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ARTICLE INFO ABSTRACT

Keywords: Elemental sulfur is one of the major byproducts of the acidic Albion leaching process for chal-
Acidic albion leaching copyrite. It is a challenging component in the leach solution as it impedes gold recovery from the
Chalcopyrite residue. Lanxess Lewatit® AF 5 (AF 5) is a microporous carbon-based resin, which is being
Lanxess Lewatit® AF 5 . . . . .

Adsorption investigated for the removal of elemental sulfur during this leaching process. In the current

research, a series of leaching experiments were performed as a function of temperature, agitation
speed and concentrate to AF 5 ratio. Using these results, the adsorption isotherms, the kinetics
and the thermodynamics of sulfur removal were studied. One hundred percent of the elemental
sulfur could be adsorbed by the AF 5 resin from the acidic Albion leaching process for chalco-
pyrite. Adsorption isotherms at various temperatures were determined using the Langmuir and
Freundlich models. The maximum sorption capacity of AF 5 at 95 °C was 488 mg/g. The kinetic
data were fitted to pseudo-first order (PFO) and pseudo-second order (PSO) models and it was
shown that the PFO model was best suited to describe the results. The rapid kinetics of sulfur
adsorption were attributed to the open pore structure of the AF 5. The Gibbs free energy, enthalpy
and entropy of sulfur adsorption by AF 5 were determined as follows: AG34s = —1.9 kJ/mol,
AHZ4s = —9.1 kJ/mol, and AS33s = —0.1 kJ/(mol K). The negative free energy and enthalpy
changes demonstrated that the adsorption of elemental sulfur was both spontaneous and
exothermic over the temperature range studied.

Adsorption isotherm
Elemental sulfur

1. Introduction

The acidic Albion leaching process for chalcopyrite, is an example of an oxidative leaching process for sulfide minerals, where
copper and iron are recovered. However, elemental sulfur is generated as a by-product and this sulfur can have negative impacts on
both the leaching process and also downstream processing [1,2,3,4,5,6]. The chalcopyrite leaching reaction can be described as
follows [2,3]:

CuFeS; + 2Fe;(S04)3 = CuSOy4 + 5FeSO4 + 2S° AH® = 99.4 (kJ/mol) (€))]

In this reaction the sulphide sulfur is oxidised to elemental sulfur. The reaction is initially rapid but then begins to slow down. This
reaction produces elemental sulfur, which accumulates on the mineral surface, and could act as a diffusion barrier to the transport of
reagent products between the leaching solution and the mineral surface. Evidence of an impervious sulfur layer has been obtained by
observation and characterisation of leached chalcopyrite surfaces using scanning electron microscopy [5,6]. This phenomenon has
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been recognized as one of the major reasons for the slow oxidative leaching kinetics of sulfide concentrates in aqueous systems.
Additionally, in the ensuing gold leaching process, the gold recovery is reduced and the cyanide consumption is increased as the sulfur
coats the surface of the gold [7,8]. Several techniques have been employed to remove this sulfur during the leaching process including
using organic solvents [9,10], flotation [11,12], sulfur distillation and condensation [13], solid sorbents [14,15,16,17] and vacuum
distillation [18,19]. When compared with each other, these procedures have various inherent characteristic advantages and disad-
vantages. However, the use of solid sorbents for the adsorption of sulfur is of considerable interest, due to the simple design, the cost
effectiveness and the recyclability [20,21]. Consequently, in the present research, adsorption by a novel solid sorbent, Lanxess
Lewatit® AF 5, was investigated for removing the elemental sulfur.

