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a b s t r a c t

An emulsion liquid membrane (ELM)-crystallization process, using hypophosphorous acid as a reducing
agent in the internal aqueous phase, has been developed for the purpose of recovering high-purity silver
directly from dilute industrial effluents (waste rinse water). After pretreatment with HNO3, silver in waste
rinse water can be reliably recovered with high efficiency through the established process. The main
vailable online 14 December 2009
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parameters in the process of ELM-crystallization include the concentration of carrier in the membrane
phase, the concentration of reducing agent in the internal aqueous phase, and the treatment ratio, which
influence the recovery efficiency to various extents and must be controlled carefully. The results indicated
that more than 99.5% (wt.) of the silver ions in the external aqueous phase were extracted by the ELM-
crystallization process, with an average efficiency of recovery of 99.24% (wt.) and a purity of 99.92% (wt.).
The membrane phase can be used repeatedly without loss of the efficiency of recovery.
ypophosphorous acid

. Introduction

Silver has been mined and used to make ornaments, and later,
oins for a long time. In the modern world, silver is an important
aw material in many industrial fields, such as electronics, cata-
ysts and photography, and its antimicrobial and anti-inflammatory
roperties have found use in burn, surgical and wound dressings,
nd other antibiotic roles. Generally, silver is obtained from natural
ources and as a by-product from copper or antimony metallurgical
rocesses, but in recent years the silver content of industrial wastes
as led to environmental pollution and represents a major loss of
esources; in Europe, about 38% silver-containing wastes were sent
o landfill [1]. The natural sources of silver are decreasing, but the
ontent and concentration of silver in industrial effluent is very low
2], and silver is difficult to recover with simple physical and chem-
cal methods. There is a great deal of interest in recovering silver
or both environmental and economic reasons.

In the photographic industry, silver-containing wastes are gen-
rated in several categories, including spent development and

xing solutions, and waste rinse water. The concentration of silver

n these effluents varies widely, in spent developing and fixing solu-
ions, the concentration of silver may be as high as several g/L, but
n waste rinse water it may be as low as a few mg/L. Methods such

∗ Corresponding author. Tel.: +86 20 39322295; fax: +86 20 38457257.
E-mail address: renytang@163.com (B. Tang).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.042
© 2009 Elsevier B.V. All rights reserved.

as solvent extraction, adsorption, electrochemical deposition, and
chemical precipitation have been investigated for recovering silver
from developing and fixing solutions [3–6]. Waste rinse water from
the photographic industry is often discharged after being treated
to reach the national emission standard (<0.5 mg/L) and seldom
considered the recovery of silver, which inevitably results in loss
of silver. From an economic point of view, electrochemical depo-
sition and chemical precipitation are not cost-effective in terms of
energy or chemicals when the concentration of silver is less than
0.1 g/L. Ion-exchange [7] was once used to treat dilute effluents
(fixing rinse water) to achieve the required discharge standard, but
it was very difficult to obtain the desired silver product without
further treatment.

The liquid membrane (LM) process is one of the techniques that
are suitable for hydrometallurgical recovery of metal ions. In most
cases, the selectivity of a LM process for the target metal ion is
mainly determined by carriers in the membrane phase of the emul-
sion liquid membrane (ELM) and the supported liquid membrane
(SLM). Identifying the appropriate carrier is of paramount impor-
tance for increasing the selectivity of a LM process, but is often
time-consuming and costly. Studies have focused mainly on search-
ing for a high-selectivity carrier(s) to improve the efficiency of

separating silver from other metals [8–15]. Compared with SLM, the
mass transfer velocity (mol/s) is higher in an ELM process because
of the larger area of the interface. As a result, ELM has found many
investigations recently in hydrometallurgy [16], wastewater treat-
ment [17] and metal recovery [18] by virtue of its advantages in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:renytang@163.com
dx.doi.org/10.1016/j.jhazmat.2009.12.042
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eparating and concentrating a solute from very dilute solutions
19–21].

