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Analysis of a NDSX Process for the Selective Removal
of Cd from Phosphoric Acid

A. M. URTIAGA, S. ZAMACONA, and M. I. ORTIZ*
DEPARTAMENTO DE QUÍMICA

ETSII Y T. UNIVERSIDAD DE CANTABRIA

AVDA. DE LOS CASTROS S/N, 39005 SANTANDER, SPAIN

ABSTRACT

In this work an analysis of the separation process of Cd from phosphoric acid by
means of nondispersive solvent extraction technology and by using Aliquat 336 as the
selective extractant and water as the backextractant solution is presented. Based on the
results of a previous literature report for a different type of extractant, experimental
planning has been carried out to determine the feasibility of cadmium removal in a
continuous process that includes a regeneration step of the extractant to its chloride
form. A chemical mechanism for the separation process has been proposed. Analysis
of the steady-state results of Cd transport from the feed acidic phase to the stripping
phase led to evaluation of the membrane mass transport parameter, Km 5 1.76 3 1028

m /s.

Key Words. Phosphoric acid; Cadmium; Aliquat 336; Nondispersive sol-
vent extraction; Hollow fiber

INTRODUCTION

Cadmium is one of the heavy metals present in wet phosphoric acid. In the
manufacture of phosphate fertilizers the cadmium in the acid is transferred to
the fertilizer and finally to soils. Due to the high toxicity of cadmium, it is en-
vironmentally desirable to reduce the cadmium content in wet phosphoric
acid.
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ORDER                        REPRINTS

The concentration of cadmium in phosphoric acid depends on the nature of
the phosphate rock, on the manufacturing process, and on the concentration of
P in the end product. According to the literature (1), the cadmium content in
commercial phosphate rocks varies between 1 and 340 ppm, and in process-
ing with sulfuric acid, 80% of this cadmium is found in the acid. In this low
range of concentrations, liquid–liquid extraction seems to offer the best effi-
cieny for the removal of cadmium from phosphoric acid among all the avail-
able technologies, provided a suitable extraction system is employed.

The literature refers to several cadmium removal methods. CFB Rudolf A.
Oetker (2) investigated a conventional multistage liquid–liquid process using
a tertiary amine as the extraction agent and an aqueous solution of sodium sul-
fate or sodium carbonate as the stripping agent. The same company also
patented a process using phosphenes, phosphane salts, or phosphonium com-
pounds as selective cadmium extractants. A similar procedure was developed
by J. R. Simplot Co. (3) using the same class of solvents. Hoechst (4) patented
a process that uses dialkyldithiophosphoric acid esters as extractants and
NaOH, HCl, and HBr as stripping agents. Copper stripping was not quantita-
tively achieved in any of these cases, indicating the tendency of Cu to remain
in the organic phase. The performance of two thiophosphinic acids, Cyanex
301 and Cyanex 302, in the extraction of Cd, Zn, Co, Mn, Ni, and Cu from
acidic aqueous solutions is reported by the manufacturer (5). Ercros SA (6)
patented a new process of cadmium separation from phosphoric acid by means
of emulsion liquid membranes, using Cyanex 302 as the extractant and a 20%
hydrochloric acid solution as the backextraction agent. Most of these refer-
ences ignore other heavy metals in phosphoric acid which affect the behavior
of the organic extractant phase on a long-term scale.

The literature survey revealed that thiophosphinic acids could be suitable
Cd extractants. The efficiency of Cyanex 302 was successfully checked in pre-
vious work using a synthetically prepared cadmium solution in purified phos-
phoric acid (30% P2O5) and innovative nondispersive extraction in membrane
contactors as the separation method (7, 8). The cadmium concentration was
reduced from the initial 100 mg/L to 2 mg/L by using hydrochloric acid as the
stripping phase. However, these results could not be repeated when working
with industrial grade phosphoric acid. After several experiments it was con-
cluded that the simultaneous presence of copper in the industrial acid, influ-
enced the ability of Cyanex 302 to extract Cd because of the formation of a
copper-loaded organic phase where a redox reaction takes place which leads
to oxidation of the organic compound and the simultaneous reduction of cop-
per, yielding to an extractant which is no longer active (9, 10). Under these
circumstances, a change in the extraction agent was required.

