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ABSTRACT

Ag(I) has been electrodeposited on a stainless steel electrode inserted in strip side solution across
tri-n-dodecylamine-xylene base supported liquid membrane. The electrodeposition of Ag* was
dependent on different variables like current density, tri-n-dodecylamine (TDDA) concentration in
the liquid membrane, nitric acid (HNO,) concentration in the feed solution, ammonia (NH,) concen-
tration in strip phase, stirring speed and source concentration. The optimum conditions for the elec-
trodeposition of Ag* are 0.957 M TDDA in membrane phase, 1.0 M NH, in strip solution, 1.0 M HNO,
in the feed solution, 6 x 10" mM Ag* in source and 900 rpm of stirring speed. The complex formation
was confirmed through graphical elucidation whereas the number of moles of TDDA interacting
with Ag* was one. The electrodeposition of Ag* on the stainless steel electrode was verified via induc-
tively coupled plasma and Faraday laws. The recovery of the Ag* has been exceeded up to 99.40%
from 98% coupling with three-electrode system. The stability of the membrane was the same as 120 h.

Keywords: TDDA; Electrodeposition; Silver; Three electrode system

1. Introduction

The demand for silver has amplified significantly recently
due to utilization in the fields of purification, manufactur-
ing of photographic film and medicine [1-6]. The silver is
extracted from the main ores [3]. Silver is mainly extracted
through mining via traditional ways since long ago.
Therefore, the scientists have utilized various kinds of tech-
niques to improve the efficiency of silver extraction such as
solvent extraction, liquid-liquid powder extraction, adsorp-
tion, cloud point extraction, ionic liquid microextraction,
bulk liquid membrane, emulsion liquid membrane, pho-
tocatalytic deposition, and solid-phase extraction [7-12].
The solvent extraction along with other conventional methods
has the limitation in processing large scale processes due to
cost-effectiveness and time-consuming requirements [13-16].

* Corresponding author.

As time passed various new methods have been
developed for improving the efficiency of the process.
Electromembrane extraction was studied by the ab-ini-
tio method for various ions transportation through the
supported liquid membrane (SLM) which forms a thin layer
of hydrophobic organic solvent on the membrane phase [17—
21]. It results in the impulse of an electric potential to pro-
duce the thrust for a higher extraction rate of various ions.

Over the past few decades, a lot of techniques were in
use to extract silver from aqueous solutions but resulted
either in low percent extraction or serious operating limita-
tions like low loading and detection limits, low extraction
rate and efficiency, carcinogenic and expensive nature,
emulsification, and Poor sensitivity, etc. [20]. Extractants
having P(S)SH functional groups were effective for sil-
ver extraction in a particular range of concentration but
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showed weak extraction in low concentration regions and
no extraction was observed in high concentration regions.
The unmodified calixarenes and carboxylate derivatives
were used as extractants for silver and showed poor sep-
aration efficiency [22-24]. Simple ethers were modified to
macrocyclic or giant polycyclic and crown ethers which
enhanced the extraction efficiency from 80% to 94%, how-
ever, the recovery rate from the membrane interface to the
stripping solution was only 81% [24-30]. Due to high expense
and toxicity phosphines, oximes, and thiols are replaced
with organic amines in the last decade. The percent recovery
was exceeded from 94 to 97 by selecting macrocyclic chelat-
ing amines and reached 99 when Potassium cyanide coined
a perfect match with the triethanolamine carrier. However,
the three OH groups in triethanol ammine further increases
the water miscibility which greatly affects the chemical
and mechanical strength of the SLM. Recently the toxic
cyanide strippers have substituted with more eco-friendly
ammonia results almost the same percent recovery [31-33].

In the beginning, researchers have reported the trans-
port and identification of Ag" ions across the SLM via
electrode [32]. The present work is focused on the extraction
of silver from feed to strip by coupling with electrodepo-
sition application as ab-initio being employed in the SLM
technique for the transport of silver ions. The optimized
process was applied to the silver ore and plating waste
which selectively deposited silver on the electrode. This
method was employed because of the selectivity of SLM for
the metal ion. It will create an up-thrust force for metal ions
transportation through the membrane by chemical as well
as electrical gradient which will control the current-volt-
age ratio. Hence, we are expected with a higher percentage
of Ag*ions extraction through SLM in less time.