In earlier studies, the function of the internal aqueous phase
n an ELM system was to strip the target metal ion from the mem-
rane phase and convert it into a new kind of compound that cannot
enetrate reversibly. These studies did not usually consider the
electivity of the internal agent within the ELM system, although
he internal aqueous phase acted as a kind of separation process in

ost cases. In previous work [22], we proposed the use of a reactive
LM system, in which a suitable precipitating agent was introduced
nto the internal aqueous phase to precipitate cadmium, and the
electivity for cadmium versus zinc was improved significantly by
he selective precipitating reaction in the internal aqueous phase.

low concentration of cadmium was separated successfully from
inc in a hydrometallurgical leachate. It has been determined that
he selectivity of an ELM system may be enhanced greatly by the
ntegrative effect of a carrier and an internal agent, which pro-
ides more opportunities to achieve a higher level of selectivity
ith a cheaper carrier. In an earlier study [19], chloride ions were

ntroduced into the internal phase to capture silver ions in an ELM
ystem, in which silver ions transported into the internal aqueous
hase were converted to insoluble AgCl and enriched in the internal
queous phase. The results of these studies indicated that convert-
ng the target metal ion into a solid state was very convenient for
eparation from the liquid phase afterwards.

There were few reports about generating silver metal in the
nternal aqueous phase from the industrial effluents. Dai et al.
23] reported the preparation and the morphology of a fine sil-
er powder with pure reagents as the feed solutions. Othman et
l. [24] described an ELM system to separate silver from photo-
raphic wastes in the form of silver salts in the internal aqueous
hase. In most cases, there is a direct relation between the purity
f silver and its price and applications, so it is of great impor-
ance to obtain high-purity silver metal directly in an economic
ay for guaranteeing the feasibility of a recovery process. The pri-
ary objective of this study is to recover high-purity silver from

ilute effluents (waste rinse water from a photographic factory),
nd two related aspects are considered: (1) develop and validate
n ELM-crystallization system with a selective internal agent that
s suitable for recovering high-purity metallic silver directly in the
nternal phase from effluents with low concentration of silver ions
Ag+) and (2) investigate the main parameters that influence the
fficiency of the ELM-crystallization process for the recovery of
ilver.

. Transport and recovery mechanism

.1. Mobile carrier

The most important factor that influences the selectivity of
n ELM system is the choice of a suitable mobile carrier, which
an often be made on the basis of a conventional liquid–liquid
xtraction process. In several studies [14,19,23], di-2-ethylhexyl
hosphoric acid (D2EHPA) has been shown to be an appropriate
arrier for extraction Ag+, in the organic phase, it often exists as a
imer [25], and reacts with Ag+ to form a complex of Ag-D2EHPA
AgR(HR)] at the external interface of the membrane phase, and
arries Ag+ through the membrane phase. At the internal interface
f the membrane phase, Ag+ is stripped by the internal agent and
ransformed into a new species that cannot penetrate the mem-

rane reversibly. The following reversible reaction occurs at both

nterfaces of the membrane phase with D2EHPA as carrier in an
LM system:

g+ + (HR)2 ⇔ AgR(HR) + H+ (1)
aterials 177 (2010) 377–383

2.2. Stripping agent

The choice of stripping agent in the internal aqueous phase is
another important factor that influences the selectivity of an ELM
system. A suitable agent will convert the target metal ion to the
desired product directly, and thus shortens the recovery process.

Ag+ is a reducible substance with high electrode potential
(ϕ�

Ag+/Ag = 0.0800 V), if a suitable reducing agent is introduced
into the internal aqueous phase, it may strip Ag+ from the mem-
brane phase and reduce it to metallic silver. There are several
reports of methods designed to prepare silver powder by chem-
ical reduction [23,26–28] and reducing agents such as hydrazine
hydrate, formaldehyde, glucose, ascorbic acid, sodium formaldehy-
desulfoxylate (SFS) and potassium borohydride (KBH4) have been
investigated in some practical cases. In this study, hypophospho-
rous acid (H3PO2) was selected as the reducing agent in the internal
phase for the first time in an ELM process. Compared with the
reducing agents mentioned above, H3PO2 has several advantages:
it is cheaper, requires less dosage, has a rapid reaction, and can be
used in ambient conditions.

