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Abstract. This paper studies and determines the dispersion properties 
(Jg, Eg and Db), kinetics parameters and hydrodynamics of the process 
and its effect on the recovery of silver contained in spent diluted fixers 
by techniques of ion flotation in columns. The experimental results 
show silver recoveries of 97 % using sodium isopropyl xanthate (SIX) 
0.06 g·L-1 and 0.04 g·L-1 of frother, at a Jg of 1.0 cm·s-1 and Jl of 0.72 
cm·s-1. Xanthate-promoter combinations do not improve the separa-
tion; however, recoveries of 91.5% are achieved. The control of pH at 
6.0 during the ion flotation of silver helps to improve the separation, 
compared to pH values of 7.0 and 8.0. The kinetic constant of appar-
ent flotation k (min-1) maintains a linear behavior with the recovery 
and the dispersion properties, until reaching a slope change in the 
plot of Eg Vs Jg, where the system changes bubble flow regime, from 
homogeneous to turbulent.
Key words: Silver, Ion Flotation, Gas Holdup, Kinetics, Hydrody-
namics.

Resumen. Este estudio investiga y determina las propiedades de la dis-
persión (Jg, Eg y Db), los parámetros cinéticos y la hidrodinámica del 
sistema y su efecto en la recuperación de plata contenida en líquidos 
fijadores diluidos agotados, mediante la flotación iónica en columnas. 
Los resultados experimentales muestran recuperaciones de plata del 
97 %, usando xantato isopropílico de sodio (XIS) en concentración de 
60 mg L-1 y 40 mg L-1 espumante, Jg de 1.0 cm·s-1, y Jl de 0.72 cm 
s-1. Combinaciones de xantato y promotor no mejoran la separación, 
sin embargo, se logran recuperaciones del 91.5%. El control del pH en 
6.0 durante la flotación iónica de plata contribuye a mejorar la separa-
ción respecto a los pH de 7.0 y 8.0. La constante cinética de flotación 
aparente mantiene un comportamiento lineal con la recuperación y 
las propiedades de la dispersión, hasta el cambio de pendiente en el 
grafico de Eg Vs Jg, donde el sistema cambia de régimen de flujo de 
homogéneo a turbulento.
Palabras clave: Plata, flotación iónica, gas retenido, cinética, hidro-
dinámica.

Introduction

The treatment of effluents is an important aspect in the pro-
tection of the environment; wastewater treatment is based on 
the elimination of pollutants by the use of physical, chemical 
and biological processes [1]. A common effluent is the one 
generated in radiographic laboratories; these spent fixers are 
mainly made of silver and sodium thiosulfate Ag(S2O3)2

-3, 
Na(S2O3)2

-3 respectively, as well as other harmful elements, 
such as metals, halides, among other pollutants [2].

The development of X-ray plates might be carried out in 
any urban zone, and there is a great number of businesses spe-
cialized on this kind of process. Once the fixers are used and 
spent, they are disposed of, or at the best, stored for further 
treatment; however, they are mostly spilled into the public 
sewage and on the crust. The industry of silver recovery of the 
spent fixers was developed several decades ago [3]. However, 
since the X-ray labs are enormously distributed in the cities, 
great volumes of effluents are not collected and treated.

This is due to the lack of a versatile technology for the 
treatment of considerable amounts of solution with diluted con-
centrations of the metal to be recovered. Silver is considered, 
in all its forms and compounds, a toxic metal [4]. Public sew-
age spilling of liquid wastes containing this element is highly 
forbidden; from an ecological point of view, it is convenient 
to treat these effluents in order to comply with the increas-
ingly strict requirements of ecological regulations. It is worth 

mentioning that the concentration in these solutions exceeds the 
Mexican ecological regulations. The technical ecological regu-
lation NTE-CCA-031, establishes that the highest permissible 
concentration of silver for sewage spilling is between 0.001 and 
0.002 g L-1. From an economic point of view, it is convenient 
to recover the silver from the spent fixers of the X-ray plate 
fixing process. There are several techniques for the recovery 
of the silver contained in the spent fixers, such as chemical 
precipitation, metallic substitution, electrolysis, ion exchange, 
inverse osmosis, distillation, evaporation, etc. [3].

