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Abstract  The adsorption of gold-thiourea complex onto
a cation exchange resin, Amberlite 252, has been
evaluated in a batch stirred reacto]. The observed non
cquilibrium saturation capacity was 3.20 meg Auw/g dry
resin (620 kg/t) whereas the equilibrium ion exchange
capacity was only 0.53 meq/g (103 kg/t). The enthalpy of
adsorption was 4 - 25 kJ/mole under equilibrium
conditions and increased to 20-200 kJ/mole under non
equilibrium conditions. Under non equilibrium conditions,
the adsorption capacity of the resin decreased with
increasing temperature and increasing thiourea
concentration and increased with increasing gold
concentration. This dependence of adsorption capacity
on thiourea concentration and temperature may be a
useful tool for elution of gold from the loaded resin.

Scanning electron microscopy revealed evidence of
deposition of elemental gold on the loaded resin under
non equilibrium conditions. The proposed mechanism for
“adsorption” of gold-thiourea complex onto this cation
exchange resin consists of an jon exchange reaction
followed by a reduction of the exchanged gold complex to
elemental gold on the surface of the resin.

Introduction

Cyanidation is the most effective and economical
process for treating a wide range of gold-bearing ores.
However, some characteristics and disadvantages of the
cyanidation process demand the development of an
alternative extraction process, and the thiourea process
may be a viable alternative.

The major concerns with cyanidation are the health and
environmental problems associated with it. These include
the possible formation of deadly hydrogen cyanide gas,
the ingestion or adsorption through the skin of cyanide
salts, the formation of free forms of cyanide in effluent
water, and formation of complexes with organic and
inorganic substances that are difficult to destroy with
conventional destruction methods. Increased
environmental and health concerns about the toxicity of
cyanide may lead to even stiffer environmental laws and
regulations that may be difficult to meet with the present
destruction techniques. Federal regulations and
guidelines currently specify the limit for discharge from
mines and treatment plant effluents at a maximum of 0.02
mg/L total cyanide per day and not to exceed an average
daily value of 0.01 mg/L for thirty (30) consecutive days.

Thiourea, on the other hand, is not restricted by the
same toxicity factors as cyanide.  Toxicity data on
thiourea indicate that it has a high threshold limit for
mammals and a lethal dose of 10 g/kg for humans.
Thiourea has been used for years in the treatment of
thyroid diseases in humans and is currently considered
non-carcinogenic to humans. However, some studies
have shown thiourea to be carcinogenic to rats and trout.
Therefore, the State of California, in 1989 (Chemical
Engineering, 1989) added thiourea to their list of
carcinogenic substances. After several years of
investigation (20 years) a major manufacturer (SKW
Trostberg, 1985) of thicurea have concluded that thiourea
is a product with low acute toxic effect. According to

the classification by Toxicology of Drugs and Chemicals
{Academic Press 1969), thiourea is considered as slightly
toxic upon dermal administration.  Therefore, by
observing normal safety practice, thiourea can be
considered much safer than cyanide.

Another disadvantage of cyanidation is the slower
kinetics of dissolution of gold species by cyanide.
Theoretical considerations indicate that this disadvantage
cannot be overcome easily without considerable increases
in consumption of reagents and operation costs. The
kinetics of thiourea dissolution of gold is several times
faster than those of cyanide.

Yet another disadvantage of cyanidation is the inhibition
of the dissolution of gold caused by the presence of some
jonic specics.  Species such as Cu, Fe, Ni, Co, Zn, Cd,
As, Sb tend to form ionic complexes with cyanide and
reduce the availability of cyanide for gold dissolution.
The presence of these species affects thiourea leach
process to a much lesser degree.

The main disadvantage of the thiourea process is the
higher cost of the reagent and the consumption. In spite
of this disadvantage, the thiourea process can be used for
special materials where the grade will warrant the higher
cost of the overall process. The thiourea process has the
potential application in the treatment of refractory sulfide
and carbonaceous gold ores. These ores are currently
pretreated by roasting, pressure oxidation or bioxidation
before cyanidation for gold recovery. These pretreatment
techniques all result in the production of acid solutions
that require neutralization prior to cyanide leach. Use of
acidic thiourea instead of cyanide would allow for
immediate leaching of gold without neutralization and
result in considerable savings through the elimination of
the neutralization step.

For the thiourea process to compele industrially with
cyanidation, it is essential to develop efficient process(es)
to recover the gold from solution. Research on the
leaching of gold by thiourea has been reported extensively
in the literature (Plaskin, 1941; Groenewald, 1977;
Becker, 1983; Bolien, 1984; Charley, 1984; Bilston,
1984, Gabra, 1984; and Hisson, 1984), but research on
the recovery of gold from Icach solutions has not been
well documented.  Some methods for recovering gold-
thiourea complex reported in the current literature include
electrochemical, activated carbon adsorption, ion-
exchange adsorption, precipitation by metal powders and
reduction by sulfur dioxide gas (Maslii, 1970, Bek, 1971;
Becker, 1983; Varentsov, 1983; Zamyati, 1983; Charley,
1984; Simpson, 1984; Schulze, 1984; Hiskey, 1984; Yen,
1985; Deschenes, 1986, and Lodeishikov, 1986). A
review of the current literature reveals that there is no
clear consensus among researchers concerning the
methods for the recovery of gold from thiourea solutions.