H3PO2 is a moderately strong acid with low standard electrode
potential; in acid solutions, the half-reaction and its standard elec-
trode potential can be expressed as follows:

H3PO2 + H2O → H3PO3 + 2H+ + 2e− ϕ�
H3PO3/H3PO2

= −0.499 V(2)

It can be seen that H3PO2 is a strong reducing agent that can
reduce Ag+ to silver metal. The reducing capacity of H3PO2 is
increased with increased pH, but Ag+ generally forms the hydrox-
ide in alkaline conditions. For the purpose of totally reducing Ag+ to
silver metal and avoiding precipitation of the hydroxide, the origi-
nal pH value in the internal aqueous phase should be controlled at
2–4 (adjusted pure H3PO2 solutions with sodium hydroxide). Con-
sidering the half-reactions of Eq. (2) and the reduction of Ag+, the
redox reaction in the internal aqueous phase can be expressed as
follows:

2Ag+ + H3PO2 + H2O → 2Ag ↓ + H3PO3 + 2H+ (3)

According to Eq. (2) and the standard electrode potential of Ag+,
the cell potential of Eq. (3) can be calculated as:

E� = ϕ�
Ag+/Ag − ϕ�

H3PO3/H3PO2
= 0.800 − (−0.499) = 1.299 ≈ 1.30 V

(4)

From Eq. (3), it is known that Ag+ transported into the inter-
nal aqueous phase is reduced to the metallic form. Obviously, this
redox reaction is spontaneous and is generally very rapid and com-
plete, which efficiently prevents Ag+ from penetrating reversibly.
The reduced product H3PO3 in Eq. (3) is also a reducing agent, but its
reducing capacity and reaction rate with Ag+ are far less than that
of H3PO2, and the reduction reaction in the internal aqueous phase
is mainly between H3PO2 and Ag+. Other cations, such as Na+, K+

and Al3+, might be partially transported into the internal aqueous
phase, but they have rather negative electrode potentials (ϕ�

Na+/Na =
−2.71 V, ϕ�

K+/K
= −2.92 V, ϕ�

Al3+/Al
= −1.66 V). Thus, based on the

difference of their electrode potentials, the selectivity of the ELM-
crystallization process is further improved by the internal reducing
agent.
2.3. Transfer process

The process that combines ELM transport, redox, and metal
crystallization in one step is called an ELM-crystallization process,
which includes the followed stages and is illustrated in Fig. 1.
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Fig. 1. A schematic description of silver ion tran

1) Metal ions move from the bulk solutions to the outer surface of
membrane phase.

2) Metal ions react with the carrier D2EHPA at the outer surface of
membrane phase to form M–D2EHPA complexes and hydrogen
ions.

3) Metal complexes M–D2EHPA diffuse from the outer surface to
the internal surface of the membrane phase.

4) At the internal surface of the membrane phase, metal ions are
stripped by H+, D2EHPA is recovered and diffuses back to the
external surface of membrane phase.

5) In the internal phase, only silver ions can be reduced to silver
metal, whereas other metal ions cannot.

After Ag+ is extracted by the carrier (a dimer of D2EHPA) at the
uter interface of the membrane phase, a complex of Ag–D2EHPA
AgR(HR)] is formed and transferred from the outer to the inter-
al interface. In the internal aqueous phase, H3PO2 reduces Ag+ to
etallic silver immediately once Ag+ is stripped from the mem-

rane phase. Among the mentioned five stages, the diffusing stage
n the membrane phase is very slow and determines the velocity of
he whole transfer process from the bulk solutions of the exter-
al phase to the internal phase [19]. In the reported literatures
16,17,19,21], the diffusing process was confirmed to be dependent
n the characteristic and the thickness of the membrane phase.
he characteristic is determined by the composition of the mem-
rane phase including the concentrations of kerosene, surfactant
nd carrier. The thickness of membrane phase is mainly controlled
y the mixing speed and the phase ratio, which influence the dif-
using process of an ELM system in a complicated way. Higher