Nevertheless, these techniques present serious problems 
when treating great volumes of effluents in relatively short 
periods, making it necessary to develop a highly efficient and 
selective system, with low investment costs. An innovative 
technique that could help in solving this problem is the ion 
flotation [5]. The flotation process was originally applied for 
the selective separation of ores of interest, but this technique 
has broadened its application field towards non metallurgical 
operations, such as environmental protection: separation of oil, 
grease, and ink from recycled paper, as well as ion flotation of 
heavy metals [6].

Ion flotation can be defined as a technique that makes use 
of the special properties that characterize the interfaces for 
the concentration of ions or other entities with electric charge 
contained in aqueous phase [5] modifying the chemical condi-
tions of the medium and adding proper collectors (anionic or 
cationic). The dissolved substance is combined with the col-
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lector, and it becomes a soluble metal-collector product with 
hydrophobic sites provided by the hydrocarbonated chain of the 
collector, which is adsorbed on the bubbles, then floats to the 
surface and concentrates according to the original medium [6]. 
Ion flotation has been used in order to recover numerous heavy 
metal ions [7]. Recently, interest has been drawn to the use of 
ion flotation for the recovery of precious metals from leaching 
liquors [8, 9] as well as for the removal of trace pollutants 
from considerable effluent volumes and other waste solutions 
[10].

A review on the studies on ion flotation and its possibili-
ties in hydrometallurgical operations has brought out this tech-
nique’s potential compared to other traditional techniques, such 
as chemical precipitation and extraction with solvents, among 
others [11]. Thermodynamic studies have been also carried out 
on the adsorption phenomena in ion flotation; the results have 
shown that the adsorption density lasts from several seconds 
to several minutes, depending on the used cationic collector: 
Sodium dodecyl, tetradecyl and hexadecyl sulfate [12].

The found recovery kinetics shows that, in order to achieve 
a 100% separation, it takes around 300 min indicating that 
the system follows a completely chemical control [12]. These 
studies have made a great thermodynamical contribution, but 
they do not present the hydrodynamic effect of the gas disper-
sion on the system and on the recovery of the ion of interest. 
Besides, cationic organic collectors of high molecular weight 
were used, as well as long hydrocarbonated chains, which are 
not practical because of their relative low solubility in water, 
and they are also considered as toxic, polluting reagents that 
damage the environment.

In other studies, ion flotation of metals, such as nickel and 
copper has been carried out using anionic organic collectors of 
short hydrocarbonated chains, common to the mining industry, 
such as xanthates, which are biodegradable at low concentra-
tions. It was found that the recovery of metal is strongly af-
fected by the modification of the dispersion properties and the 
system’s hydrodynamics [6, 13, 14].

The object of this research paper is to carry out the re-
covery of silver contained in diluted waste solutions of very 
dilute thiosulfate (spent fixers) by ion flotation techniques, us-
ing anionic organic collectors as reagents, such as xanthates, 
dithiophosphate and dithiophosphinate type promoters, as well 
as studying the kinetics and hydrodynamics properties.

Results and Discussion

Residence Time Distribution (RTD)

It is very important to establish the mixing conditions in flota-
tion equipment in order to determine the mixing pattern, the 
experimental residence time. These tests consisted of injecting 
a volume of 0.5 L of a 2.5 mol L-1 KCl solution (tracer) in the 
feeding flow of the flotation column, feed backing the solution 
during the whole test and monitoring the electrical conductivity 
of the solution for 25 minutes in the discharge flow (tails) by 

means of an electrical conductivity flow cell described in the 
literature [15] a reading was taken every 10 s by using a data 
acquisition card.