Carbonaceous-based catalysts have a high carbon content, a large specific surface area and substantial internal porosity [22,23,24].
The adsorbent properties including pore size distribution, surface area and functional groups, play key roles in the adsorption process.
Under leaching conditions, catalyst properties such as solubility, size, acid solubility and electron distribution are the significant
factors which influence adsorption as well as the operating variables such as temperature and solution pH. These parameters can affect
the affinity between the sulfur and the adsorbent and/or have an effect on the adsorbent/adsorbate interactions [25]. Materials such as
AF 5 have been utilized to adsorb various elements in a number of different processes [26,27,28,29,30,31]. Sulfur adsorption by
activated carbon has previously been investigated by various researchers and the results showed that the adsorption process depends
primarily on the characteristics of the adsorbent, the properties of the sulfur and the operating conditions [32,33,34]. Currently,
activated carbons are used as one of the sorbents in enargite and pyrite leaching processes to remove sulfur and also to increase the
reaction rates [35,36].

While activated carbon has the advantage of a high adsorption capacity, which makes it favorable for adsorption process, the costs
of production are high, and the activated carbon can be both expensive and difficult to regenerate. Consequently, researchers have
developed alternative catalysts. Currently, synthetic resin catalysts are one of the practical alternatives for adsorption processes. One
critical advantage of the new resins is the relatively strong binding forces encountered in the adsorption processes in comparison to the
weaker binding forces on activated carbon [37,38]. Adsorption capacity, porosity, adsorption rate and adsorbent cost are the most
important factors utilized for the selection of novel adsorbents for the removal of sulfur from the leach residue. In addition, the
adsorbent recovery and regeneration processes are important from both the economic and environmental perspectives [20,21].

Recently, a new type of carbon adsorbent, AF 5 has been developed and applied in the sulfide leaching processes. This adsorbent
possesses significant advantages over other activated carbons [14,15,20,21,35,36]. It has been demonstrated that AF 5 has a much
greater adsorption capacity and a higher adsorption rate than the other activated carbons. Microporous carbonaceous adsorbents, such
as AF 5, are porous resins with both high surface area and high chemical resistance. This high adsorption capacity is one of the critical
properties of the AF 5 which makes it an efficient catalyst in various processes. The application of AF 5 during the chalcopyrite leaching
process has demonstrated that it can remove all the elemental sulfur from the leach solution [20,21]. The sulfur loaded AF 5 can be
regenerated and reused in the leaching process. Another attractive property of AF 5 is its superior mechanical properties, leading to
negligible AF 5 attrition losses during the leaching and regeneration processes.

Numerous techniques have been investigated for the adsorption of different metals and compounds from liquid samples produced
during solvent extraction, chemical precipitation, coagulation, ultrafiltration, reverse osmosis, electrolytic processes, ion exchange,
and adsorption on solid substrates [39,40,41,42,43,44,45]. The investigation of adsorption processes by both theoretical and exper-
imental techniques is critical for a complete understanding of the behavior of the adsorbent. Although the majority of the previous
research has focused on experimental studies, mathematical modeling is a useful technique and can be used to provide an improved
interpretation of the adsorption processes involved in sulfur removal during the leaching process. The adsorption isotherms can be
determined using the Langmuir and the Freundlich models. Also, the adsorption kinetics at the solid/solution interface can be
modelled using the pseudo-first order (PFO) and the pseudo-second order (PSO) models. One of the critical properties of an adsorbent
is the adsorption capacity, which is the percentage of elemental sulfur that can be adsorbed by the AF 5 per gram of adsorbate. The
particle size distribution, pore size and distribution, cation exchange capacity, surface functional groups, specific surface area, tem-
perature and pH are the most important variables which can control the adsorption capacity. The maximum adsorption capacities can
be calculated using the adsorption isotherm plot.

1.1. Theoretical considerations

1.1.1. Adsorption isotherms

The adsorption isotherm describes the equilibrium relationship between the amount of sulfur on the AF 5 (or residue) and in the
solution. Knowledge of this equilibrium data is crucial for designing the adsorption process. The adsorption capacities can be defined
according to the following equation:

(Co—C)V

M 2)

9=
where q; is the adsorption capacity in mg/g, Cy and C; are the initial concentrations of elemental sulfur and the concentration at time t,
respectively; V is the volume of the solution (L) and m is the mass of the resin particles (g). In the present research, the sulfur content
was reported in terms of mass and thus the equation could also be represented as follows:
_ my —nmy
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where my is the initial mass of elemental sulfur and my is the elemental sulfur mass at time t.