ixing speed is in favor of improving the dispersion of emulsion
n the treated feed solutions and then decreases the thickness of

embrane phase, which promotes the diffusing process, but exces-
ively high mixing speed may also result in breaking the emulsion
roplets, and decreasing the separation efficiency. Othman et al.
24] observed that increasing the mixing speed from 200 to 250 rpm
ould increase the rate of extraction, but after 400 rpm, the degree

f extraction decreased from 95% to 50%. Phase ratio is defined as
he volumetric ratio of the membrane phase to the internal phase
Roi), which determines greatly the stability and the thickness of
he membrane phase. It is obvious that higher Roi leads to a more
hick and stable membrane phase, which impedes the diffusing
rocess and increases the consumption of membrane phase, lower
oi decreases the thickness and stability of the membrane phase,
nd thus improves the diffusing process. Roi has been investigated
s an important factor in the range of 0.8–1.4 for separating dif-
erent metal ions, it turns out the optimal value is related to the
arget metal ion [16,17]. For the silver ion, the value of Roi = 1:1
as already been employed by Othman et al. [24] for separating

ilver from photographic wastes, and has also been used in our
xperiments.

From the analysis above, it is concluded that the concentration of
he carrier in the membrane phase, the concentration of the reduc-
ng agent in the internal aqueous phase and the treatment ratio

ay have some influence on the recovery efficiency.
and recovery by an ELM-crystallization process.

3. Experimental details

3.1. Reagents

The membrane solvent was prepared with distilled commercial
kerosene from Guangzhou Petrochemical Complex and sulfonated
with oleum in our laboratory by the procedure: acid-washing,
water washing and then washed with saturated sodium bicar-
bonate solution, dried with anhydrous sodium sulfate. Sorbitan
monooleate (Span-80) was used as a surfactant for stabilizing the
emulsion and was purchased from Longyou County Chemical Co.,
D2EHPA was from Shanghai Institute of Organic Chemistry, NaOH
from Guangzhou Chemical Reagent Co. Ltd., and all of these chem-
icals were analytical-grade reagents. Pharmaceutical grade H3PO2
was from Wuhan Ruiji Chemical Co. Ltd., H3PO4, HNO3 and other
used chemicals were all of reagent grade and from Guangzhou
Chemical Reagent Co. Ltd.

3.2. Methods for measurement

Measurement of the silver content of the aqueous phase was
done with a PerkinElmer flame atomic absorption spectrometer
(Model 2380) at a wavelength of 328.1 nm. The total phosphate
(TP) content was determined by measuring the concentration of
phosphate in the aqueous phase with a Jasco V-550UV/vis spec-
trophotometer at a wavelength of 710 nm. Contents of other ions
were measured with an ion chromatograph (Model IC1010 from
Shanghai Techcomp Ltd.), pH was measured with a pH meter
(Model pHS-25 from Shanghai LIDA).

3.3. Feed solutions and pretreatment

The feed solutions were waste rinse water from a photographic
factory, which contained Ag+, some other soluble ions and insoluble
substances. The soluble ions included Na+, K+, Al3+, S2O3

2−, SO4
2−,

and some silver complexes, the insoluble substances included scrap
film. The composition of the waste rinse water was quite simi-
lar to that of fixing solutions, but the concentration of ions were
very low. Silver in the waste rinse water was mainly in the form
of Ag(S2O3)2

3−, Ag2(S2O3)3
4−, and Ag3(S2O3)4

5−. It was not easy to
release Ag+ from these complex anions only by an ELM process; so,
a pretreatment step was necessary.