An extensive literature survey concerning the extraction of cadmium with
amines, preferably tertiary amines, was presented by Strenström and Aly (11).
With regard to the use of Aliquat 336, separation of cadmium from environ-
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mental water samples (12), from halide media (13, 14), and from industrial ef-
fluents (15, 16) was reported.

Strenström (11, 17–19) tested a wide group of primary, secondary, tertiary,
and quaternary amines as extractants. By using the distribution coefficient as
the comparison parameter, tertiary and quaternary amines (Alamine 336 and
Aliquat 336, respectively) showed the best results. The distribution coeffi-
cients of Aliquat 336 were somewhat higher than those of Alamine 336, but
the tendency of Aliquat 336 to form a third organic phase and the poor sepa-
ration of aqueous and organic phases obliged us to discard this extractant.

The nondispersive solvent extraction (NDSX) process is an alternative to
the conventional extraction in mixer settlers and countercurrent columns.
NDSX is characterized by stabilization of the aqueous–organic interface at a
porous material, avoiding the dispersion of the phases and thus eliminating
emulsion formation and phase entrainment. NDSX technology has been ap-
plied successfully using Aliquat 336 as the extractant agent to the separation-
concentration of Cr(VI) (20, 21) and amino acids (22).

Because of the importance for environmental as well as health concerns of
research on a technological alternative that will allow the removal of heavy
metals from phosphoric acid, the aim of this work is to analyze the separation-
concentration of cadmium, one of the most toxic metals, from wet phosphoric
acid by means of nondispersive solvent extraction in hollow fiber membrane
contactors using Aliquat 336 as the organic extractant.

EXPERIMENTAL

The NDSX experimental setup consisted of two or three hollow fiber con-
tactors as required in the different steps of the experimental work. The char-
acteristics of the contactor are given in Table 1. It is a commercially available
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TABLE 1
Characteristics of the Hollow Fiber Contactor

Type of fiber Celgard X-30
Number of fibers 10,000
Material, fibers Polypropylene
Material, shell Polypropylene
Inner diameter of the fibers 2.4 3 1024 m
Wall thickness of the fibers 3.0 3 1025 m
Pore size 3 3 1028 m
Porosity 40%
Diameter of the shell 0.08 m
Effective length 0.15 m
Hold-up of the fibers 7.7 3 1025 m3

Hold-up of the shell space 2.05 3 1024 m3

Mass transfer area 1.4 m2
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device from Hoechst Celanese (Liqui-Cel Extra-Flow 2.5 3 8) and mounted
with Celgard X-30 porous polypropylene membranes.

Several types of pumps were employed to draw the fluids through the sys-
tem. The selection of an adequate pumping element was made by considering
the flow-rate requirements and the chemical compatibility of the materials.
Peristaltic pumps (GILSON Minipulse 3 and EYELA MP-3) fixed with Viton
tubing were used to draw the phosphoric acid and the water stripping streams
at the low range of volumetric flow rates. A gear pump (Micropump 020-000)
was used to pump the organic phase. The hydrochloric acid equilibration
phase was pumped using a diaphragm pump (ALLDOS M220-75D02) with a
chemically inert polypropylene diaphragm, body, and valve seat, powered by
a variable speed DC motor. A pulse dampener (COLE PALMER) eliminated
pulsation in the output flow. Teflon flowmeters (AALBORG) were used to
monitor the flow rates of the fluid phases. The flowmeters were equipped with
a backpressure control valve in order to maintain the appropriate differential
pressure for the control of the aqueous–organic interface at each module. The
inlet and outlet pressures of each stream were measured in each of the mod-
ules using stainless steel pressure gauges (WICA). The differential pressure
between the aqueous phases (feed, stripping, and equilibration were main-
tained in the range 0.1 kg/m2 , DP , 0.3 kg/m2). Connections among the dif-
ferent elements of the experimental apparatus were by Teflon tubing.