Figure 1 shows the results obtained for the cylindrical 
sparger at different superficial liquid velocities, Jl: 0.42, 0.84 
and 1.13 cm s-1 and a constant Jg of 0.8 cm s-1, with a frother 
concentration of 0.04 g cm-3. The found curves are similar 
to those of a typical mixing plug flow transport [16]. It was 
observed that the mixing time of the solution decreases with 
the Jl. Based on these results, equation 1 was used in order to 
calculate the kinetic constant of flotation k (min-1).

	 R = 1 - exp (-kt)	 (1)

Where R is the recovery, k is the flotation rate constant 
(min-1) and t, is the residence time (min).

Silver ion flotation

The reaction mechanism that occurs in the ion flotation process 
between the silver ion and the sodium isopropyl xanthate is the 
following: first, the silver ion Ag2+ reacts with the xanthate, 
forming silver dixantogen complex, equation 2.

	 Ag S = C

S

OR

OR–C–S–Ag–S–C–OR2+ 2
S S

	 (2)

Then, silver dixantogen complex, which is unstable espe-
cially at pH values below 7.0, decomposes into silver xanthate 
equation 3.

OR–C–S–Ag–S–C–OR + e− → OR–C–S–Ag + OR–C–S−

S S S S
	 (3)

Fig. 1. Residence Time Distribution (RTD) of the continuous phase 
at different superficial liquid velocity, constant Jg 0.8 cm s-1 and 0.04 
g L-1 frother.
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Thus, the silver xanthate is continually oxidized by the 
oxygen that is injected in the flotation column, forming again 
silver dixantogen, well as silver hydroxide and OH- ions equa-
tion 4; it is worth mentioning that in the ion flotation tests, the 
pH of the solution increased during the entire experimental 
test.

	

OR–C–S–Ag–S–C–OR + AgOH + OH−

S S

2  Ag–S–C–OR   + ½O2 + H2O + e−
S

	

(4)

Subsequently, the silver hydroxide reacts with the sodium 
isopropyl xanthate, forming silver dixantogen, equation 5.

	
OR–C–S–Ag–S–C–OR + 3OH−

S S

AgOH + H2O + ½O2 + 2  OR–C–S−   + 3e−
S 	 (5)

Then, silver dixantogen which is stable to alkaline pH 
values and thus achieve high separation efficiency

Collector concentration effect

Figure 2 shows the percentage of silver recovery vs. superfi-
cial gas velocity Jg (cm s-1), with Jl 0.72 cm s-1, 0.04 g cm-3 
frother and sodium isopropyl xanthate concentrations of 0.02-
0.06 g cm-3 using a cylindrical sparger. It was observed that, 
with the increment of Jg and xanthate concentration ([X]), the 
recovery of silver increases progressively, achieving a maxi-
mum separation of 97% for Jg of 0.8 and 1.0 cm s-1 and 0.06 
g cm-3 xanthate.

Jg plays a very important role, because it helps to increase 
the amount of small-diameter bubbles in the flotation column, 
which are available for capturing the desired species. In ion 
flotation, it is essential that the species modified and complexed 
by the collector is absorbed into a bubble; it must float towards 
the surface and then concentrate with respect to the original 
medium.

As it can be observed in figure 2, in order to achieve a 
solution with a silver concentration below the limits established 
by the ecological regulations, the necessary xanthate amount 
is higher than the stoichiometric amount. This is due to the 
collector’s adsorption of other species contained in the indus-
trial waste solutions, for example: aluminum, iron, copper and 
manganese among others.