At the mixing speed of 250 rpm, a beaker with 1000 mL raw
waste rinse water was added drop wise with 1 mol/L HNO3 solution
till the pH value to 2–4. The reactions to release Ag+ from complexes
anions such as Ag(S2O3)2

3−, Ag2(S2O3)3
4−, and Ag3(S2O3)4

5− with
HNO3 can be expressed by the followed equations:

Ag(S2O3)2
3− + 2NO3

− ⇒ Ag+ + 2S ↓ + 2SO4
2− + 2NO2

− (5)

Ag2(S2O3)3
4− + 3NO3

− ⇒ 2Ag+ + 3S ↓ + 3SO4
2− + 3NO2

− (6)
Ag3(S2O3)4
5− + 4NO3

− ⇒ 3Ag+ + 4S ↓ + 4SO4
2− + 4NO2

− (7)

After reactions, silver complexes were converted to silver
nitrate, and elemental sulfur was formed. Al3+ in the feed solu-
tions may act as a flocculating agent and agglomerate the sulfur
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Table 1
Chemical composition of the feed solutions (pH 3.14).

Ions Concentration (mg/L)

Ag+ 51.32
Na+ 102.60
K+ 175.42
Al3+ 154.50
NO3

− 379.20
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of the results shown in Fig. 2, the concentration of surfactant is set
on 2.5% (v/v) in all the subsequent experiments since the breakage
ratio on 2.5% (v/v) is rather close to that on 5.0% (v/v).
NO2 76.54
SO4

2− 315.81

articles, under a mixing condition, the produced sulfur particles
gglomerated to micron-sized or more larger particles, then the
olutions were filtered to remove the agglomerated sulfur parti-
les and other insoluble substances with a quantitative filter paper
1–3 �m, purchased from Hangzhou Xinhua Paper Mill) under nor-

al conditions. The AgNO3 electrolyte was chosen for the ease
f subsequent handling [29]. The composition of the waste rinse
ater after this treatment is given in Table 1 and this was the

omposition of the feed solutions (external aqueous phase) in all
xperiments.

.4. Experimental procedures

The membrane phase was composed of a surfactant (Span-80),
mobile carrier (D2EHPA) and a solvent (sulfonated kerosene).

oncentration of surfactant determines the stability of membrane
hase, which was tested from 0.1% (v/v) to 5.0% (v/v) in the
embrane phase. The internal solutions were freshly prepared
ith H3PO2 dissolved in deoxygenated, double-distilled water

nd adjusted pH value to 2–4 by adding saturated NaOH solu-
ions directly before experiments, and mixed 1:1 (v/v) (Roi = 1:1)
ith the membrane phase to prepare water-in-oil (W/O) emul-

ion under mechanical agitation at 3000 rpm. For total recovery
f Ag+ from the external aqueous phase, the amount of H3PO2
n the internal aqueous phase was at least 1.5-fold greater than
he stoichiometric amount based on Eq. (3). The freshly prepared
mulsion was mixed in a baffled glass beaker with feed solutions
t volumetric ratios (Rew) between 1:1 and 1:100. All experi-
ents, unless stated otherwise, were done in a beaker with a

50 mL volume of feed solution. The mixing speed was controlled
t 250 rpm according to the results of Othman et al. [24], during
hich the W/O emulsion was dispersed to form a water-in-oil-

n-water (W/O/W) ELM. Once mixed with the feed solutions, the
mulsion quickly became black, and after contacted for a period of
ime between 1 min and 30 min, it was separated from the feed
olutions and demulsified with an electrostatic coalescer. Silver
owder was separated from the membrane and internal aque-
us phase by centrifugation at 3000 rpm in a desktop centrifuge
TDL-50B rotor, Shanghai Anting Scientific Instrument Company).
he silver powders were washed twice with ethanol and deion-
zed water alternately (20 mL each time), then dried to constant

eight in a desiccator containing silica gel. Each experiment was
one in duplicate. The efficiency of silver recovery can be calculated
s:

e (wt.) = Qr

Qt
× 100% (8)

here Re is the efficiency of silver recovery, Qr is the quan-

ity of silver metal obtained by the ELM-crystallization process,
nd Qt is the total amount of silver in the feed solu-
ions.
aterials 177 (2010) 377–383