The feed phase was industrial-grade phosphoric acid, supplied by Fertiberia
S.A. (Spanish company) The initial cadmium content in the acid was 1.42 3
1024 M (16 mg/L). This concentration was increased to 50 mg/L in all ex-
periments by the addition of CdSO4?8/3H2O (AnalaR, Probus). A preliminary
filtration step was used to remove the suspended solid impurities of the in-
dustrial-grade phosphoric acid. The organic extractant phase was a solution of
Aliquat 336, a commercial mixture of trialkylmethylammonium chlorides (tri-
alkyl 5 C8–C10, mainly capryl) supplied by Henkel and used as received with-
out further purification. The composition of the organic phase was, in volume
percentages, 30% Aliquat 336, 30% isodecanol (Exxon), and 40% kerosene
(Petronor S.A). The addition of isodecanol is necessary in order to avoid the
formation of a second organic phase when the aqueous and organic phases are
in contact. The regeneration of the extractant was performed using water as
the stripping agent (11, 18, 19). A solution of hydrochloric acid (Probus), 1 M,
was used as the equilibration phase.

In the first set of experiments two membrane modules were employed, one
for the Cd extraction operation and the second one for Cd stripping and re-
generation of the organic extractant. In this layout the feed phosphoric acid
and the water-stripping phase were circulated either in a batch mode or in a
continuous mode, as shown schematically in Fig. 1. In the final layout (Fig. 2),
a third membrane module was added in order to perform an equilibration step,
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ORDER                        REPRINTS

needed to convert the Aliquat 336 hydroxide to the chloride salt needed for the
extraction process. The equilibration phase was pumped past the membrane
module and then returned to the reservoir, and the feed and stripping phases
were always operated in a continuous mode.

The organic extractant phase was always circulated in a closed circuit, flow-
ing through the extraction, stripping, and equilibration modules. The flow of
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FIG. 1 Experimental setup with two hollow fiber modules, employed in the preliminary ex-
periments. The feed and stripping phases could be circulated either in a batch mode or in a

one-through mode.

FIG. 2 Experimental setup with three hollow fiber modules, including the equilibration step of
the organic phase.
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the organic phase was through the inside of the fibers in the extraction mod-
ule, while it was circulated through the shell-side in the stripping and equili-
bration modules. This layout facilitated the simultaneous control of the differ-
ential pressure between the aqueous and organic streams in all three modules

Samples of phosphoric acid and the stripping phases were either taken from
the tanks or collected at the outlet of the extraction and stripping modules at
regular time intervals. The cadmium concentration in these samples was de-
termined using an inductively coupled plasma atomic emission spectrometer
(ICP, Perkin-Elmer). When Cd was the only metal to be measured, the aque-
ous samples were analyzed by atomic absorption spectroscopy (Perkin-Elmer
3110). Metal concentration in the organic phase was calculated from the mass
balance. Table 2 presents the concentration of metals in the raw phosphoric
acid. Analytical determination of chloride anions in the aqueous stripping
phase was carried out by ion chromatography in a Waters 501 HPLC provided
with a Waters 430 conductivity detector using an IC-Pack A anionic analyti-
cal column. The pH of the stripping phase was measured with a pH-meter.

RESULTS AND DISCUSSION

This paper reports analysis of the separation-concentration process of cad-
mium from phosphoric acid by means of nondispersive solvent extraction in
hollow fiber membrane contactors. This required the performance of experi-
ments in various configurations of the experimental apparatus until the chem-
ical features of the system were known in detail and the proper operating con-
ditions were obtained. In this section we describe the different parts of the
experimental work and the partial conclusions obtained in each phase.

Three sets of experiments were performed in order to test the viability of
cadmium removal from industrial phosphoric acid using Aliquat 336 as the
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TABLE 2
Metallic Content in the Industrial

Phosphoric Acid

Metal Concentration (mg/L)

Cadmium 16
Chromium 292
Copper 34
Iron 2013
Nickel 48
Lead 8
Zinc 335
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extractant and NDSX as the separation technique. The experimental condi-
tions are detailed in Table 3.