Tt was also obvious from the literature that the maximum
loading capacity of ion exchange resins for gold-thiourea
complex was not higher than 100 kg/t.

The data presented in this paper are from a detailed
adsorption study conducted at the University of
Minnesota to evaluate the adsorption characteristics of a
cation exchange resin (Amberlite 252) for gold-thiourea
complex. We achieved loading capacity values greater



than 200 kg/t of gold for Amberlite 252. The apparent
saturation capacity for the resin ranged from 220 to 650
kg/t (1.3 to 3.2 meq/g) whereag the equilibrium ion
exchange capacity was only 103+2.3 kg/t ( 0.526+0.012
meq/g). The adsorption capacity of Amberlite 252 for
gold-thiourea complex decreased with increasing
concentration of thiourea and increasing temperature.

The adsorption capacity increased with increasing
concentration of gold. The dependence of the adsorption
capacity on temperature and thiourea concentration may
be a useful tool for the elution of the loaded gold-complex
from the resin. The loaded resin may be eluted using
higher concentration of thiourea at elevated temperatures.

Examination of the loaded resin by scanning electron
microscope, revealed deposits of elemental gold on the
surface of the resin. The presence of elemental gold on
the surface of the resin was unexpected and could not be
explained at the time of the study. However, other
researchers have since reported the presence of elemental
gold on the surface of carbon after the latter have been
used to adsorb gold-thiourea complex. The presence of
elemental gold on the surface of adsorbents suggests some
reduction mechanism accompanying the adsorption of
gold-thiourea complex.

The proposed mechanism of adsorption of gold-thiourea
complex consists of an ion exchange between the cationic
gold complex and the positive functional groups on the
resin. This adsorbed gold complex is later reduced to
elemental gold on the surface of the resin.

Experimental

1. Gold-thiourea Stock Solution.

A synthetic gold-thiourea solution was prepared with
reagent grade gold powder (325 mesh, 99.99% Au). The
gold powder was dried at about 100° C for twenty-four
hours in a desiccator.  An acidic thiourea solution was
prepared by dissolving 19.0 g of previously dried reagent
grade thiourea and 6.3 g of ferric sulfate in approximately
1000 mL of acidified water (1.5 pH). Mixing the solid
thiourea and ferric sulfate thoroughly before adding the
mixture to the acidified water is important. Two and half
grams of cysteine was dissolved in the thiourea solution
before adding 1.0 g of previously dried gold powder.
The mixture was digested until all the gold was
completely dissolved ( about 60 minutes leaching time).
A stock solution containing about 1000 mg/L gold in 0.25
M thiourea and 2.5 g/L cysteine was thus prepared. The
concentration of gold in the stock solution was 995.0
mg/L by atomic adsorption spectrophotometer (AAS).
The gold-thiourea solution for the adsorption capacity
tests was prepared as needed by diluting this stock
solution to the desired concentration with acidified water
and cysteine. The typical diluted solution contained 0.025
M thiourea, 0.55 g/L ferric sulfate, 0.45 g/L cysteine at
1.5 pH and 250 mV Eh (vs. SCE).

2. Cationic Resin, Amberlite 252.

Amberlite 252 is a synthetic, high capacity, macro

reticular cation exchange resin supplied as insoluble black,
spherical particles. The matrix is styrene/divinylbenzene,
highly crossed linked with fixed sulfonic SO, ionic
groups. Amberlite 252 is manufactured by Rhom and
Hass of Philadelphia, PA with a reported minimum total
exchange capacity of 4.4 meq/gram resin.  The resin is
supplied in sodium (Na‘) form and conditioned according
to the procedure described later in the text. The as-
received resin was first wet screened to determine the size
distribution and to provide monosized fractions for the
capacity tests. The physical characteristics and the size
distribution of Amberlite 252 are listed in Table 1 and
Table 2. The adsorption capacity tests used 20 x 28
mesh monosized fraction.

2a. Resin Conditioning.

The resin was conditioned according to the accepted
standard procedure described below (Dowex Ion
exchange Manual, Dow Chemical Company). The
procedure involves converting the cation resin in sodium
(Na’) form to hydrogen (H') form and back to sodium
(Na') form by successively conditioning with HCl and
NaOH. The standard procedure for conditioning
consisted of the following steps:

1. Transfer the resin into a vertical column (about 20
cc. of resin).

2. Backwash resin in the column with double

distilled water to remove entrained air bubbles and

classify resin particles (use a masterflex peristaltic
pump). Use flow rates to just fluidize the resin
particles without overftowing,

Stop backwash and allow resin to settle.

Drain water from the top of the settled resin bed.

Fill resin bed with approximately 2 bed volumes of

1 - 2.0 N HC! using a peristaltic pump at very

slow flow rates (< 2.0 cc/min.).