The adsorption isotherm describes the equilibrium relationship between the quantity of the adsorbed material (elemental sulfur)
and the sulfur concentration on the AF 5 at a constant temperature [46]. Data can be obtained which can be used to determine the
maximum adsorption capacity and the maximum adsorption strength. This information can be used for predicting the optimum
experimental conditions. Data for the adsorption isotherms were obtained using the batch method with different amounts of the AF 5 in
the acidic Albion leaching process at different temperatures.

1.1.2. Langmuir isotherm

The Langmuir model is based on the monolayer adsorption of sulfur on the surface of the AF 5. It is assumed that there is no
interaction between the adsorbed elemental sulfur molecules and the neighbouring adsorption sites and also assumes equivalent
energies of monolayer sorption onto the AF 5 surface [47]. The Langmuir isotherm model is normally stated as follows:

c. 1. G
—L=—

=4 @
Caas  Gp Gm

where C, is the equilibrium concentration of elemental sulfur (mg/L), C,qs is the amount of adsorbed elemental sulfur per gram at
equilibrium, qp (L/mg) and q., (mg/g) are the Langmuir constants at a given temperature and are related to the adsorption capacity
and the energy of adsorption, respectively.

The linearized form of the equation describing this model is as follows:

_ gubC,
T 14bC,

. 5)
where g, is the mass of elemental sulfur on the AF 5 after adsorption (mg/g), b is the adsorption coefficient, which is related to the
affinity of the binding sites (L/mg). The sorption parameters, b and g, can be obtained from the slope and intercept, respectively, of a
plot of 1/q. versus 1/C. A dimensionless constant or separation factor (Ry) can be defined as follows:

1
T 14bC,

©)

Ry

where Ry, describes the favourability of the adsorption process where 0 < Ry, < 1 is favorable, Ry, = 0 is irreversible and Ry, > 1 is
unfavorable [48].

1.1.3. Freundlich isotherm

The Freundlich empirical model is employed to explain non-ideal adsorption processes that take place on heterogeneous surfaces
with active sites with various energies and is based on multilayer adsorption at equilibrium. Additionally, this model assumes that
physio-chemical sorption can occur. The non-linearized Freundlich isotherm is described as follows:

1
ge=K:Clrn> 1 @

The Freundlich isotherm model can be represented in linear form as follows:
1
Log q. =Log Ky +—Log C, (8)
n

where K is the Freundlich isotherm coefficient, n is related to adsorption intensity and surface heterogeneity, C. is the equilibrium
concentration of elemental sulfur (mg/L), q. is the mass of elemental sulfur adsorbed at equilibrium (mg/g). The two terms K¢and n can
be obtained from a plot of log g versus log C. as they correspond to the slope and intercept, respectively. If the value of 1/n is between
0 and 1, the reaction is favorable, while for 1/n = 0 the reaction would be irreversible and for 1/n > 1 adsorption would be unfavorable
[49].

1.1.4. Adsorption kinetics

The mechanisms of elemental sulfur sorption onto AF 5 can be investigated by determining the adsorption kinetics. This kinetic
information is a crucial parameter that can be utilized for the design of adsorption systems and also to analyse the adsorption per-
formance of the resin. Additionally, it can be used to minimise the residence time of the sorbate at the solid-solution interface.
Different kinetic models have been applied to the experimental data in order to provide more information about the adsorption
mechanisms. In this research, the adsorption kinetics and the rate constants of elemental sulfur adsorption onto AF 5 were studied by
using various kinetic models, such as the pseudo-first order (PFO) and the pseudo-second order (PSO) models. As the correlation
coefficients (R%) were too low for the various other models, they were not considered. The PFO kinetic model describes the relationship
between the number of available sites and the rate of filling of the sites on the AF 5. On the other hand, the PSO model relates the time
to the adsorption capacity of the adsorbent. Both adsorption kinetic models are based on equilibrium adsorption as follows:

In(q.—q,) =Inq.— (kit) 9)
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t/q = 1/kq; +t/q, (10)
where g and q; represent the mass of elemental sulfur adsorbed onto AF 5 (mg/g) at equilibrium and at time t (mins), respectively; ky
(min~!) and ko (mg/(g min)) are the rate constants of adsorption. The value of k; is obtained as the slope of a linear plot of In (qe — q¢)
versus time. The experimental value of g. can be contrasted with the value obtained from the PFO model and if the difference is large,
then the reaction cannot be classified as first-order. The value of ky was determined by plotting t/q; against time and using the slope

and intercept to arrive at a linear equation.