Preliminary Experiments

The initial experiments were performed in a batch operating mode using the
experimental configuration shown in Fig. 1. Two modules, one for extraction
and one for stripping, and three liquid phases (feed phosphoric acid, organic ex-
tractant, and water stripping phase) were employed. Four consecutive extrac-
tion cycles were performed by changing the feed phase at the beginning of each
run while maintaining the same the organic and stripping phases. In the first
three cycles the feed solution was changed after 4 hours of running while it was
kept longer in the fourth experiment. The evolution of all the metals in the feed
phosphoric acid and in the water stripping tanks was measured (Table 1).

It was found that the water stripping stream became acidic and loaded with
cadmium, zinc, and iron, as shown in Figs. 3, 4, and 5. Figure 3 shows the evo-
lution with time of the concentration of cadmium in the feed, organic, and
stripping tanks. It can be seen that the efficiency of Cd extraction decreases
with time, a fact that was initially attributed to progressive loading in Cd in the
organic extractant.

Figures 4 and 5 show that there was coextraction of Zn and Fe. Moreover,
analysis of the stripping phase by means of ion chromatography revealed that
chloride and phosphate anions were also transported from the feed phospho-
ric acid to the water stripping phase. Finally, the pH of the stripping phase was
acidic, with a value close to 1. This result led to the idea that Aliquat 336 was
performing the extraction and transport of phosphoric acid from the feed
phase into the stripping phase, which occurs with other acids reported in the
literature (23, 28).

SELECTIVE REMOVAL OF Cd FROM PHOSPHORIC ACID 3285

TABLE 3
Scheme of the Experimental Conditions

Experiment Initial volume (m3) Flow rate (m3/s)

Figures 3, 4, and 5 Vf 5 1.5 3 1023 Ff 5 6 3 1026

Vo 5 0.75 3 1023 Fo 5 6.2 3 1026

Vs 5 0.5 3 1023 Fs 5 8.3 3 1026

Figure 6 Continuous flow Ff 5 3.3 3 1028

Vo 5 0.75 3 1023 Fo 5 4.8 3 1026

Continuous flow Fs 5 3.3 3 1028

Figure 7 Continuous flow Ff 5 2.5 3 1027

Vo 5 1 3 1023 Fo 5 1 3 1026

Continuous flow Fs 5 1.67 3 1027

Ve 5 1 3 1023 Fe 5 8.3 3 1026
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Concerning the results of cadmium separation and considering previous
studies reported in the literature (12, 29, 30), it was postulated that the organic
extractant Aliquat 336 was responsible for the extraction of cadmium by lib-
erating it in the backextraction solution in its chloride salt. This conclusion
was reached after checking for the presence of chloride in the stripping phase,
by ion chromatography.

3286 URTIAGA, ZAMACONA, AND ORTIZ

FIG. 3 Cadmium evolution with time in the feed, organic, and stripping tanks.

FIG. 4 Zn evolution with time in the feed, organic, and stripping tanks.
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Next, a different set of experiments was performed in order to test the effi-
ciency of the process. The feed and the stripping phases were circulated in a
continuous mode with a single pass of the aqueous fluids through the contac-
tors. The organic flow was maintained in a closed circuit. The results are given
in Fig. 6.

SELECTIVE REMOVAL OF Cd FROM PHOSPHORIC ACID 3287

FIG. 5 Iron evolution with time in the feed, organic, and stripping tanks.

FIG. 6 Cadmium concentration in the feed and stripping phases at the outlet of the extraction
and stripping modules, without equilibration of the Aliquat 336 extractant.
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Again, the loss of efficiency of the process with time is clear, since the cad-
mium concentration at the outlet of the extraction module is continuously in-
creasing. After 67 hours of experimental run the flow of the feed phase was
interrupted and the organic phase was submitted to a stripping period of 42
hours with the aim of regenerating the metal-loaded extractant and continuing
the extraction runs after this step. However, the efficiency of the process was
not improved, since the yield of cadmium extraction was the same as before
the stripping period.