As seen on figure 3, which presents the energy dispersive 
microanalysis (EDS) of the concentrate of silver ion flotation, 
as well as the morphology of the floated product (silver-xan-
thate), by SEM; it is made of long colloidal particles that are 
visible in the froth bed. The semi-quantitative analysis confirms 
the presence of additional elements in the silver concentrate, 

Fig. 2. % w/w of silver flotation vs. superficial gas velocity, cylindrical 
sparger, Jl 0.72 cm s-1, 0.04 g L-1 of frother, several concentrations 
of xanthate C3H7OCS2Na.
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Fig. 3. Scanning Electron Microscopy SEM-EDS of the silver-collector complex.
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which constitute the structure of the collected metal-organic 
product.

Figure 4 presents the behavior of the properties that char-
acterize a dispersion: Jg, Eg, Db and the bubble specific surface 
area flux Sb (cm2 bubble surfaces/s)/(cm2 column area), that 
is to say, the amount of bubble surfaces that flow per unit of 
column cross sectional area expressed with equation 6 [15, 
16] as well as the % w/w of silver ion flotation vs. Jg. It can 
be observed that with the rise of Jg, these properties increase 
progressively. At Jg of 0.8 cm s-1, the maximum aeration in 
the column and the maximum recovery are achieved. Increas-
ing the Jg to 1.0 cm s-1 does not help in achieving better silver 
recoveries. The ascending behavior of the recovery results in 
function of Jg is lost at Jg 0.3 cm s-1. This is due to the regime 
change of the bubbly flow.

	 Sb
Jg
Db

6
	 (6)

Figure 4 also shows the behavior of the gas holdup, the 
bubble size Db (cm) and the Sb (s-1) vs. Jg, for a xanthate con-
centration of 0.06 g cm-3and Jg values of 0.1 cm s-1 generate 
the lowest bubble sizes, which would allow considerably high 
recoveries; however, the relatively low buoyant rate of these 
bubbles, and the low value of Sb do not allow to achieve higher 
recoveries (as seen on the figure). With the Jg rise, increases the 
amount of surfaces available for carrying out the ion flotation 
process; at Jg of 0.8, the highest recovery values and higher gas 
rates are achieved. Therefore, a higher Sb does not contribute in 
recovering more silver because of the bubble saturation inside 
the column, which causes higher recirculation intensity of the 
continuous and disperse phases.

Figure 5 presents the results of bubble size (Db) and % 
v/v of gas holdup for a xanthate concentration of 0.06 g cm-3. 
It can be observed that, at Jg > 0.3 cm s-1, the hydrodynamics 
of the system are significantly modified, and the homogeneous, 
size-uniform flow regime changes to turbulent. The loss of the 
linear behavior of Eg vs. Jg indicates the change in the flow 
regime [15, 16]. Nonetheless, higher gas rates allow a signifi-
cant improvement of the recovery of silver, which is a result 
of the competition between the hydrodynamic conditions of the 
medium and the chemistry of the process (as seen on figure 4). 
On the other hand, it can be observed that the bubble size Db 
(cm) increases with the Jg, and does not change significantly 
above a Jg of 0.3 cm s-1, with which an optimal bubble size of 
0.06 cm is reached, achieving the best recoveries.

A change in the dispersion properties, for example the Db 
at Jg of 0.3 cm s-1, modifies the behavior of the flotation ap-
parent rate kinetics, as shown in figure 6, which is a plot of the 
Db and the kinetic constant of apparent flotation rate k (min-1) 
vs. the Jg. However, a higher bubble flow and their decrease in 
bubble size increase the bubble - species density that opposes 
to the system’s hydrodynamics caused by recirculation and 
mixing currents, and k (min-1) rises, which is a result of the 
higher transference of the silver-xanthate complexes from the 
collection zone into the frother zone; therefore, k (min-1) and 
the % w/w of recovery increases with the Jg.

Collector-promoter combination effect

The previously described results prove the significant influ-
ence of the process chemistry on the transference rate of the 
xanthate-silver species from the collection zone into the froth 
zone, surpassing the hydrodynamics of the gas-liquid disper-
sion generated by the cylindrical sparger.