2. Theory

Electrodeposition of Ag* through tri-n-dodecylamine
(TDDA) in xylene based SLM incorporated in micropo-
rous polymeric polypropylene film has been performed.
Ag" transports from feed solution to membrane interface
due to the uphill force of basic carrier. Being a strong ligand,
NH, can easily dissociate the Ag* carrier complex.

In the equation, TDDA can be expressed as C. Basic
TDDA at the source side of the membrane possibly proton-
ates to CH" in acidic solution. The HNQO, in the feed phase
may propagate the silver nitrate reaction in the following
way [28].

AgNO,, +1NO;, = [Ag(NO,),I"- M

where CH" and [Ag(NO,) 1" interact at the source side
of the membrane to form the complex as per the following
equation:

nCH,, +[Ag(NO,) | = (CH) -Ag(NO,)

n+l aq

@)

n+1 org

The subscripts org. and aq. illustrate the organic and
aqueous phases, respectively. To signify the part of H* and
NO;, Eq. (2) may be modified as:

Ag;q +(n+ 1)(NO3);q + nCnrg + nH;Cl = (CH)W-Ag(Nos)MmgG)

where Ag(I), H", and NOj exhibit co-ion transport mecha-
nism which ultimately move towards the stripping phase.
As per Eq. (3), the proposed complex pervades from source
solution to liquid membrane interface which permeates to
membrane stripping interface due to concentration and
viscosity difference. [Ag(NH,),]* is formed after dissocia-
tion of (CH), -Ag(NO,),,,,, at membrane stripping interface
attributes the presence of NH, in the stripping phase [31].
The carrier C unloads which permeates back to the side of
the membrane, ultimately Ag(I) extracted as electrodepos-
ited from the feed phase into the stripping phase.
The equilibrium is constant for Eq. (3) can be given as:

i [(cH), Ag(NO,), .| W

(gL, [Nos (1], [eL.,

Ag

The distribution coefficient of Ag(I), (A Ag) Can be
written as:
. [(cn),-Ag(NO,), ] -
Ag +
[48°],,,
Eq. (4) can be modified as:
A
KAg = _n+l Af n n (6)
[Nos L [ L [€TLs
By rearranging Eq. (6), it becomes as:
}\'Ag = KAg [NO; :|:;: '|:H+ :':qu 'I:C]ngc 7)

The species enclosed in brackets show the activities
which are involved in transport. The Ag* ion complex for-
mation on the membrane interface is very fast for consid-
eration also its dissociation. Thus, the transport of Ag(I) via
SLM is considered to be the rate-determining step. Fick’s
law is given as:

(17 A)aN
]—76# (8)

where N is used for the quantity of permeate and ¢ represents
the time of transport. The flux ] is given as:

D(Mr,-C,—A -C
= (f; ¢ ©)

In Eq. (9) A describes the distribution coefficients of
Ag(I), subscripts f and s represent feed and strip respectively.
The C,and C, indicate the bulk feed and stripping concentra-
tions of Ag(I), respectively.
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Permeability coefficient p, the distribution coefficient and
diffusion coefficient (D) are related by the equation as:

p =D (10)

If )\f = A, then:

c.-C
]=p(; ) (11)

As the back transport of Ag(I) from the stripping phase

into the membrane phase is not possible, therefore, A tends
to zero and Eq. (9) alters to:

Je— (12)
where A=A, as given by Eq. (7), therefore,

T+l il n
I- D-K,, ‘[NO3 l,qu g[H :Lqu -I:C:Iorg G 13)

constant + (1 + 1)log[(NO3 )"7] +
aqu

nlog [H*Lqu +nlog [C]orgc + log C,
!

log Jn= (14)

Eq. (14) can be used to find the composition of the com-
plex, by varying only one parameter while keeping the oth-
ers constant. The number of H" and C can be calculated in
different ways; by keeping [NO;], [C], [ and C ; constant and
plot log/h vs. log [H'], the slope of the graph will illustrate
the number of H* and another way is to keep [NO;], [H'],
I and C, constant, the slope of log/h against log[C] will give
a numﬁer of molecules of tri-n-dodecylamine contribut-
ing to the complex formation. Electrodeposition has been
accessed from the following equation. The amount of silver
metal deposited (W) on the stainless steel plate was calcu-
lated by the weight difference method and justified using
the Faraday’s relation. Where W is the weight of the depos-
ited metal in grams, I is current in ampere units, e is the
charge of electron and F is a Faraday constant.