It was concluded that there was a loss in extractant efficiency, probably due
to the loss of chemical properties of the extractant, and that it occurred paral-
lel to the increase in chloride concentration in the backextraction phase.
Therefore, it was next decided to check the role of the chloride ions. Stren-
ström and Aly (17) assumed that the chloride ions were responsible for the for-
mation of cadmium chloride as a previous step in the cadmium extraction with
tertiary amines. In their work, hydrochloric acid was added to the phosphoric
acid to improve the extraction efficiency of Alamine 336, and they concluded
that the formation of cadmium chloride in the aqueous phase allowed the
metal to be extracted.

In order to check wether the chloride anions initially present in the phos-
phoric acid were responsible for the extraction of Cd, a synthetic solution of
phosphoric acid (30% P2O5) free of chloride and containing 50 mg/L of Cd
was put into contact with a freshly prepared organic extractant solution in a ro-
tary stirrer. After equilibrium was reached, 96% of the cadmium had been ex-
tracted. So that it was concluded that it is not necessary to have chloride an-
ions in the phosphoric acid to perform cadmium extraction with Aliquat 336.
The cadmium-loaded organic phase obtained in this experiment was later put
into contact with water, and the resulting aqueous phase was analyzed. The
presence of phosphate and chloride anions was determined by ion chromatog-
raphy, thus checking that the origin of the stripped chloride was in the organic
extractant Aliquat 336, a quaternary alkyl ammonium salt that is commercial-
ized in its chloride form.

Extraction Mechanism

On the basis of the previously reported results and with the experimental ev-
idence of the high acidity of the stripping phase, a chemical mechanism for the
extraction of Cd from phosphoric acid with Aliquat 336 and stripping with wa-
ter is postulated as follows.

Extraction Step

H3PO4 1 3AwlwCwlw ↔ Awlw3wPwOw4w 1 3HCl (1)

Cd3(PO4) 1 6HCl ↔ 3CdCl2 1 2H3PO4 (2)
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CdCl2 1 2AwlwCwlw ↔ 3Awlw2wCwdwCwlw4wCwdw3w(wPwOw4w)w2w (3)

1 12AwlwCwlw ↔ 3Awlw2wCwdwCwlw4w 1 2Awlw3wPwOw4w (4)

Stripping Step

Awlw2wCwdwCwlw4w ←H2O → 2AwlwCwlw 1 CdCl2 (5)

Awlw3wPwOw4w 1 H2O ↔ 3AwlwOwHw 1 PO4H3 (6)

where Al denotes Aliquat 336. The Aliquat 336 extractant exchanges the chlo-
ride ions with the phosphate ions of the feed phosphoric acid, generating hy-
drochloric acid in the feed phase that provides the required chloride ions for
the formation of cadmium chloride. As a result, the cadmium chloride species
is formed. The cadmium chloride is readily extracted by Aliquat 336. Thus, in
the extraction step the organic phase becomes loaded with cadmium chloride
and phosphate ions. In the stripping step the cadmium chloride is released into
the water stream and the phosphate form of Aliquat 336 is transformed into its
hydroxide form by equilibrium with the hydroxide ions in the aqueous phase
(24), therefore reducing the pH of the stripping solution. The progressive de-
crease in the efficiency of the process is due to the formation of the hydroxide
form of Aliquat 336, which is not active in the extraction of cadmium chlo-
ride.

Equilibration Step

AwlwOwHw 1 HCl ↔ AwlwCwlw 1 H2O (7)

The addition of a third step for the regeneration of the Aliquat 336 by
equilibration with hydrochloric acid will bring the extractant back to its
original chloride form, allowing the separation of cadmium from phospho-
ric acid.

Experiments with Extraction, Stripping, and Equilibration
Steps

We next turn to a check of the validity of the chemical mechanism proposed
above by Reactions (1)–(7). In order to achieve the equilibration of Aliquat
336, it was necessary to perform an equilibration step of the organic extrac-
tant. Equilibration with hydrochloric acid was carried out in a third hollow
fiber membrane contactor, as described in the Experimental section (Fig. 2).
The aqueous and organic phases were circulated in a once-through mode,
while the organic and equilibration phases flowed in closed circuits. All phases
were renewed in each experimental run.