Fig. 4. Eg, Db, Sb and % w/w of silver flotation vs. superficial gas 
velocity, cylindrical sparger, Jl 0.72 cm s-1, xanthate concentration 
0.06 g L-1.

0.1 0.3 0.5 0.8 1.0
0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

40

50

60

70

80

90

100

 Eg  (%)   Db X 10 -2  Sb  s-1   % W/W Flotation

Eg
(%

) ,
 D

b 
X

 1
0-2

 (c
m

), 
Sb

 (s
-1
), 

%
 W

/W
 F

lo
ta

tio
n

 Superficial  gas velocity Jg cm s-1

Fig. 5. Bubble size Db (cm) and gas holdup Eg (%) vs superficial 
gas velocity cylindrical sparger, Jl 0.72 cm s-1 xanthate concentration 
effect.

0.1 0.3 0.5 0.8 1.0
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

5

10

15

20

25

30

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

5

10

15

20

25

30

B
ub

bl
e 

si
ze

 X
 1

0-1
 (c

m
)

%
 v

/v
 G

as
 H

ol
du

p 
(E

g)

 Superficial  gas velocity Jg cm s-1

 % v/v Gas holdup (Eg)
 Bubble size (cm)



412      J. Mex. Chem. Soc. 2012, 56(4)	 Martín Reyes et al.

Figure 7 shows the results of the collector-promoter com-
bination and promoter alone in the silver ion flotation in func-
tion of Jg. These mixes don’t achieve an improvement in silver 
recovery compared to the results of using only xanthate (0.06 g 
L-1). However, the recoveries are significantly high when using 
combinations of 0.03/0.03 g L-1 xanthate/XL 2945 promoter 
with values of 91% at Jg of 0.8 cm s-1, Jl 0.72 cm s-1, while 
for the combination of xanthate and XL 2945 promoter, the 
highest recovery was 84% at Jg of 0.3 cm s-1.

Combinations of promoter alone present the lower recover-
ies, and even the % w/w of silver flotation decreases with the Jg 
increment. This is due to the poor dilution of the used anionic 
promoters, as well as to the preference of these promoters to-
wards some other species with lower ionic radius contained in 

the spent liquid fixers (such as Al, Fe, Cu). On the other hand 
the xanthate is highly selective for ionic silver, forming the 
metal-organic complex, as previously described. The chemistry 
of the system clearly plays an important role in the kinetics of 
the elimination of the silver ion from the solution at a degree 
higher than the hydrodynamic conditions of the system. How-
ever, both conditions complement each other for reaching the 
best separation efficiencies.

Figure 8 shows the behavior of the dispersion properties, 
% v/v Eg and Sb (s-1) in function of Jg for the process with 
collector-promoter and promoter combinations. It can be ob-
served that the hydrodynamic characteristics of the system do 
not vary significantly with regards to those of the collector 
alone. However, for the latter, both the gas holdup and the Sb 
are slightly higher.

The rise in the Jg increases the volumetric percentage of 
gas holdup, and therefore, this is increased by the Sb, permit-
ting the essential mechanism for the ion flotation of silver. 
However, due to the low electrostatic attraction of the organic 
reagents to silver, the recoveries do not improve compared to 
the process with xanthate alone, even with the proper hydro-
dynamic conditions.

Figure 9 shows the behavior of the bubble size Db (cm), 
the fraction of gas holdup and the kinetic constant of apparent 
flotation rate (min-1) in function of Jg cm s-1 of the xanthate- 
promoter XL 2945 system at Jl 0.72 cm s-1. It can be observed 
that the % v/v Eg increases linearly with the Jg, until changing 
at 0.3 cm s-1 stopping at. Higher values change the flow regime, 
from homogeneous and uniform to turbulent, where big-sized 
and small-sized bubbles are found together. This has a direct 
effect on the bubble size and on the kinetics of the elimina-
tion of the silver ion. High gas rates, besides incrementing the 
bubble diameter, increase also the amount of bubble surfaces, 
which helps to slightly increase the kinetics of apparent flota-Fig. 6. Bubble size Db (cm) and constant of apparent flotation rate k 