1.1.5. Adsorption thermodynamics
The thermodynamic properties for the adsorption of elemental sulfur on AF 5 were determined in order to further understand the

adsorption process. These values such as change in free energy (AG®), change in enthalpy (AH®), and change in entropy (AS®) provide
information about the adsorbent applicability, the nature of the adsorption process and the spontaneity of the adsorption. The ther-
modynamic parameters for sulfur adsorption by AF 5 were obtained from the following equations 11 and 12 [50,51,52]:

AGu’ = — RTInK,, an

AH,u"  ASu’ 12)
RT R

InK, = —

where K, is the Langmuir isotherm constant, which is related to the affinity of sulfur for the binding sites (L/mg), T is the temperature
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TEST2 939 i
SE MAG: 50 x HV: 25.0 k¥ WD 10.3 mm

SE MAG: 50 x HV: 25.0 kv WD: 10.3 mm

Fig. 1. Stereo optical micrographs of (a) as-received AF 5 and (b) S-AF 5 EDS(line scan) analysis of (c) as-received AF 5. (d) S-AF 5.
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(K) and R is the gas constant (8.314 J/(mol K)).

Recently, a new experimental leaching process has been reported regarding the use of AF 5 for the removal of sulfur from the acidic
Albion leaching of chalcopyrite [20,21]. The main objective of the present work was to investigate the sulfur adsorption mechanisms
on AF 5 in the acidic Albion leaching process. Consequently, equilibrium experiments have been performed to study both elemental
sulfur adsorption and the mechanism of sulfur removal. Adsorption isotherms for elemental sulfur on the AF 5 as a function of
temperature, concentrate to resin ratio and mixing rate were investigated. Using this information, empirical equations were derived to
describe the adsorption process. Furthermore, both the process kinetics and the thermodynamics could be evaluated for sulfur
adsorption in the acidic Albion leaching process for chalcopyrite.

2. Experimental
2.1. Raw materials

The catalyst employed in this research was AF 5 which was produced from a synthetic polymer. It has a very strong mechanical
strength and a narrow bead size distribution. The AF 5 resin has a spherical shape with a surface area of 1154 (m2/g) and a size range of
0.3-0.8 mm [53]. Prior to starting each experiment, the AF 5 was placed in stirred distilled water for 15 min. Then the catalyst was
dried in the oven at 100 °C for 48 h until a constant weight of AF 5 was achieved.

The as-received AF 5 contained 98% carbon, about 1.2% moisture and less than 1% sulfur. Stereo optical micrographs and SEM
micrographs of the fresh and post-leached AF 5 are compared in Fig. 1 (a-d). Fresh AF 5 had a wrinkled surface with visible pores.
These pores and the irregular surface likely contributed to the total surface area and acted as active sites for the adsorption of elemental
sulfur. After leaching, the sulfur-loaded AF-5 (S-AF 5) beads had a regular and smooth surface as the pores were filled with elemental
sulfur. The SEM image of the S-AF 5 shows that the sulfur content increased significantly as the AF 5 adsorbed the elemental sulfur in
the leaching process.

The leaching test work was performed on a chalcopyrite concentrate with a Pgy of 33.8 pm and required very little sample
preparation prior to the acidic Albion leaching. The concentrate was analyzed through the use of QEMSCAN and ICP and the results are
shown in Tables 1 and 2. The main minerals were chalcopyrite and pyrite and their concentrations were calculated to be 50.2% and
36.7%, respectively. The head assay showed that the concentrate contained 23.0% copper, 35.0% sulfur and 32.5% iron. Pentahydrate
ferric sulfate (Acros Organics, 97.0%), hexahydrate ferric chloride (Acros Organics, 97.0%) and pentahydrate cupric sulfate (Fisher
chemicals, 98.0%) were used in the leaching process to generate the required sulfate species in the leach solution.