_le

w (15)

3. Experimental setup
3.1. Chemicals and reagents

The silver nitrate (Merck 99.8%, UK) in nitric acid
(HNO,, Merck > 65%) was utilized as a source solution.
Tri-n-dodecylamine (TDDA, Merck > 95%) was incor-
porated in pores of polypropylene flat sheet as a liquid
membrane in xylene (Sigma 98.5%, Germany) as a thinner
to prepare SLM with various concentrations. Ammonia
(NH,, Merck > 98.98%) was used as a strippant. Deionized

water was used throughout the research venture. The whole
listed chemicals were of analytical grade.

3.2. Apparatus and instruments

Inductively coupled plasma spectrometer, Perkin Elmer
model Avio 500 (USA) was used to find out the unknown
concentration of metal ions in feed and strip solutions.
Feed and strip pH were measured periodically using pH
meter. Carrier-xylene viscosity was measured by Brookfield
LDV-III viscometer (China). All the glassware was made of
borax glass of premium quality.

3.3. Membrane support

Polymers are versatile materials and they find appli-
cations in various scientific fields [34-38]. Polypropylene
membrane, Celgard 2400 (China) was used as membrane
support. The thickness of the PP sheet was 25 pum while
the porosity was 45%. The PP sheet was soaked in a known
concentration of TDDA in xylene overnight.

3.4. Permeation unit

The cell is composed of two 250 cm?® rectangular
compartments having a circular opening of 20 cm? in the
middle of one side of acrylic sheets. An adjustable mem-
brane jacket with a stiff inert rubber was placed on each side
and clamped between two compartments to stop leakage.
The electric motors with the range of 100-1,500 rpm were
placed on the top of both cells having porthole also for pH
electrode and sampling.

3.5. Preparation of electrode

The stainless steel electrodes were prepared for electro-
deposition of Ag* ions. The electrodes were cleaned with
dilute hydrochloric acid to remove the impurities. A stainless
steel electrode of the surface area of 1.0 cm? was dipped in
solution for electrodeposition.

3.6. Extraction and electrodeposition study of silver ions

The Ag ions were extracted using the TDDA-xylene
polypropylene SLM system from the simulated silver waste-
water and ore. Different concentrations of silver solutions
ranging from 100 to 600 ppm were prepared. In the case of
concentration of acid optimization the feed solution was
prepared by an appropriate amount of acid addition before
diluting to required 100 to 600 ppm range. The optimization
of the reaction was performed by altering the parameters
such as the concentration of metal ions in feed, the concen-
tration of acid in feed, the concentration of carrier and con-
centration of ammonia in strip solution.

Electrochemical reduction (electrometallurgy) of Ag'
was carried out in a prototype, fabricated into two compart-
ments of acrylic sheet. A SLM was sandwiched in between
the two compartments, impregnated with organic liquid for
the transport of these ions. Electrodeposition occurred at the
cathode on the strip side of the cell. A three-electrode sys-
tem was installed in a single strip side top. Stainless steel
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rods with an effective area of one cm?, strips were used as
working and counter electrodes while Ag/AgCl, reference
electrode was prepared indigenously in a reported shape.
The stirring speed of agitators was adjusted through the
DC transformer and regulator. During the permeation and
electrodeposition study, the speed of the stirrer was sensed
using local rpm sensors. Ammeter was connected between
working and counter electrode in series while voltmeter was
connected with the reference electrode in parallel. The neg-
ative terminal of the 12-V dry battery was connected with a
working stainless-steel electrode and positive terminal with
the counter electrode to act as cathode and anode respec-
tively. The whole setup is shown in Fig. 1.

The amount of metal ions deposited, rate of deposition
and all other parameters were studied from the relation of
Faraday’s and Ohm laws theoretically as shown in Eq. (15)
at optimum conditions. Where W is the weight in grams of
reduced silver ions that deposited on an electrode in the
presence of current I, in amperes and time {, in seconds.
The empirical value of silver deposition on the electrode was
calculated from the electrode weight difference method.

