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ABSTRACT

The solvent extraction and transfer of chromic acid from hydrochloric acid medium
through a bulk liquid membrane containing dicyclohexano-18-crown-6 (L) were stud-
ied. Extraction experiments pointed out that chromium(VI) was coextracted with the
chloride ion which formed the complex ion pair L(H3O1)CrO3Cl2 in the organic
phase. The Donnan equilibrium isotherm based on the extraction, stripping, and
CrO3Cl2 hydrolysis equilibria allowed prediction of the performance of the semiper-
meable membrane to concentrate chlorochromic acid in the receiving phase. Trans-
port experiments confirmed the ability of the liquid membrane to recover
chlorochromic acid in pure water. The transport kinetics was modeled by using the
two-film theory applied to the liquid membrane.
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INTRODUCTION

The removal of toxic metals from industrial wastewater is a major concern.
Hexavalent chromium receives particular attention because of its high toxic-
ity and its numerous industrial applications (electroplating, metal finishing,
and corrosion inhibition) (1). Plating baths in the electroplating process con-
tain 100–200 g?L21 of hexavalent chromium (2), and they can be polluted by
metallic cations (i.e., Fe31, Cr31, Ni21) of low concentration (1 to 10 g?L21)
and by anions (nitrates, chlorides, phosphates, sulfates). The rinsing waters
used after chromium plating [concentration of chromium(VI) between 100
and 500 mg?L21] need to be treated (,1 g?L21) before discharge to the envi-
ronment (3).

The treatment of electroplating effluents generally consists in a reduction 
of Cr(VI) to Cr(III) with a chemical reducing agent such as ferrous sulfate, 
sulfur dioxide, or sodium bisulfite, and then precipitation of the 
trivalent chromium as hydrated oxides. Other recycling processes involve 
anionic-exchange resins which are used to remove chromate or 
dichromate followed by elution with NaOH solution, and reverse 
osmosis. These techniques are costly and produce additional sludges. The 
possibility of recovering and concentrating chromium(VI) for reuse makes 
the techniques of liquid–liquid extraction and transport through a liquid 
membrane very attractive. Amine compounds [tri-n-octylamine (4, 5), 
triisooctylamine (6, 7)] and quaternary ammonium salts [trialkylmethylam-
monium salts (8–12)] have been the main extractants mentioned in the 
literature for the removal of chromium(VI). The stripping process 
with these compounds requires a reagent in the aqueous phase [e.g., 
NaOH for the amines (5) and chloride ions for the quaternary 
ammonium (12)]. In this case, chromium is recovered as chromic 
salts. The use of less basic extractants with the ability to solvate the 
hydrogen ion must be considered for a direct recovery of chromic 
acid. Neutral extractants such as tributyl phosphate (13, 14), trioctylphosphine
oxide (15), 3-(4-pyridyl)-1,5-diphenyl pentane (16), 5-(4-pyridyl)nonane 
N-oxide (17), and crown ethers (18, 19) have been investigated for this 
purpose.

In previous work (19) we have showed that dicyclohexano-18-crown-6
(DC18C6) was the most efficient and selective extractant carrier of chromic
acid for removal from a sulfuric medium compared with tributyl phosphate
(TBP), dibutyl carbitol (Butex), and trioctylphosphine oxide (TOPO). It was
also found that chromium(VI) was extracted as HCr2O2

7.
In this work, chromium(VI) extraction from a hydrochloric acid medium by

an organic phase containing DC18C6 as well as stripping with pure water are
investigated in order to predict the semipermeable character of the corre-
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sponding liquid membrane. Transfer kinetic experiments are presented and
modeled using the two-film theory.

EXPERIMENTAL

Materials

Dicyclohexano-18-crown-6 (DC18C6) is a commercial mixture of the cis
syn cisand cis anti cisisomers (ACROS Organics, 98%) and was used as the
extractant without further purification. Dichloromethane (Carlo Erba 99.8%)
was washed with distillated water in order to remove the stabilizer (0.2%
ethanol). The aqueous phase of chromic acid was prepared using chromic ox-
ide (CrO3) (Prolabo 99%) diluted in hydrochloric acid (2 M) (SDS).