6. Wash acid through the resin bed with 10-15 bed

volumes of double distilled water for 30 minutes.

Repeat step No. 4

8 Repeat step No. 5 with 2 bed volumes of 1 - 1.5
N NaOH.

9. Wash alkali NaOH through resin bed with 8 - 10
bed volumes of distilled water per hour for 30
minutes.

10.  Drain water from resin bed, empty resin and save
in fully swollen form until ready to use.

w AW

~

3. Determination of Resin Weipht ( dry basis).

Since the resin was kept in wet swollen form without
drying, it was necessary to determine the dry weight of
the resin from the measured weight of the wet resin. The
swollen resin was centrifuged in a laboratory centrifuge at
5000 rpm for 20 minutes in a specially designed centrifuge
tube with fritted glass bottom to remove maximum
amount of moisture. The centrifuged resin was
transferred into a beaker, mixed thoroughly and the
required amount was weighed out.  The moisture content
of the as-recieved resin (supplied by manufacturer) was
used as an estimate of the moisture content of the



conditioned resin. This moisture content value was used
to calculate the weight of the wet settled resin needed for
each test. A sample of the resin was taken before and after
weighing of the test sample and used to determine the
actual moisture content of the conditioned resin. This
moisture content was used to calculate the actual weight
of the resin (dry basis) used for each test.

4. Adsorption Capacity Test Procedure,

Figure 1 shows the schematic diagram of the apparatus
used for the adsorption capacity test. The apparatus
consisted of a specially designed twelve multi mixer unit
that was set over a hot water bath to maintain constant
temperature of reaction. Since each capacity test was ran
in sets of six, it was convenient to perform two capacity
tests simultaneously.  Agitation of the reactants was
provided by a 3-blade polyethylene impeller (1%"
diameter) with a motor at specified constant rppm. The
procedure consisted of contacting six (6) varying weights
(dry basis) of resin with 400 mL. of gold-thiourea solution
in six (6) 660-mL. tall beakers. The initial pH and Eh of
the gold solution were measured and adjusted where
necessary. The beakers were set in the hot water bath,
heated to the desired constant temperature and agitated at
constant impeller speed for a specified time (until
equilibrium is achieved). The time allowed to achieve
equilibrium adsorption was decided by analyzing the
concentration of gold in the bulk solution at various times.

Equilibrium was considered  attained when the
concentration of the bulk solution remained approximately
constant after two consecutive sampling intervals. At the
end of the test, the resin was separated from the bulk
solution by filtration and the solution was analyzed for
gold content wusing the atomic absorption
spectrophotometer. The procedure for determination of
gold in thiourea solutions with AAS has been described
elscwhere ( Mensah-Biney, 1994).  The adsorption
capacity in mg Au per g of resin was determined from
solution assays only.

The initial tests used small amounts of resin to achieve
higher capacity levels. These tests are referred in this
paper as those with high level of resin utilization. Other
additional tests were performed with excessive amounts
of resin to increase the rate of adsorption and to attain
equilibrium adsorption within the times investigated.
Those tests are referred to as tests with low level of resin
utilization

Results and Discussion.

The dissolution of gold by thiourea involves the
formation of a single cationic species of gold by thiourea
in an acidic medium according to the reaction
Auyt2CS(NH,),=Au[CS(NH,),],'+¢&" (n

During the ion exchange process this single cationic
gold species (gold-thiourea complex) is exchanged for the
cationic groups on the resin. The general ion exchange
reaction is represented as:

RN.H'+Au[CS(NH,),],'~ RN.Au[CS(NH,),],' + H' [2]

In theory this reaction can be reversed and driven in the
opposite direction with acids to elute the gold from the
loaded resin.  However, in practice, strong acid cation
exchange resins adsorb the gold-thiourea complex so
strongly that complete elution of gold from the resins has
been difficult even with high concentration of acids. The
present study was not designed to evaluate the reversal of
the equilibrium reaction. Al the tests were performed to
evaluate the forward reaction involving the exchange of
the gold-thiourea complex for the cationic groups on the
resin.

The adsorption capacity of the resin was calculated from
the concentration of gold in the initial and fina! solution as
mg of gold adsorbed per g of resin used. These values
were converted to meq Au per g of resin or kg Au per
tonne of resin.  The influence of the following variables
on the adsorption capacity was evaluated:

1. Time,

Under normal ion exchange equilibrium studies, the
contact time to reach equilibrium is usually on the order
of several hours. However, our previous experience with
gold adsorption revealed that we could not attain
equilibrium loading even after several days of contact.
Therefore, we investigated the influence of time on the
attainment of equilibrium adsorption. Two sets of tests
wete performed at 48 hours and 144 hours. Table 3 lists
the adsorption capacity data at varying initial gold
concentrations.  The change in adsorption capacity as a
function of time is also included in the table as AQ
(Q/Q,) where Q, is the capacity at time t, and Q, is the
capacity at time t, (t,>,) Figure 2 shows a typical
adsorption isotherm for Amberlite 252 demonstrating the
influence of time. The adsorption capacity increased by 10
- 14%% when the contact time was increased from 48 to
144 hours.  The data did not demonstrate clearly
attainment of equilibrium adsorption in 144 hours
Moreover, the adsorption equilibrium was complicated by
the evidence of reduced gold on the surface of the loaded
resin. Thefore, we cannot describe the mechanism for
adsorption as solely by simple ion exchange equilibria due
to the reduction reaction revealed by the scanning electron
microscope. However, some of the data indicated that at
low levels of resin utilization equilibrium adsorption may
be attained within the times investigated.