4. Results and discussion
4.1. Effect of carrier (TDDA) concentration on electrodeposition

This research reveals the impact of TDDA concentration
on the electrodeposition of Ag*, employing a series of TDDA
concentration from 0.191 to 1.341 M. Besides the constant
potential, Ag* concentration was retained at 6.0 x 10 mM in
1.0 M of HNO, in source and concentration of NH, was fixed
at 1.0 M in strip solution.

Fig. 2 represents the electrodeposition of Ag* on the sur-
face of the stainless steel electrode for variation in TDDA
concentration in the membrane phase. The graph illustrates
that the electrodeposition of Ag" increases from 0.0176 to
0.2830 g as the concentration of TDDA exceeds from 0.191
to 0.957 M. The electrodeposition of Ag" diminishes above

Resistometer
Cyclic voltammeter

0.957 M of TDDA. As the concentration of carrier increases,
the stripping of Ag* from feed to strip phase also increases
which facilitates the electrodeposition through the availabil-
ity of the excess amount of Ag" ions.

An abrupt fall in transport and electrodeposition of Ag*
above 0.957 M can be justified by the enhanced viscosity
of TDDA in the membrane phase. The increase of TDDA
concentration in the membrane phase in xylene the viscosity
also increases which retards the transport Ag* ultimately less
electrodeposition of Ag*. The 99.40% transported Ag" has been
deposited on the stainless-steel electrode at TDDA concentra-
tion of 0.957 M. Subsequently, 0.957 M was taken as the opti-
mal concentration for transport and electrodeposition of Ag*
and the same concentration was used to optimize the other
parameters of electrodeposition. The experimental depos-
ited mass of Ag" is less than a theoretical value by a factor of
0.006. The difference in theoretical and experimental values
is 0.6% which might be attributed to the experimental errors.

4.2. Effect of HNO, concentration on transport and
electrodeposition

HNO, provides both proton and NO; for producing CH*
and [Ag(NO,) ,,I" type species respectively and performs an
essential function in the transportation of Ag* ions. HNO,
concentration was altered from 0.4 to 1.5 M during the whole
span of the experiment while the concentration of carrier
in the liquid membrane and NH, on the strip side was kept
constant at 0.957 and 1.0 M, respectively.

Fig. 3 evinces that deposition of Ag* enhances from 0.025
to 0.283 g with elevation in the concentration of HNO, from
0.4-1.0 M to a maximum value at 1.0 M. This is because of the
co-ion transport mechanism of Ag" across the membrane to
stripping phase and increased current density (CD, i = I/S).
Above 1.0 M of HNO,; results in a decline in the deposi-
tion of Ag*. The H" ions in excess might disproportionate
the permeation of Ag' through a membrane which led to
decrease electrodeposition.
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Fig. 1. Permeation and electrodeposition unit.
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Fig. 2. Electrodeposition variation at various concentrations of
TDDA in the membrane.

4.3. Impact of stripping phase concentration (NH,) on permeation
and current density

NH, works as a stripping agent in the stripping phase
of the permeation unit. Various concentrations run from
0.4 Mto 1.5 M of NH, were used while the concentration
of HNO, was fixed at 1.0 M and concentration of TDDA at
0.957 M in the liquid membrane. Previous research work
demonstrates that without the strippant the transport of Ag*
was not possible even if the cell runs for 8 h [33]. Therefore,
the NH, strives the Ag" into the stripping phase by disso-
ciating the Ag-TDDA complex. It is seen from Fig. 4 that
with an increase in NH, concentration from 0.4-1.0 M, the
permeation of Ag' and current density hits the maximum
exactly at 1.0 M. The impact of NH, on the transport and
deposition of Ag" can be illustrated by the two obvious rea-
sons. Firstly OH™ ions of NH, may interact with the H* of the
complex ((CH),-Ag(NO,) .,) which results in the dissociation
of the complex as shown.

CH,.(AgNQO,) ,,+ OH  — nC + [(AgNO,) ., ,I"+H,O (16)

Also, the free NH, molecules can attack the silver in
[(AgNO,),,,I" and result in the formation of diamine soluble
complex ion [32].