Extraction and Stripping Procedures

The liquid–liquid extraction experiments were carried out at room temper-
ature in separatory funnels by shaking equal volumes of the aqueous and or-
ganic phases (45 mL each). The shaking time was fixed at 6 minutes in order
to reach equilibrium. The initial concentration of Cr(VI) in the aqueous hy-
drochloric acid solution extended from 5 3 1025 M (2.6 mg?L21) to 1.5 3
1022 M (2.6 g?L21). The DC18C6 was diluted in various concentrations of
dichloromethane (0.005, 0.01, and 0.02 M).

The organic and aqueous phases were divided after extraction. For the strip-
ping step, each organic phase saturated in chromic acid (40 mL) was placed in
contact with 2 mL of water in a separatory funnel (shaking time: 6 minutes).

Transport Experiments

The transport experiments were performed using a specific device shown
by Fig. 1 (20). This device is particularly adapted to diluents more dense than
the aqueous phase. It is composed of a 80-mm diameter glass cell ther-
mostated at 298 6 1 K where the organic phase (250 mL) is set in the bottom
and a 45-mm diameter concentric bell cylinder separates the outer aqueous
phase (feed phase I: 50 mL) from the inner aqueous phase (stripping phase II:
50 mL). A synchronous motor (Heidolph RZR 2000) is connected to the bell
cylinder to stir the phases (200 rpm). The surface areas of the interfaces are as-
sumed to be constant and equal to the areas of the nonagitated interface areas
(between aqueous I and organic phase: S1 5 0.314 dm2; between organic and
aqueous II phases: S2 5 0.159 dm2). In Experiment I the feed solution (50 mL)
consisted of aqueous hydrochloric acid (2 M) with an initial Cr(VI) concen-
tration of 0.05 M. In Experiment II a peristaltic pump (DEGASA, Heidelberg)
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ORDER                        REPRINTS

allowed circulation of the carrier solution of chromic acid (1 L) in order to
keep a constant concentration value during the experiment [initial Cr(VI) con-
centration: 0.01 M].

Analysis

The chromium(VI) concentration was carried out in the liquid phase using
a Perkin-Elmer UV-Visible spectrophotometer model 2380. The Cr(VI)
species in the organic and aqueous phases were analyzed by quantitatively
stripping the CrO22

4 ions (wavelength: 370 nm, pH 11) with a 0.01 M potas-
sium hydroxide solution. Basic solutions (pH . 11) obtained by dissolving
potassium chromate (K2CrO4) in a potassium hydroxide solution (0.01 M)
with various concentrations of Cr(VI) (1025 M to 2 3 1024 M) were used as
reference solutions.

The chloride ion concentrations were measured in the organic phase by
ionic chromatography.

1894 ZOUHRI, ERNST, AND BURGARD

FIG. 1 Experimental setup for the transport rate measurements.
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RESULTS AND DISCUSSION

Extraction of Chromic Acid in Hydrochloric Acid

The chromate ions react in an aqueous chloride medium (2 M) by forming
the trioxochlorochromate(VI) ion (CrO3Cl2) (21–25) according to

HCrO4
2 1 Cl2 1 H1D CrO3Cl2 1 H2O

The trioxochlorochromate(VI) ion was identified as the extracted species in
the extraction of chromium(VI) from hydrochloric acid medium by tri-n-butyl
phosphate (13), but it was not recognized in chromium(VI) extraction from
chloride medium by triisooctylamine (6).

A recent study (18) on chromium(VI) extraction by DC18C6 indicates the
existence of a Cr(VI):DC18C6 extracted species having a 1:1 stoichiometry
without providing any information on the presence of chloride in this species.