2.2. Acidic albion leaching process adsorption experiments procedure

The detailed procedure for the acidic Albion leaching test has been published elsewhere [20,21] and only a summary is provided
here. For determination of elemental sulfur adsorption by AF 5, a series of experiments were conducted in 2 L reactors inside a
glass-kettle batch reactor. A thermocouple and reflux condenser were used for controlling the temperature and to prevent excessive
evaporation, respectively. A sample of 100 g of chalcopyrite in 1 L of 100 g/L sulfuric acid solution with the addition of FeSO4-7H50 (7
g/L), Fea(S04)3-5H20 (3 g/L), and CuSO4-5H20 (1.5 g/L) and 25 g of fresh AF 5 were mixed and oxygen was sparged into the system at
the rate of 1.5 L/min. The 25 g/L sulfuric acid solution with the addition of the appropriate amount of the sulfates was prepared and
added to the system in order to maintain the pH value around 1. The acidic Albion leaching experiments were performed at 95 °C and
for 48 h to ensure that equilibrium was attained. After the leaching test, the S-AF 5 was separated from the slurry by screening and then
the leach slurry was pressure filtered. Both the S-AF 5 and the slurry were rinsed with DI water and dried in the vacuum oven at 40 °C
for 3 days and then the sulfur concentration of the S-AF 5 and the residue were measured using an Eltra CS-2000 Carbon-Sulfur
analyzer.

The elemental sulfur content of the residue was calculated using two different methods. In the first method, the weight percentages
of elemental sulfur and sulfide were quantified based on a method using TGA analysis. Since elemental sulfur evaporates at

Table 1

Mineralogy of chalcopyrite concentrate.
Component Wt%
Chalcopyrite 50.2
Bornite 4.4
Covellite + Chalcocite 3.9
Tet-Ten-En 0.6
Fe-Sulphide 36.7
Other Sulphides 0.2
Quartz 1.3
Feldspar 0.4
Mica 1.3
Fe-Ti-Oxide 0.4
Other Silicates 0.3
Other 0.3

Total 100.00
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Table 2

Chemical analysis of the chalcopyrite concentrate.
Component Copper Iron Calcium Sulfur Arsenic
wt% 23.0 325 0.3 35.0 0.3

200-350 °C, then the sulfur speciation in the residue can be determined. At temperatures of 170-450 °C, the elemental sulfur was
completely removed. The additional weight loss which began at approximately 480 °C and continued until 700 °C was attributed to
sulfide. In the second method, the residue was mixed with toluene at 90 °C and the elemental sulfur was dissolved in the organic
solvent. Also, the total sulfur content of the residue was determined using a C-S analyser both before and after treatment with toluene
and the elemental sulfur content was calculated by comparison of the two numbers.

2.3. Studies of adsorption isotherm

The batch adsorption experiments were performed in the acidic Albion leaching system in 0.25 L 3-headed flasks where 2.5 g of the
fresh AF 5 and the predetermined amount of sulfate leach solution (as described above) were added to the system. Subsequently, the
flask was placed on a temperature-controlled magnetic stirrer (Arex digital, VELP Scientifica), which could be stirred at various rates.
The pH of the solution was continuously measured by a pH meter (Fisher Scientific XL600 accumet) and maintained at 1. The isotherm
studies were performed with different initial concentrations of chalcopyrite. In this way, the concentrate to AF 5 ratio was varied as
follows: 1:1, 2:1, 4:1, 6:1 and 8:1. The isotherm data were fitted to two models (Langmuir and Freundlich).