(min-1) vs. superficial gas velocity, 0.06 g L-1 xanthate and Jl 0.72 
cm s-1.
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tion; therefore, there is a strong relation between Jg and optimal 
bubble size. Under the experimental conditions described for 
carrying out the silver ion flotation, the optimal Db is 0.06 (cm) 
at Jg 0.8 cm s-1. Nevertheless, the hydrodynamics generated 
at Jg 1.0, exceeds the chemical conditions, and the kinetics of 
apparent flotation decreases.

pH effect

It is clear that the % w/w of silver flotation of the diluted 
spent fixers is affected, first, by the chemistry of the process, 
and second, by the hydrodynamics of disperse and continuous 
phases.

Another important factor in the silver ion flotation is the 
pH. Of the previously described tests, the pH was constantly 
monitored in every experiment, and it was found that it increas-
es along with the flotation time. For example, for the system 
containing 0.03/0.03 g L-1 xanthate/XL 2945 promoter, to Jg 
of 0.1 cm s-1, the pH was 7.25, while for a Jg of 1.0 cm s-1, it 
was of pH 8.6. This is due to the aeration to which the solution 
is subject in the column flotation, and to the chemical reaction 
of the elements and molecules contained in the diluted spent 
fixers, providing for the formation of metallic hydroxides.

In order to assess the solution pH effect, in the silver ion 
flotation the pH was kept constant during the entire test with 
H2SO4 or NaOH according to the case. The obtained results are 
shown in figure 10 for a system containing 0.03/0.03 g L-1 xan-
thate/XL 2945 promoter, Jl 0.72 cm s-1 and 0.04 g L-1 frother. 
The studied pH values were 6.0, 7.0 and 8.0. Figure 10 plots 
the kinetic constant of apparent flotation k (min-1) in function 
of Jg; it can be clearly seen that there is a higher transference 
rate of the hydrophobic species from the collection zone to the 
frother zone at pH (6.0) compared to the other analyzed values, 
and it is even higher than the system without pH control, worth 
mentioning that the decomposition of xanthate occurs faster at 
acidic pH values.

The lower recoveries at pH 7 and 8 are the result of the pref-
erential adsorption of the organic anionic reagents for formed 
species hydroxide, reducing the collector molecules available 
for the formation of the silver-xanthate complexed. In general, 
for all the tests, the values of the % w/w of silver flotation 
present a sinusoidal behavior with respect to Jg by effect of the 
hydrodynamic modification of the involved phases (continuous 
and disperse), which causes the following: At certain values of 
Jg (for example 0.5 and 1.0 cm s-1) the recirculation and mix-
ing of phases affect the flotation of the hydrophobic species at 
a higher degree due to the movement of the bubbles flowing in 
a sense opposite to their normal movement.

This effect can be observed in figure 11, which is a plot of 
the bubble size and % w/w of silver flotation in function of Jg. 
It is observed, that for the tests at constant pH 8.0, the bubble 
size Db (cm) is larger and presents a sinusoidal behavior similar 
to the recovery percentage. Larger bubble sizes (for example 
at pH 8.0) mean higher buoyant rate and lower residence time 
of the bubbles in the column because of their low recircula-
tion degree. This helps to improve the recovery at Jg 0.3 cm 
s-1.

However, these bubbles move a larger volume of liquid 
in their ascent, affecting the lower-diameter bubbles, which 
are sent downward and their ascent is slowed down, which 
reduces the transference of the collected species towards the 
froth zone, and therefore, the recovery. pH control, particularly 
in 8.0, requires the addition of alkali (sodium hydroxide), which 
modifies the surface tension of the solution; according to the 
literature, the increment in the concentration of alkali in solu-
tion increases the surface tension [17], due to the polarity of 
the sodium hydroxide molecules.