SELECTIVE REMOVAL OF Cd FROM PHOSPHORIC ACID 3289
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Figure 7 shows the evolution of cadmium concentration at the outlet of the
extraction and stripping modules in a long-term experiment. It can be seen that
the concentration of cadmium was reduced from 50 mg/L at the inlet of the
module to values below 2 mg/L at the outlet of the module. The percentage of
cadmium extraction remained constant over the whole period, proving that the
efficiency of Aliquat 336 extractant was not altered. The concentration of Cd
in the stripping phase followed a different pattern, showing an increase with
time until the steady state was reached. The reason is that the mass transport
rate of cadmium in the stripping step is lower than the rate of the extraction
step, leading to the accumulation of cadmium in the organic phase.

The influence of the flow rates of the feed and stripping phases was inves-
tigated. Two groups of experiments were performed. In the first group the
flow rate of the stripping phase was maintained constant and the flow rate of
the feed phase was varied, and inversely in the second group of experiments.
Each experimental run proceeded until the steady state of the Cd concentra-
tion in the stripping phase was reached. The volumes and flow rates of the or-
ganic and equilibration phases were the same as reported in Fig. 7.

Table 4 shows the percentage of extraction obtained in each experimental
run as a function of the flow rate of the aqueous phase. It can be seen that the
flow rate of the stripping phase has no influence on the extraction percentage
whereas the variation of the flow rate of the feed phase introduces a remark-
able effect which is due to the influence of the cadmium concentration of the
organic phase on the extraction process.

3290 URTIAGA, ZAMACONA, AND ORTIZ

FIG. 7 Cadmium concentration in the feed and stripping phases at the outlet of the extraction
and stripping modules, with the equilibration step of the Aliquat 336 extractant.
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Mass Transfer Parameters

A steady-state mass balance to the fluids circulating through the module is
given by

(6)F }d
d
C
z
} 5 }

A
L
m
} J (8)

where F is the flow rate of the fluid, C is the cadmium concentration in the
phase, J is the flux of Cd per unit mass transfer area and per unit time, and Am

is the mass transfer area of the membrane, calculated as Am 5 n2prL.
In the extraction module the phosphoric acid phase is losing cadmium, thus

the sign of the left-hand-side term must be negative. For the stripping aqueous
phase which is gaining cadmium as it flows through the stripping module, the
sign of the LHS term must be positive.

Phase boundary resistances in the aqueous and organic phases in the mod-
ules of these HF contactors are usually considered negligible, and therefore it
is assumed that the main resistance to mass transfer is located in the transport
across the membrane (7, 21, 25). With this assumption, the flux of cadmium
in the extraction module is given by

J 5 Km DCw (9)

where Km is the membrane mass transfer coefficient and DCw is the concentra-
tion difference of the Aliquat–cadmium complex across the membrane. In the
extraction module DCw 5 (Ceq,f 2 Cw ) and in the stripping module DCw 5 (Cw 2
Cweq,s). Under the assumption of equilibrium conditions at the aqueous–organic
interface, the concentration of cadmium in the organic phase can be related to
the concentration of cadmium in the aqueous phase by the corresponding equi-
librium expression. In the literature (23, 24, 26, 27), nonlinear expressions
have been reported for the equilibrium reactions between Aliquat 336 and dif-
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TABLE 4
Percentage of Cd Extraction as a Function of the Flow Rates

of the Feed and Stripping Phases

Feed phase flow rate Stripping phase flow rate
(mL/min) (mL/min) % Extraction

15 10 94
60 10 77

120 10 63
10 15 97
10 30 96
10 60 96
10 120 96
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ferent species. After substitution in Eq. (9), the system of Eqs. (8) and (9)
could be integrated to determine the evolution of cadmium with the length of
the hollow fiber.

The high concentration of the stripping agent in the backextraction phase,
in this case water, usually allows the equilibrium description to be simplified
to the definition of a distribution coefficient, the ratio of the concentration of
cadmium in the organic phase to the concentration of cadmium in the stripping
phase at the interface:

Hs 5 Cweq,s /Cs (10)

Substitution of Eqs. (9) and (10) into Eq. (8) leads to

}
d
d
C
z

s
} 5 }

A
F
m

s

K
L

m
} (Cw 2 HsCs ) (11)

That is, the macroscopic cadmium mass balance to the water stream in the
stripping module. The subscript “s” denotes the stripping phase.