Extraction experiments have been performed with various concentrations
of Cr(VI) ([Cr]aq5 0–0.02 M) diluted in 2 M hydrochloric acid with DC18C6
(abbreviated L) in dichloromethane. The corresponding distribution isotherms
[Cr]org/[L] 0 5 f([Cr]aq) (Fig. 2) for various initial concentrations of DC18C6
([L] 0 5 0.005, 0.01, and 0.02 M) show that the organic phase is saturated for
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FIG. 2 Isotherm distribution curves [Cr]org/[L] 0 5 f([Cr]aq) of the extraction of chromic acid
from a hydrochloric acid medium with various initial DC18C6 concentrations: (j) 0.005M, (s)
0.01 M, and (m) 0.02 M. Comparison of the predictive model (solid line) and the experimental

results of chromium(VI) extraction using DC18C6.
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ORDER                        REPRINTS

[Cr]aq . 0.005 M and for a [Cr]org/[L] 0 ratio close to one, as pointed out by
Koshima and Onishi (18).

In order to get more information on the chemical nature of the extracted
species, the coextraction of chloride ions and chromium acid was performed.
It was shown that in the absence of chromic acid, hydrochloric acid is ex-
tracted by DC18C6 in a very low proportion [Cl2]/[L] 0 , 0.04 (Fig. 3)
whereas, in the presence of chromic acid (Fig. 4), the organic chloride ion con-
centration was found to be very close to the organic chromium concentration,
showing the existence of the lipophilic chlorochromic anion CrO3Cl2.

All the results previously mentioned indicate the formation of the complex
ion pair L(H3O1)(CrO3Cl2) in the organic phase species. Therefore, the over-
all extraction equilibrium

H3O1 1 CrO3Cl2aq 1 LorgD L(H3O1)CrO3Cl2 (equilibrium 1)

with the corresponding equilibrium constant Kex, written as

Kex 5 [Cr]org/[H3O1][L][Cr] aq (1)

with
[Cr]org 5 [L(H3O1)CrO3Cl2]org (2)

and

[L] 5 [L] 0 2 [Cr]org (3)
is proposed.

1896 ZOUHRI, ERNST, AND BURGARD

FIG. 3 Isotherm distribution curve of chloride ion extraction without chromium (VI) using
DC18C6 ([L]0 5 0.02 M) from hydrochloric acid media with various concentrations.
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In the experimental conditions (excess of Cl2), it is also assumed that

[Cr]aq 5 [CrO3Cl2]aq (4)

Due to the high acidity of the aqueous extraction medium ([H3O1] @[L] 0),
the H3O1 aqueous concentration is considered to be constant ([H3O1] 5 2 M)
during extraction. Thus, an apparent extraction constant (Kapp) can be defined
as

Kapp5 [Cr]org/[L][Cr] aq (5)

Using Eqs. (3) and (5), an expression for the chromium(VI) extraction dis-
tribution isotherm can be deduced:

[Cr]org/[L] 0 5 Kapp[Cr]aq/(1 1 Kapp[Cr]aq) (6)

A satisfactory fit of the experimental [Cr]org/[L] 0 versus [Cr]aq plot using
Eq. (6) is obtained for Kapp5 1700 6 100 mol21?L as shown in Fig. 2 for three
initial ligand concentrations (0.005, 0.01, and 0.02 M). It can also be noted
that the proposed model is valid for a large range of chromium(VI) concen-
trations in the aqueous phase (0 , [Cr]aq , 2 mol?L21).

Stripping of Chlorochromic Acid

Stripping of chlorochromic acid in the organic phase was carried out with
pure water (pH ; 5.5) using various organic chlorochromic acid concentra-
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FIG. 4 Isotherm distribution curves of chloride ion (j) and chromium(VI) (d) extraction 
using DC18C6 ([L]0 5 0.02 M) from a hydrochloric acid medium (2 M).
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tions, a constant organic/aqueous volume ratio (see Experimental Section), and
[L] 0 5 0.01 M. The deduced Cr(VI) stripping distribution isotherm (Fig. 5)
suggests that chromium saturation of the organic phase is obtained for a
1/1:[Cr]org/[L] 0 ratio. This is an additional confirmation of the proposed ex-
tracted complex stoichiometry.

The stripping reaction is accompanied in pure water by hydrolysis of the
chlorochromate ion (21). Thus, the following equilibria have to be considered:

H3O1 LCrO3Cl2DL 1 CrO3Cl2 1 H3O1 (equilibrium 2)

CrO3Cl2 1 2H2O D HCrO4
2 1 Cl2 1 H3O1 (equilibrium 3)

The corresponding equilibrium constants are defined for equilibrium 2 as

Kstrip 5 (7)

and for equilibrium 3 as

Kh 5 (8)

where Kh is the CrO3Cl2 hydrolysis constant (expressed in mol2?L22).