4. Results and discussion

4.1. Stability of ELM

The stability of an ELM system determines the success of the sep-
aration process, which is influenced mainly by the concentration of
the surfactant (Span-80 is frequently used as the surfactant in ELM
systems). To determine the stability of ELM in the feed solutions
(Table 1), experiments were done with different concentrations
of Span-80. H3PO4 was used as a tracer in the internal aqueous
phase in all stability experiments as a control for the effect of mass
transfer. Recognizing that breakage of the emulsion would result
in the transfer of the tracer from the internal to the external aque-
ous phase, the stability of ELM is quantified as the percentage of
phosphate transferred from the internal to the external phase. The
breakage ratio is defined as follows:

B = CTPVe

CioVi
× 100% (9)

where B is the breakage ratio of the emulsion, which represents the
stability of the ELM system, Cio is the initial concentration of total
phosphate (TP) in the internal aqueous phase, CTP is the concentra-
tion of TP in the external aqueous phase at contact time t, and Ve and
Vi are the volume of the external and the internal aqueous phase,
respectively. By measuring the concentration of TP in the external
phase at various time points, the stability of ELM with time can be
determined by Eq. (9).

Fig. 2 shows that increasing the concentration of the surfactant
Span-80 leads to a more stable ELM system. When the concentra-
tion of Span-80 in the membrane phase is 0.5% (v/v) or 1.0% (v/v),
the breakage ratio increases markedly after 45 min, which indicates
the limitation of stabilization period, but it keeps a linear relation-
ship with the contact time during the time period (60mins) when
the concentration of Span-80 is 2.5% (v/v) or 5.0% (v/v). The stabil-
ity of the emulsion is determined by the molecular layer formed
by the surfactant between the oil and the aqueous phase, increas-
ing the concentration of the surfactant results in more surfactant
molecules arrayed between the surface of the oil and the aqueous
phase, but excessive surfactant increases the resistance of the inter-
face, which decreases the rate of mass transfer [24]. On the basis
Fig. 2. Stability of ELM (concentration of internal solutions: H3PO4 = 0.5 mol/L;
Rew = 1:20; Roi = 1:1; mixing speed: 250 rpm).
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the external phase. The experimental data shown in Table 2 reveal
the effect of the treatment ratio on the efficiency of recovery.

From a practical point of view, higher Rew increases emulsion
consumption and operating costs, leading to low enrichment of sil-
ver and decreasing the cost-effectiveness of the ELM process. The

Table 2
Effect of treatment ratio (Rew) (carrier concentra-
tion: 1.0% (v/v); concentration of internal reagent:
0.04 mol/L; Roi = 1:1; contact time: 5 min; mixing
speed: 250 rpm).

Rew (v/v) Re (%) (wt.)

1:1 38.06
1:2 52.16
ig. 3. Effect of carrier concentration on silver recovery (concentration of internal
olutions: H3PO2 = 0.02 mol/L; Rew = 1:10, Roi = 1:1; mixing speed: 250 rpm).

.2. Effect of carrier concentration

Ag+ is insoluble in organic solvents without the assistance of a
obile carrier. The carrier in the membrane phase has two impor-

ant roles: one is to transport Ag+ between the internal and the
xternal interface of the membrane phase, and the other is to
mprove the selectivity of ELM. The efficiency and separation veloc-
ty of an ELM system are determined by both the type and the
oncentration of the carrier. Several studies [14,19,23] have con-
rmed the feasibility of using D2EHPA for the recovery of silver, and
he effect of different concentrations of D2EHPA was investigated
n this study.

Experiments were carried out, in which the concentration of
he carrier in the membrane phase was changed from 0.1% (v/v)
o 2.0% (v/v) while the other parameters were kept constant. The
esults shown in Fig. 3 indicate that the transfer rate of Ag+ in the
xternal phase increases with increasing concentration of the car-
ier in the membrane phase. The results indicate also that further
ncrease of the concentration of the carrier had little effect on the
ransfer rate of Ag+ above a concentration of D2EHPA of 0.5–1.0%
v/v) in the membrane phase. A similar effect was reported by Oth-

an et al. [24], who found that an excessive concentration of carrier
ed to a high degree of osmotic swelling and a high frequency of

embrane breakage. These phenomena were not so marked in this
tudy, where no Ag+ was transferred from the internal to the exter-
al phase in the ELM-crystallization process, even though breakage
f the emulsion sometimes occurred. It is reasonable to conclude
hat there is little effect on the transfer rate above a certain concen-
ration of the carrier in the membrane phase. Under the conditions
sed in this study, a carrier concentration of 1.0% (v/v) is sufficient
or the extraction of Ag+.

