups attracting certain amount of chromium(III) cation. So it
was clear that LYF was not only the surfactant but also played
a key auxiliary effect for TBP combining with chromium(III)
at the interface which just proved the conclusion of Section
3.2.2.

According to the above experiment phenomenon, the transport
mechanism of chromium(III) from external phase to internal phase
in EML may be represented by the scheme shown in Fig. 8. The
following steps are involved in transport process:

(1) The –OSO3H of LYF is on the external interface and H+ disso-
ciate from –OSO3H into aqueous solution. Cr3+ is attracted by
–OSO3

−.

(1)

(2)

(2) TBP binds with Cr3+ at the external interface to form a complex,

[Cr–TBPn]3+. The complex is transported to internal interface
because of concentration gradient between external and inter-
nal interface.

(3)
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Table 1
Effect of TBP and LFY on the extraction efficiency of chromium(III).

No. TBP (g) LYF (g) Kerosene (g) Efficiency

1 10 0 0 9.47%
2 0 1.0 10 18.68%
3 10 1.0 0 95.66%

Table 2
Effect of LYF concentration on the extraction efficiency of chromium(III).

No. TBP (g) LYF (g) Efficiency

1 10 0.2 21.84%
2 10 0.5 84.01%
3 10 1.0 96.84%
4 10 1.5 97.5%

Table 3
Effect of sulfonation degree of LFY on the removal efficiency of chromium(III) by
ELM.

No. 1 2 3 4 5

Sulfonation degree 100 50 25 10 5
Efficiency >99%

F
c

(

(

C

C

[

[

[

[

[

ig. 8. Scheme diagram of the transport mechanism in EML process for
hromium(III) separation.

3) At internal interface ion-exchange reaction takes place thereby
this complex releasing Cr3+ into internal phase, TBP returns to
the external interface with H+ to recombine Cr3+ and H+ releases
into external phase.

[Cr–TBPn]3+ + nH+ → n[H–TBP]+ + Cr3+ (4)

4) Cr3+ reacts with internal solvent, the concentration gradient of
Cr3+ between external and internal phase provides the driving
force for the transport via membrane phase.

r3+ + 3OH− → Cr(OH)3↓ (neutral) (5)

Cr3+ + 4OH− → Cr(OH)4
−orCr3+ + 6OH− → Cr(OH)6

3−
(alkaline) (6)

r3+ + 2H2O → Cr3+·2(H2O) (H2SO4) (7)

Table 4
Effect of different surfactants on the removal efficiency of
chromium(III) using EML.

No. Surfactant Efficiency

1 LYF >99.5%
2 Span-80 <1%

[

[

[

[

[

[

aterials 178 (2010) 130–135

4. Conclusion

The influence of the effect of the surfactant concentration 2–8%
(w/w), carrier concentration 2–10% (w/w), internal phase H2SO4
[pH 0–6], deionized water [pH 6.65] and NaOH [0–0.8% w/w], Rf
ratio 5:1–9:1, transfer time 5–35 min on the stability of the pre-
pared ELM and removal of chromium(III) from synthetic solutions
were investigated. The optimum conditions for preparation stable
emulsion which capable of 99.71–99.83% chromium(III) removal
were 3000 rpm emulsification speed, 5 min emulsification time,
internal phase H2O, surfactant concentration 4% (w/w), carrier
concentration 7% (w/w), Rf 5, O/A 1, transfer speed 350 rpm and
transfer time 20 min. LYF was played a key auxiliary effect for TBP
combining with chromium(III) by studying on transport mecha-
nism.
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