For the pH value of 6.0, it is observed that the Db increases 
gradually with the Jg, and the maximum recovery (93.5%) is 
reached when the bubble diameter is 0.06 cm at Jg of 0.8 cm 

Fig. 9. Gas holdup fraction, Db (cm) and k (min-1) vs. superficial 
gas velocity cylindrical sparger. Xanthate - XL 2945 promoter com-
bination.
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s-1, while for the tests carried out at a constant pH of 7.0 the 
recovery decreases along with the bubble size; this is due to 
the hydrodynamic effects caused by the increase of the recir-
culation of small-sized bubbles for this pH value. The hydro-
dynamic change in the phases present in the flotation column 
alters the bubble flow regimen, as seen on figure 12, which 
shows the behavior of the % v/v of gas holdup in function of 
Jg for the described systems.

Relatively high values of Eg are observed for the system 
with constant pH of 6.0, even the linearity of the behavior of the 

bubble flow regime is lost at Jg 0.5 cm s-1, and changes from 
homogeneous to turbulent, while for pH values of 7 and 8, this 
characteristic is lost at Jg 0.3 cm s-1. On the other hand, lower 
values of gas holdup are observed for the test with a constant 
pH of 8.0, and therefore, a higher bubble size is also observed, 
as seen on figure 11.

The values of gas holdup for the tests that had no pH 
control, 6.0 and 7.0, up to a Jg of 0.5 cm·s-1, are very similar 
among themselves. The recoveries at pH 6.0 and 7.0 are notice-
ably different due to the chemical environment of the solution, 
which is modified by the addition of H2SO4 o NaOH; this 
affects the adsorption of the species of interest by the organic 
chemical agents, and therefore, different silver recovery values 
are obtained, as seen on figure 11.

Conclusions

The recovery by column ion flotation of silver contained in 
diluted solutions of spent fixing liquids was carried out. The 
dispersion properties, hydrodynamic conditions and the kinetic 
constant of apparent flotation were obtained. The experimental 
results show silver recoveries of 97% with 0.06 g·cm-3 of so-
dium isopropyl xanthate, 0.04 g·cm-3 of frother, Jg 1.0 cm·s-1, 
and Jl 0.72 cm·s-1. Xanthate-promoter combinations do not 
improve the separation of silver from the continuous medium. 
pH values of 6.0 in the solution helps in the improvement 
of the separation. The kinetic constant of apparent flotation 
keeps a linear behavior with the recovery and the dispersion 
properties up to the slope change in the Eg vs. Jg plot, where 
the system undergoes a regime change. The removal of silver 
ions by column ion flotation techniques using anionic collec-
tors is strongly influenced by the xanthate [X] and frother [e] 
concentrations, as well as Jg, Db, Sb.

Experimental

Equipment and materials

The silver ion flotation experiments were carried out in a trans-
parent acrylic flotation column, 9.5 cm diameter and 360 cm 
height. On top of it an outlet was placed in order to collect the 
froth. Figure 13 shows the schematic representation of the used 
equipment. The intake was placed at 250 cm height (measured 
from the base of the column). This proportion represents an 
elevated zone for carrying out the collection and flotation of 
species.

The discharge flow or tail was installed in the base of 
the column. The feeding flows and tails were regulated with 
two peristaltic pumps (one for each flow) which were pre-
viously calibrated. The concentrate was carried out by grav-
ity. The most important considered parameters in gas-liquid 
dispersion´s in column flotation equipments are: superficial 
gas velocity Jg (cm·s-1). It is better to use volumetric flows, 
[15, 18]. Equation 7:

Fig. 11. Bubble size (cm) and % w/w of silver flotation vs. superficial 
gas velocity, 0.03/0.03 g cm-3 xanthate/XL 2945 promoter, Jl 0.72 cm 
s-1, pH effect.
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	 Jg
Q
A

cm
s

cm
cm
s

g

c

3

2
	 (7)