.3. Effect of reducing agent concentration

In the ELM-crystallization system described here, H3PO2 in the
nternal phase acted as a stripping agent, and provided the ability
o distinguish Ag+ from other metal ions through a selective reduc-
ion reaction. For total recovery of Ag+ from the external phase,
he amount of H3PO2 in the internal phase should exceed the sto-
chiometric amount of Ag+ based on Eq. (3). Under the present

onditions, the volume of the external phase in each experiment
as 250 mL and contained 12.83 mg of Ag+, which needed at least

.92 mg of H3PO2 to capture all Ag+. This corresponded to a con-
entration of 4.76 × 10−3mol/L in the internal aqueous phase.
Fig. 4. Effect of reducing agent concentration on silver recovery (concentration of
carrier in membrane phase: 1.0% (v/v); Rew = 1:10; Roi = 1:1; mixing speed: 250 rpm).

Fig. 4 shows the effect of the concentration of the reducing agent
on the transfer rate of Ag+, indicating that increasing the concentra-
tion of the reducing agent shortens the contact time, but the effect
is only small. The data shown in Fig. 4 are all rather similar, as the
reduction reaction in the internal phase is rapid, and the veloc-
ity of the stripping reaction is independent of the concentration of
reducing agent.

4.4. Effect of the treatment ratio (Rew)

It is known that the process of diffusion through the membrane
phase and the interfacial reaction are related directly to the rate of
mass transfer and the recovery efficiency of the ELM process. The
treatment ratio (Rew), which is defined as the volumetric ratio of
the membrane phase to the external aqueous phase, controls the
contact area between the emulsion phase and the external aque-
ous phase, and is a crucial factor in determining the enrichment
of Ag+ and the economic feasibility of the whole recovery process.
In general, larger Rew may provide a greater volume of emulsion
to make contact with the external aqueous phase, but the emul-
sion is not dispersed very well in the external aqueous phase with
excessively high Rew, which is associated with a marked decrease
of the contact area between the emulsion phase and the external
aqueous phase, as well as the transfer rate of Ag+. A low Rew might
provide more space for the emulsion to disperse, which increases
the contact area between the emulsion and the external aqueous
phase; however, it might result in the loss of silver when the quan-
tity of the internal agent is inadequate to capture all of the Ag+ in
1:5 63.25
1:10 88.74
1:20 92.11
1:50 90.26
1:100 58.63
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Table 3
Recovery efficiency and purity of the obtained silver metal (carrier: 1.0% (v/v); sur-
factant: 2.5% (v/v); reducing agent in the internal phase: 0.08 mol/L; treatment ratio
(Rew): 1:20; phase ratio (Roi): 1:1; contact time: 10 min; mixing speed: 250 rpm).

No. of experiments Re (%) (wt.) Purity (%) (wt.) Residual Ag+ in the
external aqueous phase
after treatment (mg/L)

1 99.62 99.97 0.10
2 98.83 99.85 0.28
3 99.56 99.95 0.12
4 98.65 99.94 0.31

r
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t
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w
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a
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e
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d
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w
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5 98.98 99.96 0.26
6 99.82 99.86 0.07

Average 99.24 99.92 0.19

esults given in Table 2 show that the efficiency of Ag+ recovery
ncreases markedly with decreasing Rew down to 1:20, but after
:20, it decreases only gradually. In this study, it was observed that
he emulsion was dispersed poorly in the feed solutions when Rew

as >1:5, but the emulsion was dispersed completely when Rew

as <1:10, which increased the contact area between the emul-
ion and the feed solutions, and improved the rate of transfer of
g+. However, when Rew reached 1:100, the recovery efficiency
ecreased significantly, because there were insufficient reducing
gents in the internal phase to capture all Ag+ in the external phase.
hese results indicate that low Rew is preferable both for achieving
high transfer rate and the cost-effectiveness of the process, as long
s there are sufficient internal agents to capture all the Ag+ from the
xternal phase. The results indicate also that the dispersion state of
he emulsion is a key factor in determining the efficiency of mass
ransfer.