Another series of capacity tests were performed using
increased amaunts of resin to decrease the level of resin
utilization. The data generated from these tests are listed
in Table 3a and the isotherms are also presented in Figure
2. The results clearly showed that the adsorption
capacity remained constant when the contact time was
increascd from 48 hours to 96 hours. The results from
these tests have shown that equilibrium adsorption was
attainable within 48 to 96 hours of contact time.
Therefore, under conditions of low level of resin
utilization, represented by the use of excessive amounts of
resin, equilibrium adsorption may be achieved within
several hours and not several days. We did not perform
elution studies to determine whether the equilibrium
reaction could be reversed.



2. Gold Concentration.

The effect of gold concentration on the adsorption
capacity was evaluated using three levels of initial
concentration, 31.0, 58.0 and 96.0 mg/L Au. The
adsorption capacity values for the isotherm in kg/t are
tabulated in Table 4, and the isotherms are shown in
Figure 3. The adsorption capacity of Amberlite 252 for
gold-thiourea complex ranged from 132 to 514 kg/t in 48
hours when using 31 mg/L of gold and increased with
increasing initial concentration of gold. The adsorption
capacity increased by 15% when the initial concentration
of gold was increased from 31 mg/L to 58 mg/L.
Increasing the initial concentration from 31 mg/L to 96
mg/L Au increased the adsorption capacity by 40%. This
increase in capacity as a function of increasing
concentration is not consistent with typical ion exchange
adsorption behavior and may be due to the possible
reduction reaction. The correlation between the change
in capacity and gold concentration is given by equation [3]
below and is shown in Figure 4:

AQ =0.0062[Au], + 0.8 [3)

where [Au], is the initial gold concentration in mg/L, AQ
(Q,/Q,) is the change in average adsorption capacity, Q,
is the average capacity from a solution with any given
initial gold concentration and Q, is the average capacity
from a 31 mg/L gold solution. This equation predicts
that the adsorption capacity of Amberlite 252 will
decrease by 17% (110 to 427 kg/t ) when using 5.0 mg/L
gold solution which is a typical mill solution.

The data from the tests with low level of resin utilization
(equilibrium adsorption), in Table 4a, showed that
increasing the initial gold concentration from 24 mg/L to
40 mg/L resulted in only marginal change (3% reduction)
in the adsorption capacity. Thus, the concentration of
gold did not significantly affect on the adsorption capacity
-which is consistent with ion exchange systems. This
supports our proposition that equilibrium adsorption by
ion exchange mechanism was attained with low levels of
resin utilization.

3. Temperature.

Our previous work with other ion exchange systems for
the recovery of gold has shown that temperature affects
the adsorption capcity of resins. We investigated the
influence of temperature on the adsorption of gold-
thoiurea onto Amberlite 252.  Adsorption capacity
measurements were made at three different temperatures,
30, 40 and 50° C. The results are tabulated as isotherm
data in Table 5, and represented as isotherms in Figure 5.

The adsorption capacity of Amberlite 252 from a 55
mg/L gold solution in 48 hours ranged from 170 to 238
kg/t and decreased with increasing temperature. The
adsorption capacity decreased by 35+3% when the
temperature was increased from 30° to 40° C whereas
increasing the temperature from 30° to 50° C decreased
the capacity by 53+3%. The tests with low level of resin
utilization (equilibrium adsorption) showed 35+2%
decrease in capacity when the temperature was increased
from 30° to 50° C. This is consistent with ion exchange

equilibria.

The influence of temperature on adsorption capacity is
in agreement with the adsorption of gold-cyanide by
activated carbon and may be useful for elution of loaded
resins. The correlation between the change in capacity
and temperature was represented by equation [4] and
shown in Figure 6:

AQ=152.7T"7 4]

where AQ is the change in capacity (Q,/Q,q), Qy is the
capacity at any temperature T, and Q,, is the capacity at
30° C. Using this equation we can predict a reduction in
the adsorption capacity of 87% at a temperature of 120°
C. Thus, it is possible to elute 87% of the loaded gold on
the resin by increasing the temperature from 30° to 120°
C. We did not generate data to support this prediction,
but it is interesting to note that this is the temperature
range where elution of gold from the cyanide system is
performed.  Conversely, the equation predicts that
decreasing the temperature from 30° to 22° C will result
in an increase in the capacity by 58%.