[Cl2][H3O1][HCrO4
2]

}}}
[CrO3Cl2]

[L][CrO3Cl2][H3O1]
}}}

[Cr]org

1898 ZOUHRI, ERNST, AND BURGARD

FIG. 5 Comparison of the predictive model (solid line) based on the stripping reaction and the
hydrolysis of the CrO3Cl2 species with the experimental results of the chromium(VI) stripping.
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According to equilibria 2 and 3, the concentration of chromium(VI) in the
stripping aqueous phase is [Cr]aq 5 [HCrO2

4] 1 [CrO3Cl2] with [HCrO4
2]

5 [Cl2].
From the electroneutrality of the aqueous stripping phase, it is deduced that

[H3O1] 5 [Cl2] 1 [HCrO4
2] 1 [CrO3Cl2] 5 [HCrO4

2] 1 [Cr]aq

The equation of the stripping distribution isotherm is deduced from the pre-
vious relations:

[Cr]org 5 (9)

By using Eq. (8), [Cr]aq is calculated from [HCrO42] as

[Cr]aq 5 (10)

The simulated curve of [Cr]org versus [Cr]aq using Eq. (10) and the experi-
mental results are reported in Fig. 5. The good agreement with the experi-
mental stripping data, obtained with the stripping constant Kstrip 5 6.25 3
1023 mol2?L22 and Kh 5 8.00 3 1023 6 5 3 1024 mol2?L22, supports the va-
lidity of the proposed model.

Donnan Equilibrium of the Liquid Membrane

The extraction selectivity of DC18C6 toward chlorochromic acid with re-
spect to hydrochloric acid, associated with the ability of pure water to ensure
chromium backextraction (stripping), suggests that the organic phase can
work as a semipermeable bulk liquid membrane in a three liquid-phase sys-
tem. The semipermeability of the liquid membrane is characterized by the
Donnan equilibrium isotherm [Cr]aqII, stripping5 f([Cr]aqI, extraction feed), which
is deduced from the liquid–liquid extraction and stripping Cr(VI) distribution
curves by plotting [Cr]aqII versus [Cr]aqI for a common [Cr]org concentration
(Fig. 6).

The [Cr]aqII 5 f([Cr]aqI) Donnan equilibrium curve is obtained numerically
by considering HCrO42 concentration (Eqs. 9 and 10) as a variable from
which [Cr]aqII and [Cr]org are computed. The corresponding [Cr]aqI is deduced
by means of Eq. (6).

Kh[HCrO4
2] 1 [HCrO4

2]3

}}}
Kh 2 [HCrO4

2]2

}
Kstr

1
ipKh
} [L] 0([HCrO4

2] 1 [Cr]aq)2[HCrO4
2]2

}}}}}
1 1 }

Kstr

1
ipKh
} ([HCrO4

2] 1 [Cr]aq)2[HCrO4
2]2
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ORDER                        REPRINTS

The deduced curve (Fig. 7) ([Cr]aqII 5 f([Cr]aqI) predicts the ability of the
bulk liquid membrane to concentrate chlorochromic acid in the receiving
phase within the experimental conditions (i.e., for an overall HCl concentra-
tion in the feed phase). The ability to concentrate chomium can be defined by

1900 ZOUHRI, ERNST, AND BURGARD

FIG. 6 Liquid–liquid extraction and stripping chromium(VI) distribution curves. Determina-
tion of chromium(VI) concentrations in the feed ([Cr]aqI) and receiving ([Cr]aqII) phase for a

common chromium(VI) organic concentration ([Cr]org).