[(AgNO,), I +2NH, — Ag(NH,); + (n + 1)NO; (17)

Due to these two reasons, more Ag" ions enter into the
stripping medium and hence enhance the current den-
sity which occurs because of an uninterrupted supply of
Ag" ions from strip solution to the electrode. However, the
sudden fall in current density after 1.0 M of NH, may be due
to the extraction of H* ions from the carrier and reduces the
capability of the carrier to extract Ag* ions simultaneously.

4.4. Variation in Ag" concentration in source solution

The concentrations variation of Ag' ions from 2 x
10" mM to 10 x 107" mM were utilized to probe the impact
of Ag* concentration on flux and electrodeposition. The
concentration of HNO, in the feed phase was kept constant
at 1.0 M, NH, in the strip phase at 1.0 M, and tri-n-dodecyl-
amine in the membrane phase at 0.957 M. The flux of Ag*
increases with the increase in the concentration of Ag" as
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Fig. 4. Current density variation at various concentrations of
NH, in strip solution.

verified in previous work [31]. Electrodeposition of Ag"
occurs according to the same pattern with the exception
at a high concentration of Ag*. The deposition of silver on
the stainless steel electrode increases from 0.0015 to 0.283 g
as the concentration of Ag" increases from 2 x 107 mM to
6 x 107! mM and reaches a maximum at the concentration
of Ag' in feed solution as shown in Fig. 5. Nevertheless,
the deposition decreases beyond 6 x 10 mM of Ag" in
feed solution contrary to flux across the membrane. The
anomalous behavior is probably due to diffused double
layer formation or shear local concentration of Ag* near the
electrode interface.

4.5. Effect of string speed on electrodeposition

The speed of agitator enhances the electrodeposition
process in respect of time and quantity. Different rpm of the
range 100 to 1,500 was used to observe the effect of string
speed of electrical motors on the deposition of Ag* on the
electrode. Various speeds of agitator in rpm range from
100-1,500 rpm were investigated on the electrodeposition



194
—~ 0.37
2
[=
2
B 0.24
[}
o
[
3
s 014
o
2
1]
0.0 g T T 1
0 5 10 15

[AgT] x 10" mM

Fig. 5. Effect of Ag" concentration in feed solution on
electrodeposition.

of Ag* on the stainless steel electrode. It was evident from
Fig. 6 that as the stirring speed increases led to the increase
in the deposition process at 900 rpm. Above 900 rpm
electrodeposition decreases because at high rpm the dif-
fusional layers break on feed interface and carrier drains
out from the pores of the membrane which reduces the
interaction of Ag' with carrier and finally the transport
and deposition of Ag* on stainless steel electrode.

4.6. Effect of carrier concentration on flux

Eq. (13) indicates that as the TDDA concentra-
tion increases in the liquid membrane, the flux of Ag" also
increases. This behavior is due to the interaction of more num-
bers of the carrier with H* to form CH*, which in turn react
with anions ([Ag(NO,),,,]"), and increases the formation of
the complex. Fig. 7 implies that the maximum increase in the
flux was observed at 0.957 M of TDDA after that continuous
decrease in the flux of Ag* was observed due to the increase
in the viscosity of the liquid membrane phase. An increase
in TDDA concentration in xylene is directly related, to the
viscosity of the liquid membrane. Stokes-Einstein equation
[14] gives the relation between the diffusion coefficient of
the solute and viscosity of the liquid membrane as follows:

kT
6unr

D (18)

According to Eq. (18) the flux of Ag" is inversely pro-
portional to the viscosity n of the carrier in the liquid
membrane phase.

4.7. Stoichiometry of SLM

The number of TDDA molecules in complex formation
has been determined from Fig. 8a. A graph log[TDDA] vs.
logJn gives the slope of 1.0009 which indicates that only
one molecule of TDDA is responsible for complexation as
shown in Fig. 8a. In the same way, a graph is plotted between
log[HNO,] vs. logJn as shown in Fig. 8b. The number of
H* ions furnished by HNO, for protonation of TDDA is
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determined from the slope of Fig. 8b. It comes out to be 1.055
which shows that approximately one proton is responsible
for protonation of TDDA by HNO,. In case of OH" ligand
only one silver ion is stripped off to the receiving phase while
in case of free NH, the ratio of metal to the ligand is 1:2 which
shows that two ligands are coordinating with one silver ion
[39]. The reaction mechanism of the whole process is given:

AgNO,+HNO, = [Ag(NO,),]+ H" (19)
RN+H"= R,NH" (20)
[Ag(NO,),I + RNH" = (R,NH"Ag(NQO,),) (21)
n(R,NH"Ag(NO,),) + iNH, == n[Ag(NH,),]* +

nNQO; +nR)N (22)

where nR,N shows n number of moles of TDDA molecule.