3a. The Enthalpy of Adsorption,

The adsorption capacity as a function of temperature
was used to estimate the enthalpy of adsorption. The
enthalpy of adsorption is defined as the enthalpy change
accompanying the adsorption of one mole of adsorbate at
constant surface coverage. This is a thermodynamic
quantity derived from the Vant’ Hoff equation. The
integrated form of the equation for the enthalpy of
adsorption is represented as:

B -AH ads
RT

InC’, k 5]

where C, is the equilibrium concentration at a constant
loading and particular temperature
T is the absolute temperature in °Kelvin,
R is the universal gas constant
AH" is the enthalpy of adsorption.
k is a constant

Since equilibrium adsorption was attained at low levels
of resin utilization, the data from these tests, tabulated in
Table S5a, were used to determine the enthalpy of
adsorption. The Freundlich equilibrium isotherm equation
was used to model the data at 30° C and 50° C. The
Freundlich model equations generated from the data at the
two temperatures were:

at30°C InQ,=05695InC, +0.1602 [6)
at50°C InQ,=06165InC.- 0.186  [7)

The variation of enthalpy of adsorption with surface
coverage (0) was determined using the data generated
from the Freundlich equilibrium equations. The surface
coverage (Q./Q.) was calculated as a fraction of the
equilibrium capacity Q, determined from the model
equations. The variation of enthalpy of adsorption with



surface coverage is tabulated in Table 6 and shown in
Figure 7. The enthalpy of adsorption was low, 4-25
kJ/mole, and decreased with increasing surface coverage.
This low value for the enthalpy of adsorption suggests
physical adsorption.  This is in agreement with our
proposition that equilibrium adsorption was attained at
low levels of resin utilization, through a physical
adsorption type of mechanism such as ion exchange.

Although, non equilibrium conditions prevailed for the
capacity measurements with high level of resin utilization,
the data were used to determine the enthalpy of
adsorption. The Freundlich model equations used for
calculating the enthalpy of adsorption were :

at30°C InQ,=09875InC, + 1.6145 [8]
at50° C InQ,=3.49InC, + 4.3967 [9)

The variation of enthalpy of adsorption with surface
coverage was also determined and is shown in Figure 7.
The enthalpy of adsorption was high, 70 to 250 kJ/mole,
and decreased with increasing surface coverage. This
high value for the enthalpy of adsorption suggests
chemical adsorption and supports our proposition that the
adsorption mechanism at high levels of resin utilization
includes a chemical reaction step and probably resulted in
the reduction of ionic gold species to elemental gold.

4. Thiourea Concentration.

The effect of thiourea concentration on the adsorption
capacity of Amberlite 252 for gold-thiourea complex was
also evaluated. Three levels of initial thiourea
concentration were evaluated, 0.025M, 0.125M and 0.25
M. The adsorption capacity data are tabulated in Table
7 and the isotherms are shown in Figure 8.  The
adsorption capacity of Amberlite 252 from a 0.025M
thiourea solution in 48 hours ranged from 132 to 541 kg/t
and decreased with increasing thiourea concentration.
The adsorption capacity decreased by about 65% when
the initial thourea concentration was increased from
0.025M to 0.125M.  Further increase in the initial
thiourea concentration to 0.25M resulted in the decrease
in the adsorption capacity value by 85%. This relation
between thiourea concentration and adsprption capacity
may be useful for eluting the loaded resin.

The correlation between the change in adsorption
capacity and thicurea concentration was represented by
equation [10] and is shown in Figure 9:

AQ=-0376 In[TU]-04 [10]
where [TU] is the initial thiourea concentration in
molesfliter (M), AQ(Q,/Q,) is the change in average
adsorption capacity, Q, is the average capacity from a
solution with any given initial thiourea concentration and
Q, is the average capacity from a 0.025M thiourea
solution. ~ We can predict from this equation that
increasing the thiourea concentration to 0.3M will achieve
a reduction of 95%.  Although we do not have
experimental data to support this, our previous studies
with the gold-bromine system revealed that elution of
gold-bromide from loaded resins was possible with more

than 0.5M thiourea solution.

5. Adsorption Isotherms.

The raw data from these adsorption tests were
represented as isotherms that correlated the adsorption
capacity in meq/g or kg Awt with the bulk solution
concentration in meq/L or mg Au/L. We have
established that under the conditions of high level of resin
utilization, the ion exchange reaction is accompanied by
a possible reduction reaction. Therefore, these isotherms
could not be regarded as equilibrium isotherms and the
use of the term equilibrium adsorption capacity was not
valid. A new term apparent saturation capacity
(Mensah-Bincy, 1991) was introduced to represent the
apparent “equilibrium” adsorption capacity. The shape
of the isotherms showed that more than one level of
apparent saturation capacity was attainable on an
isotherm. The level of apparent saturation capacity was
dependent upon several variables encountered during the
test. Some of the variables known to affect the level of
apparent saturation capacity include resin utilization
capacity, temperature, time and initial solution
concentration. The isotherms in Figures 2 & 3 show two
levels, a lower apparent saturation capacity at a low level
of resin utilization and a higher apparent saturation
capacity at a higher level of resin utilization.