Where Qg is the liquid volumetric flow cm3·s-1 and Ac 
is the area of transversal section of the column in cm2. The 
gas was regulated with a flowmeter of 0-16 LPM (liters per 
minute) and introduced into the column via porous ceramic 
spargers made with moulding sand and sintered at 200 oC, for 
two hours, with cylindrical geometry, 3.5 cm diameter, and 8.0 
cm height, with a surface area of 90 cm2. The object of using 
non metallic material is to avoid the possible transference of 
electrons and the deposit of the noblest metal on the less noble 
metal.

The flotation column was provided with four water ma-
nometers in order to measure the hydrostatic pressure inside 
it. The gas holdup Eg (% v/v) was calculated from the height 
differences in the manometers (ΔP) and the separation between 
pressure measurements (ΔH) by using equation 8 [16].

	 Eg P
H

1 100* 	 (8)

The pH of the solution was measured with a potentiometer, 
and was stirred during the whole test at 6.7 s-1 with a plastic 

propeller. For this work we used an effluent obtained from an 
X-ray laboratory located in Pachuca, Hidalgo, Mexico with a 
silver concentration of 0.038 g L-1. The samples collected in 
the concentrate and feeding flows, as well as in the tails, were 
analyzed for their silver concentration in an atomic absorption 
spectrophotometer. Some of the colloidal collected particles 
were characterized by scanning electron microscopy (SEM) 
along with microanalysis by energy dispersive microanalysis 
(EDS).

Experimental procedure

Air-water-frother-silver-collector

The experimental method consisted of continually feeding and 
discharging the solution containing 0.038 g cm-3 silver into the 
column, generally at a Jl of 0.72 cm s-1 for both flow currents, 
0.04 g L-1 of glycol PM 425 frother were also added, as well 
as sodium isopropyl xanthate (SIX) C3H7OCS2Na in concentra-
tions between 0.02 and 0.06 g cm-3. In some tests, combina-
tions of collector-dithiophosphate XL 2945 (C10H18NaO2PS2) 
and dithiophosphinate XL 245 ((C4H9)2PSSNa) type promoters 
were used, as well as mixes of both promoters. During all of the 
experiments, the pH of the solution was measured.

Once the liquid level in the column was stabilized, air was 
injected into the column through the sparger at Jg values rang-
ing from 0.1 to 1.0 cm s-1. For each studied Jg value, a fitting 
out period of twice the residence time (τ) in the collection zone 
was given, equation 9 [16]. Where VZC is the collection zone 
volume (cm3), Ql is the liquid volumetric flow (cm3), and Eg 
is the gas holdup.

	 VZC
Q

Eg
l

* ( )1 	 (9)

After the conclusion of this period, the movement, in cm 
(ΔP), in the water manometers was measured. Then, the con-
centrate currents, tails and feeding were sampled in that order, 
taking the sampling time and weighing the sample in order to 
estimate the recovery (% R) in the form of mass flow rate using 
equation 10. Where % R is the percentage of recovery of silver; 
FMC is the mass flow rate of the concentrate; FMT is the mass 
flow rate of the tails.

	 % *R
FM

FM FM
C

C T
100	 (10)

The bubble diameter Db (cm) was estimated through the 
interactive calculation procedure known as Drift Flux [19, 20], 
using the gas holdup data and phase relative rates Jg and Jl. 
According to the literature, in order to determine the kinetic 
constant of apparent flotation k (min-1) for a plug flow transport 
[16, 21] equation 1 can be used. Where the residence time (t) 
of all the elements is the same in all the flotation device; there 
is no mixing in the direction of the bubble flow, but lateral Fig. 13. Schematic representation of the flotation device.
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mixing does occur. The plug flow transport is equivalent to the 
batch processing [16].
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