.5. Recovery efficiency and purity of the silver

The above results indicated that the transfer rate and the
fficiency of recovery were affected by several parameters, includ-
ng the concentration of carrier in the membrane phase, the
oncentration of reducing agent in the internal phase, and Rew.
onsidering both the efficiency of recovery and cost-effectiveness,
arallel experiments were done to examine the feasibility of the
LM-crystallization system. The experimental conditions were
etermined as follows: 1.0% (v/v) carrier; 2.5% (v/v) surfactant;
.08 mol/L reducing agent in the internal phase; treatment ratio
Rew) 1:20; 10 min contact time.
The results obtained using these conditions are given in Table 3,
hich show that >99.5% (wt.) of Ag+ in the external aqueous phase

re extracted by the ELM-crystallization process, and the silver
btained in the internal phase is of high purity. Comparing the data
f Re with the residual concentration of Ag+ in the external aqueous

Table 4
Results of silver recovery efficiency using the recycled
membrane phase (carrier: 1.0% (v/v); surfactant: 2.5%
(v/v); reducing agent in the internal phase: 0.08 mol/L;
treatment ratio (Rew): 1:20; phase ratio (Roi): 1:1; contact
time: 10 min; mixing speed: 250 rpm).

No. of recycles Re (%) (wt.)

0 99.19
1 98.93
2 99.83
3 98.96
4 98.47
5 99.53
6 98.89
7 99.83
8 98.64
9 99.26

10 98.56
aterials 177 (2010) 377–383

phase after treatment, the amount of Ag+ captured by the emulsion
is a little greater than that recovered in the internal aqueous phase
in the form of metallic silver, indicating that trace amounts of Ag+

are retained in the membrane phase.

4.6. Reuse of the membrane phase

The ability to reuse the membrane phase is another important
factor in determining the cost-effectiveness of the recovery pro-
cess. In this investigation, recovery efficiency was chosen as the
parameter to evaluate the applicability of the recycled membrane
phase.

Experiments using the conditions described in Section 4.5 were
carried out to determine the feasibility of re-using the recycled
membrane phase. The results given in Table 4 indicate that the
recovery efficiency is not affected adversely when using the recy-
cled membrane phase.

5. Conclusions

Silver in dilute waste rinse water can be recovered by an
ELM-crystallization process after pretreatment with HNO3. The
ELM-crystallization process described here combines separation,
purification, redox reaction, and crystallization in one step, which
is suitable for recovering high-purity silver metal directly. The main
parameters including Rew, concentration of carrier and reducing
agent, influence the efficiency of recovery with different degree
and are investigated in order to determine the suitable conditions.
The average efficiency of recovery and the purity of the silver recov-
ered are 99.24% (wt.) and 99.92% (wt.), respectively. The remnant
solutions containing less than 0.5 mg/L Ag+ after treatment, have
reached the national emission standard. It is shown that the mem-
brane phase can be used repeatedly without affecting the efficiency
of recovery, which greatly decreases the operating costs. The use
of this ELM-crystallization process to recover Ag+ in the metallic
state directly from dilute effluents is a relatively simple and clean
method.

List of symbols

CAg+ concentration of Ag+ at the outer interface of the mem-
brane phase (mol/L)

CH+ concentration of H+ at the interface of the membrane
phase (mol/L)

C(HR)2
concentration of (HR)2 in the membrane phase (mol/L)

CAgR(HR) concentration of AgR(HR) in the membrane phase (mol/L)
Co concentration of Ag+ in the feed solutions (mol/L)
Ct concentration of Ag+ in the feed solutions after contacting

for t min (mol/L)
Re recovery efficiency
Rew volumetric ratio of the emulsion to the external phase

(treatment ratio)
Roi volumetric ratio of the membrane phase to the internal

phase (phase ratio)
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