The Freundlich equilibrium isotherms generated from
the data are shown in Figure 10. Although the data fitted
the Freundlich model fairly well (correlation coefficients
of fit 0.950- 0.995), the isotherm constants derived from
the data were not consistent with accepted theories of
adsorption. This was expected since we have established
that the mechanism for adsorption was not by ion
exchange alone, but included possibly a reduction
reaction.

The results of additional tests conducted with excessive
amounts of resin representing a low level of resin
utilization, are listed in Table 3a & 4a and presented as
isotherms in Figure 2 & 3. The results clearly show that
equilibrium adsorption was attained at this low level of
resin utilization, with the capacity remaining virtually
constant for the two contact times investigated.
Scanning electron microscopy of the loaded resin did not
show any evidence of reduced gold on the surface. The
data were fitted to the Freundlich and Langmuir isotherm
models as shown in Figures 11 and 12,  The equilibrium
constants based on the Freundlich and Langmuir
equations are tabulated in Table 8. The data fitted both
models very well, and the isotherm constants derived
from both models were consistent with equilibrium
adsorption behavior. The calculated equilibrium capacity
by the Lamgmuir model was 0.52640.012 meq/g (103+2.3
kg/t) whereas the equilibrium capacity calculated by the
Freundlich model was 1.21740.122 meq/g (239.8+24
kg/t). The Langmuir constants showed the least variation
and the calculated equilibrium capacity value was closer
in value to the measured capacity. Therefore, the
isotherm obeyed the Langmuir mode! better than the
Freundlich model.

These results have shown that at low levels of resin



utilization, the apparent saturation capacity represents the
equilibrium ion exchange capacity whereas at higher levels
of resin utilization, the saturation Fapacity does not
represent the ion exchange capacity. The apparent
saturation capacity at higher levels of resin utilization may
include a contribution from the reduction reaction.

6. Scanning Electron Microscope (SEM) Examination
of the Loaded Resin.

Our previous research with gold loading from bromine
solutions using resins revealed deposition of elemental
gold on the loaded resin.  Samples of the loaded resin
from the tests with high level of resin utilization were
examined with a scanning electron microscope to observe
the nature of the adsorbed gold species on the resin.
Figure 13 shows a SEM micrograph of a loaded resin
from one of the loading tests. The micrograph showed
deposition of elemental gold (determined by energy
dispersive x-ray analysis, EDAX) on the surface of the
resin. The gold deposition was not substantial and the
gold was deposited as separate crystalline particles on
specific sites on the resin. The particle size of the
deposited gold crystal ranged from 0.6 to 3.1 nm. There
was no evidence of degradation of the resin as was the
case with the loaded resin from the bromine system. The
deposition of elemental gold on the resin was unexpected
and could not be explained at the time of the tests.
However, other researchers have since reported the same
observed deposition of elemental gold on loaded activated
carbon from the thiourea system. We are proposing that
the deposition of elemental gold was due to a reduction
reaction accompanying the ion exchange process. The
gold-thiourea complex was adsorbed onto the resin by an
ion exchange mechanism after which the complex was
reduced to elemental gold. The reduction of the gold
complex is possible through an electron exchange
mechanism. The redox potential of the gold-thiourea
complex (- 0.38 volts) is probably higher than the redox
potential of the electron exchanger (cross linked
hydrocarbon matrix), and the reduction of
Au[CS(NH,),});" to elemental gold Au® is therefore
theoretically possible.

Summary and Conclusion

This study has demonstrated that adsorption of gold
from acidic thiourea solution by a cationic ion exchange
resin is feasible. Capacity values greater than 100 kg/t
were achieved within 48 hours of contact time and values
greater than 400 kg/t were achieved after 144 hours of
contact. Equilibrium adsorption could not be attained
within the contact times investigated due to the proposed
reduction reaction accompanying the ion exchange
process. These high adsorption capacity values and the
phenomenon of gold reduction on the resin were observed
under conditions of high level of resin utilization. The
apparent saturation capacity of the resin under these non
equilibrium conditions was several times higher than the
ion exchange capacity due to the contribution from the

reduction reaction. The reduction reaction resulting in
the deposition of gold on the resin is possible through
electron exchange reaction between the resin matrix and
the gold-thiourea complex. Evidence of the deposition of
gold on the resin was revealed by scanning electron
microscopy with EDAX. Adsorption isotherms generated
from the raw data revealed that several levels of apparent
saturation capacity can occur on each isotherm.

Under non equilibrium conditions, the adsorption
capacity increased with increasing gold concentration and
decreased with increasing temperature and thiourea
concentration. The influence of these variables on the
adsorption capacity was not consistent with equilibrium
adsorption behavior. The influence of temperature and
thiourea concentration on the adsorption capacity may be
useful for elution of the loaded resin.  The correlation
between adsorption capacity, temperature and thiourea
concentration predicted that loaded resins could be eluted
with a high concentration of thiourea and at high
temperatures (> 0.3 M thiourea at 120° C).