5. Stability of SLM

Despite emerging technology, SLM has several short-
comings like blockage of membrane pores, carrier or
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solvent solubility in the aqueous phase, osmotic pressure
and wetness of membrane orifices [40].

A membrane was soaked overnight in 0.957 M TDDA-
xylene and applied for 5 experiments with 4 h each after
a time interval of 24 h. It is found that the membrane flux
and electrodeposition were uniform in each run up to 120 h
as shown in Fig. 9. The recovery of Ag" was 99.40% when
coupled with the three-electrode system.

@ log[TDDA]
‘ : : : 8.8 ‘
0.8 0.6 -0.4 -0.2 894 02
y=1.0009x- 8.9637 =
y=1.000x- 8.963 g
R?=0.917 92
_9.3 4
9.4 -
_9.5 4
° 9.6 -
_947 4
9.8 -
(b) log[HNO ]
2
1 08 -0.6 04
y=1.0556x- 8.2573
R?=0.928 log Jn

9.2 -

Fig. 8. (a) Plot log[TDDA] vs. log Jn and (b) plot log[HNOQO,] vs.

log Jn.

Table 1

6. Electrodeposition of silver from ore and silver plating

Silver has been recovered and identified by previ-
ous researchers but not deposited on the electrode [41,42].
Therefore, the TDDA-SLM system was coupled with a
three-electrode system to create a potential gradient and
enhanced up-thrust force for maximum removal of Ag* from
silver ores and silver plating waste. The optimized condi-
tions for deposition of Ag" were: 0.957 M of TDDA in the
membrane, 6 x 10”' mM of Ag* and 1.0 M of HNO, in source
solution, and 1.0 M of NH, in strip phase. Table 1 explores
that 99.40 % of Ag" has electrodeposited on stainless steel
electrode having an active strip area of 1 cm? for deposition
of Ag" ions from both silver ores and silver plating waste.
The reproducibility results of the electrodeposition of Ag"
showed that this technique is selective as well as efficient.

7. Conclusions

* The recovery of Ag" has improved by introducing three
electrodes SLM systems from 98% to 99.40%.

¢ The stainless steel electrode showed ion-selective behav-
ior towards Ag"*ions.

¢ The optimum conditions for this three-electrode cou-
pled with the SLM system are 1.0 M of HNO, in the feed

e

g 109

= -o~ Flux
§ 8 ——o—o—9 - Electrodeposition
3

i

w

]

S 4

K

s 2

°

£

e o+—B—f—=8—§—#§

= 0 2 4 6

5

Number of Trials

Fig. 9. Stability of SLM, number of trails vs. flux and electrode-
position of silver.

Percent electrodeposition of silver in the presence of interfering metal ions

Silver ore waste

Silver-plating waste Silver ore and

silver-plating waste

Source concentration Source concentration

Source concentration Source concentration

Percent mean

(BE)" (AE)’ (BE)" (AE)? electrodeposition

Metal ions  BE (mg/L) AE (mg/L) BE (mg/L) AE (mg/L) (%)

Ag 300 +0.03 1.77 +0.008 300 +0.005 1.79 + 0.09 99.40

Ni Nil Nil 9.5+0.013 9.2 +0.008 0.03

Hg Nil Nil Nil Nil

Cu 2.8 +0.007 2.5+0.005 3.0+0.03 2.9+0.05 0.07

Fe 2.9+0.009 2.7 +0.01 Nil 0.06

Sb 3.30 £0.50 3.28 +0.05 Nil 0.006

“Before electrodeposition;
"After electrodeposition.
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phase, 0.957 M of TDDA in the membrane and 1.0 M of
NH, in the stripping phase.

The SLM three-electrode system was observed to be
stable for 120 h.

This research did not receive any specific grant from

funding agencies in the public, commercial or not-for-profit
sectors.
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