Equation (11) can be simplified if we consider that Reaction (5) is totally
shifted to the right, leading to the expression

}
d
d
C
z

s
} 5 }

A
F
m

s

K
L

m
} Cw (12)

As can be seen from the modeling equations, in order to describe the ex-
perimental results it is necessary to know the membrane mass transfer coeffi-
cient Km and the equilibrium parameters.
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FIG. 8 Cadmium concentration in the stripping phase vs 1/Fs.
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By integration of Eq. (12) between the limits in z 5 0, Cs 5 0 and in z 5 L,
Cs 5 Cs we obtain

Cs 5 }
Am

F
K

s

m
} Cw (13)

The steady-state cadmium concentration in the stripping phase is plotted vs
the inverse of Fs in Fig. 8, data corresponding to constant values of Ff. The
data are linear, consistent with Eq. (13). The slope of this plot includes the
cadmium concentration in the organic phase; that is, constant and independent
of Fs once the steady state is reached. Cw was calculated by a mass balance of
all the phases in the system. The value of Km is obtained from the slope of this
plot, Km 5 1.76 3 1028 m/s.

Future work will deal with verification of the proposed model and determi-
nation of the equilibrium parameter of the extraction reaction, which could in-
clude a more involved expression of the Cd extraction equilibrium.

CONCLUSIONS

Analysis of the separation process of Cd from phosphoric acid by means of
nondispersive solvent extraction technology and using Aliquat 336 as the se-
lective extractant and water as the backextractant solution is presented in this
work. The continuous process requires a regeneration step of the Aliquat 336
extractant to its chloride form in order to obtain long-term stability.

Based on previous reports in the literature (4–7), Cyanex 302 and other
phosphorous-based extractants could be suitable Cd extractants from a highly
acidic media. The complex metallic content of industrial-grade phosphoric
acid induces the oxidation of Cyanex 302 by Cu(II), yielding an extractant that
is no longer active (9, 10). The amine group of extractants has also been in-
vestigated as selective cadmium extractants (11–19). Among then, Aliquat
336, a quaternary ammonium salt, seemed to offer the highest extraction
efficiency.

In this work the chemical mechanism of the separation process of cadmium
from phosphoric acid using Aliquat 336 and water as stripping agent has been
proposed. The Aliquat 336 extractant exchanges the chloride ions with phos-
phate ions of the feed phosphoric acid. As a result, the cadmium chloride
species is formed in the acid. The cadmium chloride is extracted by Aliquat
336. Thus, in the extraction step the organic phase becomes loaded with cad-
mium chloride and phosphate ions. In the stripping step the cadmium chloride
is released into the water stream and the phosphate form of Aliquat 336 is
transformed into its hydroxide form by equilibrium with the hydroxide ions in
the aqueous phase, therefore reducing the pH value of the stripping solution.
The addition of a third step for the regeneration of Aliquat 336 by equilibra-
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tion with hydrochloric acid brings the extractant back to its original chloride
form, allowing the separation of cadmium from phosphoric acid to be per-
formed on a long-term scale.

Finally, analysis of the steady-state results of Cd transport from the feed
acidic phase to the stripping phase led to evaluation of the membrane mass
transport parameter, Km 5 1.76 3 1028 m/s.

NOTATION

Am mass transfer area of the membrane (m2)
C cadmium concentration in the aqueous phases (mol/L)
C0 initial cadmium concentration (mol/L)
C cadmium concentration in the bulk of the organic phase (mol/L)
Cweq cadmium concentration in the organic phase at the interface (mol/L)
F volumetric flow rate (m3/s)
Hs distribution coefficient
J cadmium flux (mol/m2?s)
Km mass transfer coefficient of the organic phase impregnated in the

membrane (m/s)
L effective length of the hollow fiber module (m)
n number of hollow fibers in the module
ri inner radius of the hollow fiber (m)
ro outer radius of the hollow fiber (m)
z axial coordinate

Subscripts

eq equilibration phase
f feed phase
o organic phase
s stripping phase
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