Equilibrium adsorption was attained when the level of
resin utilization was low. The equilibrium adsorption
capacity was lower than the values obtained under the non
equilibrium conditions (103£10 kg/t versus 400 kg/t).
Under equilibrium conditions, temperature and gold
concentration only slightly affected the adsorption
capacity.  This was consistent with ion exchange
adsorption equilibria. Scanning electron microscopy with
EDAX did not reveal any deposition of gold under
equilibrivm adsorption conditions.

The proposed uptake of gold from thiourea solution
onto the cation exchange resin, Amberlite 252, consists of
an ion exchange process followed possibly by the
reduction of the adsorbed gold species to elemental gold
through electron exchange reaction.
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Table 3. Physical Chasacteristics of Amberlite 252.

Total Capasity (meqg/g dry resin) 14

Shape ) Black spherical beads
Wet Screen Grading (mesh) 16 ta 50

Effective size (mm) 0.50

Moisture Content (%4) 49.0

Density (g/L) 768 to 832

Table 2. Size Distribution of Amberlite 252 (as-received).

Size, mesh Weight Retained (dry). g Weight Retained %
20 494 35.2

28 6.48 48.7

35 1.92 13.7

43 0.26 18

Pan (-48) 0.08 0.6

Table 3. The Change in Adsorption Capacily as a function of Time for Amberlile 252 (varying gold concentrations) at 30° C. Tligh Level of Resin Utilization.

Adsorplion Capacity Data for the Isotherm, kg Au/t resin.
31.0 mp/L [Au), 56.9 mg/L [Au), 95.7 mg'L {Au],
48 hrs (Qy) 144 hrs (Q)) AQ(Q/Q,) 48 hrs (Q)) 144 he3 (Q,) 4Q(Q,yQ,) 48 hrs (Q,) 144 hra (Q,) 40 (Q4Q)
514.1 6519 1.28 2226 415.6 1.87 460.9 619.9 1.35
2442 3033 124 2383 250.2 1.05 3408 3815 L
185.2 2127 115 208.8 246.2 118 2679 3008 1.12
1674 1654 0.99 1950 2206 [ ] 2324 2533 1.09
141.8 151.7 1.07 169.4 189.1 1.12 189.% 201.0 1.09
1320 149.7 113 1694 1773 1.05 1911 2011 1.05
Average 1.14 1.10 114
Standard Deviation 0.1) 0.06 0.10
1. This value was excluded from calculation of average and standard deviation.

Table 30. The Change in Ad

"

Capacity as a fi

of Time for Ambetlite 252 (sarying gold concentrations) at 30™ C. Low level of Resin Utilization.

Adsorplion Capacity Data for the Isotherms, kg Awit resin.

24.6 mg/L {Au], 40.2 mg'L [Au],
48 hrs (Q,) 96 brs (Q,) AQ(Q/Q) 48 hrs (Q,) 96 hrs (Q,) 4Q(Q/Q)
58.1 54.6 0.94 68.5 70.2 1.02
48.6 544 1.12 33 9.5 093
45.0 454 1ot 394 10.2 102
314 38.7 1.04 327 39 104
8 322 101 288 29.0 1.01
219 283 1.01 25.1 252 1.00
Average 1.02 1.00
Standard Deviation 0.06 0.04




Tabled. The Change in Adsorption Capacity as a funclion of Geld Concentration for Amberlite 252 at 30° C. High Leve! of Resin Utilization,

t Adsarption Capacity Data for the Isotherms, kg't
48 hour contact time 144 hour contact time
31 mpl.(Q,) | S7me/l(Qy) | 96 mp/l.(Qy) | AQ(Q/Q) | 4Q1QQ) | 31 mpn.(Q,) | 57 mg/Ll{Qy) | 96 me/L (Q,) | AQQ/Q) | AQ Q/Q)_|
514.1 226 460.9 043 0.90 6519 4156 6199 0.63 0.94
2442 2383 340.8 0.98 140 303.3 250.2 387.5 0.82 1.28
185.2 208.8 267.9 113 143 2127 246.2 300.8 L6 1.4
1614 195.0 2324 1.16 1.9 1654 2206 2533 1.33 1.53
1418 1694 189.1 1.19 1.33 151.7 189.1 2010 1.25 1.36
1320 169.4 1941 1.28 1.45 149.7 1773 20t.1 1.18 1.34
Average 1.15 1.40 Average 1.15 1.39
Standard Devialion 011 0.05 Standard Deviation 0.19 0.09
Table 4o, The Change in Adsorption Capacity as a fi of Gold C for Amberlite 252 at 30° C.  Low Tevel of Resin Utilization
Adsorption Capacity Data for the Isathcrms, kg Au'l resin.
48 trs 96 hrs
24.6 mp/l. (Qy) 40.2 mp/L (Q,) 4Q(Q/Q,) 24.6 my/L(Q,) 40.2 mg/l. (Q,) AQ(Q/Q))
581 68.5 L8 54.6 70.2 1.28
486 533 Li1o 544 49.5 0.9¢
450 39.4 0.88 454 40.2 0.38
374 327 0.87 38.7 339 0.18
38 288 091 322 29.0 0.90
219 251 0.9 283 25.2 0.89
Average 0.97 0.96
Standard Deviation 0.13 0.16
Table 5.  The Change in Adsorption Capacity as a fi of lemy for Amberlite 252, 50 ppm [Au),.  High level of Resin Utilization
Adsarption Capacity Data for the Isotherms, kg Aut resin.