FIG. 7 Donnan equilibrium curve [Cr]aqII, stripping5 f([Cr]aqI, extraction feed) (solid line) deduced
from extraction and stripping equilibria. Chromium equilibrium states obtained from transport
experiments after 8 hours: (d) initial chromium(VI) concentration in the feed 5 0.05 M, carrier
concentration 5 0.01 M; (j) initial chromium(VI) concentration in the feed 5 0.01 M, carrier

concentration 5 0.02 M.
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the ratio a 5 [Cr]aqII/[Cr]aqI which varies in the range ;35 # a # ;280 for
low chromium(VI) concentrations in the feed phase (0.0002 M , [Cr]aqI ,
0.0025 M).

This result can be generalized to any liquid membrane system containing a
highly selective extractant carrier (L) which transports chlorochromic acid
from a 2 M HCl feed to a water receiving phase via the formation of a com-
plex of general formula L(H3O1)CrO3Cl2 in the membrane phase.

Liquid Membrane Transport Experiments

Two different kinetic experiments were carried out to illustrate
chromium(VI) transport through the liquid membrane (Figs. 8 and 9). The
equilibrium state is reached and characterized by the occurrence of near
plateau values for chromium concentrations in the feed, receiving, and liquid
membrane phases.

In Experiment I the volume of the two aqueous phases is equal (VaqI 5 VaqII

5 0.05 L). The initial concentration of chromium(VI) in the feed aqueous
phase was 0.05 M in 2 M HCl ([L]0 5 0.01 M). In this case an almost quanti-
tative transfer of chromium(VI) is obtained with a very high corresponding
concentration factor (a 5 513). In Experiment II ([Cr]0 5 0.01 M, [L]0 5 0.02

RECOVERY OF Cr(VI) FROM HYDROCHLORIC ACID MEDIUM 1901

FIG. 8 Evolution of chromium(VI) concentrations during transport through a liquid membrane
containing DC18C6 in dichloromethane. Initial concentrations: [L]0 5 0.01 M and [Cr]0 5 0.05
M. Chromium(VI) concentration: (j) in the feed phase, (d) in the organic phase, (m) in the re-
ceiving phase. Comparison of the predictive model (solid line) and the experimental results of

chromium(VI) transport.
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ORDER                        REPRINTS

M), the volume of the two phases is different (VaqI5 1 L, VaqII 5 0.05 L). Near
plateau concentration values are obtained for an a value which is much lower
(a 5 18) than in Experiment I. It is experimentally confirmed in both cases
that the corresponding equilibrium point ([Cr]aqI and [Cr]aqII, reported in Fig.
7) is close to the Donnan equilibrium state, predicted from the extraction and
stripping equilibria (Eqs. 6, 9, and 10).

Kinetic Modeling of Chromium(VI) Transport

The modeling of the mass transfer kinetics is carried out by applying the
two-film model at each liquid membrane interface (26). In this model the rate-
limiting step of the transfer is assumed to be chromium(VI) diffusion through
the two stagnant films adjacent to a given interface. The transfer rate is then
described by fluxes, deduced from Fick’s law, which characterize the diffu-
sion of chromium(VI) through the various stagnant films (19):

Jaq 15 2 }
V
S
a

1

qI
} d }

[C
d
r]
t
aqI

} 5 kaq 1([Cr]aqI 2 [Cr]aq int 1) (11)

Jorg 15 korg 1 ([Cr]org int 12 [Cr]org) (12)

Jorg 25 korg 2 ([Cr]org 2 [Cr]org int 2) (13)

Jaq 25 2 }
V
S
aq

2

II
} d }

[Cr
d
]
t
aqII
} 5 kaq 2([Cr]aq int 22 [Cr]aqII) (14)

1902 ZOUHRI, ERNST, AND BURGARD

FIG. 9 Evolution of chromium(VI) concentrations during transport through a liquid membrane
containing DC18C6 in dichloromethane. Initial concentrations: [L]0 5 0.02 M and [Cr]0 5
0.005 M. Chromium(VI) concentration: (j) in the feed phase, (d) in the organic phase, (m) in
the receiving phase. Comparison of the predictive model (solid line) and the experimental results

of chromium(VI) transport.
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with the mass balance equation

S1Jaq 12 S2Jaq 25 Vorg }
d[C

d
r
t
]org
} (15)

where [Cr]aq int 1, [Cr]org int 1, [Cr]aq int 2, and [Cr]org int 2are the aqueous and or-
ganic interfacial concentrations; kaq 1, kaq 2, korg 1, and korg 2 are the corre-
sponding mass transfer coefficients; S1 and S2 are the interfacial areas; and
Vorg is the membrane phase volume.