48 hours 144 houts
30°C(Q)__J40°CQy) ] AQ(Q/Q) | 30°C(Q)) | AQ(Q/Q) |30°CiQy | 40°CQy) AQ(Q/Q) | 50°C@Q) | AQ(Q,Q)
226 3 167 1694 0.26' 415.6 805.6 194 4314 1.04
233.3 155.6 0.65 124.1 0.52 250.2 82.7 0.33 571 0.23
2038 1339 0.64 94.5 045 246.2 1733 0.70 413 0.19
195.0 1339 0.69 84.7 043 2206 82.7 0.38 788 0.36
169.4 14.2 0.67 82.7 049 189.) 1103 0.58 59.1 031
1694 1024 0.60 76.8 045 1773 92.6 0.52 788 (X1
Average 0.65 047 0.50 0.31
Standard Devistion 0.03 003 0.15 0.10

. These values were excluded from the catculati

of the average and standard deviatinn.
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Table Sa. The Change in Adsarption Capacity as a function of Temperalure for Amberlite 252, 25 ppm [Au), 48 hour.  Low level of Resin Utilization.

Adsorption Capacity Dota fos the Isotherms, kg Aut resin.
30° C(Q) _[secan 40(Q/0)
58.1 378 0.65
48.6 334 0.69
45.0 296 0.66
N4 266 0.7t
318 218 0.68
219 196 0.70
Avesage 0.68
Suandard Deviation 0.02
Table 6. Enthalpy of Adsomplion for gold-thiourea on Ambetlite 252.
Enthalpy of Adsorption (AR), k)/mole
Covg‘:;f:?%). “ Equilibrium Condition Non Fquilibrium Condition
10 251 1714
20 n4 1156
5.0 164 88.5
100 126 68.0
12.5 (1K) 614
250 16 41.0
500 s 20.5
Table 7. The Change in Adsorption Capacily as a funclion of Thi Ci jon for Amberlite 252, 25 ppm Au, 30° C. High Tevel of Resin Uiilization.
Adsorption Capacity Data for the Isotherms, kg Aut resin.
0.025M TU (%) 0.125 MTW(Q,) 4Q (Q/Q,) 0.025M TU(Q,) 0.25 M TU(Q,) AQ(QQ,)
5144 739 0.14' st4. 50.5 0.10
244.2 103.6 042 2442 188 0.08
185.2 411 0.22 185.2 139 0.08
167.4 517 03 1674 300 0.18
141.8 49 0.39 1418 311 023
1320 493 0.37 1320 284 0.22
Avernge 0.34 0.5
Standard Deviation 0.08 0.07
1. This value was excluded from the calculation of the average and standard deviaticar.
Table 8. Freundlich and Langmuir Equilibrium Isatherm Constanis of Ambeelito 232 for Acidic Gold-thiourca Complex.
Freundlich Isotherm Fquation Langmuir Isutheem Eq;
{Au), Time Intensity Equilibrium Capacity Censtant Equilibrium Capacity
mg/l. hours (1/n) meq/g kg/t (K) meq's ket
246 48 0.5694 11137 231.2 14.3 0.5237 103.2
246 96 0.5378 1.0984 2164 146 0.5352 1054
402 48 0.6756 1.3860 2730 10.8 0.5348 105.3
40.2 9% 0.6289 1.2123 2388 118 0.5109 100.6
Average 1.2076 2398 0.5262 103.6
Standard Deviation 01218 2.0 00115 23




Schematle Diagram of tha Apparatus for the Loading Capacity Tests.

‘Waslor Bath 0. Pullay

Roactors (Tal Form Boakers) 2. Flrable Bol

3 blade tmpalor 8. AL Bracket for Motor
Temporstuie Contallar 9. Ploxiglass Protoctive Shintd
Thenmometor 10, Auminoum Suppor

Arup=

fipere t Schematlc dingram of the sppasatus for the loading capacity tests.

700

=8 144 hours
=48 hours
=0—96 hours
~0~—48 hours

N
(=] (=3
(=] (=3
¥ L)

(=4
o
2

Non Equilibrium Conditio
96 mg/L Au

N “w H w
(=
o
Y

Adsorption Capacity, kg/t
o
(=}

—

(=3

o
T

Equilibrium Condition, 40 mg/L Au

0 20 40 60
Solution Concentration, mg/L

[=-]

80

Figure 2. Effect of Time on the Adsorption
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Figure 3. Effect of Gold Concentration on the Adsorption
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Figure 13. SEM Micrograph of Loaded Ambeglite 252, 30° C,
and144 hr. contact time. High Resin Utilization.