Assuming conservative fluxes for each interface:

Jaq 15 Jorg 1 (16)

Jorg 25 Jaq 2 (17)

Concentrations are related by the following overall mass balance equation:

VaqI [Cr]aqI 1 VaqII [Cr]aqII 1 Vorg [Cr]org 5 VaqI [Cr]0 (18)

with the boundary conditions

t 5 0, [Cr]aqI 5 [Cr]0; [Cr]org 5 0; [Cr]aqII 5 0

Additional approximations are made here:

kaq 15 korg 15 k1 (19)

kaq 25 korg 25 k2 (20)

and

k1 5 1.2k2 (21)

These approximations have been found to be satisfactory for the setup used
in this work (27).

Within the two-film model, Eqs. (6) and (9) provide the relations between
the interfacial concentrations at the two interfaces, respectively.

Interface 1:

[Cr]org int 15}
1
17

1

00
1
[
7
L
0
]
0
0[
[
C
C

r
r
]
]
a

a

q

q

i

i

n

n

t

t

1

1
} (6)

Interface 2:

[Cr]org int 25 (9)

Because of the complexity of Eq. (9), an empirical equation ([Cr]org int 25
58[L]0[Cr]aq int 2

2) has been used and found to be valid for the concentration
range 0 , [Cr]aq int 2, 0.1 mol?L21.

20,000[L]0([HCrO4
2] 1 [Cr]aq int 2)2[HCrO4

2]2

}}}}}
1 1 20,000([HCrO4

2] 1 [Cr]aq int 2)2 [HCrO4
2]2
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Differential equations are solved by applying the classical Euler method:

}
d[

d
C
t
r] i
} 5 }

D[
D

C
t
r] i

} 5 kƒ([Cr] i), with i 5 aqI, aqII, and org

Vorg}
[Cr]

t
i

n

,n

1

1

1

1

2

2

t
[

n

Cr]i
}5 kSi ƒ([Cr] i), with tn11 2 tn 5 t

which provide [Cr]aqI(t), [Cr]aqII(t), and [Cr]org(t) for a given value of k. Cal-
culations were performed for t 5 300 seconds.

Comparison between the experimental and calculated [Cr]i 5 f(t) curves
(Fig. 8) shows that the transfer process is described for close values of k (k1 5
38.0 mm?s21 for Experiment I and k1 5 36.0 mm?s21 for Experiment II).
These mass transfer coefficients are of the same magnitude as for the transport
of chromic acid from sulfate media (k1 5 43.0 mm?s21) (19). This agreement
supports the validity of the approach.

CONCLUSION

Dicyclohexano-18-crown-6 appears to be an appropriate extractant carrier
for the recovery of chlorochromic acid from a hydrochloric acid medium. Liq-
uid–liquid extraction studies have shown that chromium(VI) is extracted via a
complex ion pair L(H3O1)(CrO3Cl2).

The presented approach links the extraction and stripping processes with
transfer through the liquid membrane by deducing the Donnan equilibrium of
the DC18C6-containing membrane from a two-phase distribution equilibria.

Actual transport experiments show the ability to concentrate chromium
(“uphill transport”) as predicted by the Donnan equilibrium diagram.

The present study also illustrates the relatively high transfer intensity (high
transfer coefficients) combined with a high selectivity which can be obtained
by a liquid membrane with respect to a classical membrane.

NOMENCLATURE

[Cr] chromium VI concentration (mol?L21)
[L] extractant carrier concentration (mol?L21)
S interface area (dm2)
V phase volume (L)
t time (s)
J chromium flux (mol?s21?dm21)
k mass transfer coefficient (mm?s21)
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Indices
aq aqueous phase
org organic phase
I in the extraction phase or feed aqueous bulk
II in the receiving phase or stripping aqueous bulk
int interface
1 interface between the feed phase and the membrane
2 interface between the receiving phase and the membrane
0 initial concentration conditions
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