2.4. Adsorption kinetics and thermodynamics

The elemental sulfur adsorption kinetics and thermodynamic were investigated at four temperatures ranging from 65 °C to 95 °C
using batch conditions at a concentrate to AF 5 ratio of 4:1 for a 48 h contact time. During the leach tests several mL of solution
including AF 5 was sampled using a syringe at different time intervals. The samples were then centrifuged at 5000 rpm for 5 min and
filtered through a screen and then 0.45 pm syringe filters to separate the insoluble particles from the liquid phases. The operating
parameters for each test are outlined in Table 3.

3. Results and discussion

The results of the solid analysis during the investigation are summarized in Table 4. The amount of elemental sulfur in the residue is
given as well as the adsorbed sulfur on the AF 5 for each test.

3.1. Effect of AF 5 resin

The effect of the AF 5 carbon-based resin on the behavior of the elemental sulfur in the acidic Albion leaching process was
investigated. In Fig. 2 the behavior of the elemental sulfur both with and without AF 5 for concentrate to catalyst ratios of 4:1 and 8:1
were compared after 48 h of leaching at 95 °C. It can be seen that after the leaching test, with a concentrate to AF 5 ratio of 4:1, all the
elemental sulfur was adsorbed onto the surface of the AF 5 and there was no elemental sulfur remaining on the residue. However, for
the concentrate to AF 5 catalyst ratio of 8:1 only about 55% of the elemental sulfur was captured on the catalyst and the remainder
precipitated with the residue. For a concentrate to AF 5 ratio of 4:1, the rate of adsorption with respect to contact time on the surface of
the AF 5 initially increased rapidly and this was followed by a gradual decrease until equilibrium was reached. The rapid increase was

Table 3

Operating parameters for the oxidation tests.
Test Volume (L) Temperature (°C) Concentrate to AF 5 ratio Agitation speed(rpm)
Cc1 1 95 No AF 5 800
Cc2 1 95 4:1 800
Cc3 1 95 8:1 800
Cc4 0.1 95 4:1 600
C5 0.1 95 4:1 800
c6 0.1 95 4:1 1000
c7 0.1 65 4:1 800
Cc8 0.1 75 4:1 800
co9 0.1 85 4:1 800
c10 0.1 95 4:1 800
c11 0.1 95 1:1 800
Cc12 0.1 95 2:1 800
Cc13 0.1 95 4:1 800
Cc14 0.1 95 6:1 800
Cc15 0.1 95 8:1 800
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Table 4

Solid sample analysis results from the oxidation tests.
Test Elemental sulfur in residue (%) Elemental sulfur on AF 5 (%)
C1 100 No AF 5
c2 0 100
C3 47 53
C4 0 100
C5 0 100
Cco6 0 100
c7 0 100
Cc8 0 100
co9 0 100
Cc10 0 100
Cc11 0 100
Cc12 0 100
C13 0 100
Cc14 28 72
C15 48 52

When using AF 5 during leaching, the copper and iron recoveries were above 95% and 80%, respectively after 48 h
and AF 5 have not affected the base metals recovery in the leaching process [18,19].

14

c
=
g
=)
9]
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:
E
:
L
m
2 —®&— Residue(test without AF 5)
O+ AF 5(Test with Con : AF 5 4:1)
—W¥— AF 5(Test with Con : AF 5 8:1)
0 T T T T
0 10 20 30 40 50
Time (h)

Fig. 2. Comparison of the elemental sulfur content of the leach residue(in the absence of AF 5) and sulfur loaded AF 5 at different concentrate: AF
5 ratios.

attributed to the large surface area and the large number of vacant sites on the fresh AF 5. As the plateau was approached, the surface
pores of the AF 5 began to fill with elemental sulfur. In the absence of AF 5, the initial rate of rise of the sulfur content of the residue was
again rapid, but it was slower than for the test with AF 5. Furthermore, although the rate of rise of the sulfur content of the residue
decreased at extended times it remained higher than the test with AF 5. These results showed that the equilibrium amount of sulfur
which was converted to elemental sulfur during leaching was slightly higher (12 g elemental sulfur without AF 5 and 12.2 g in the
presence of AF 5) in the presence of AF 5 at the concentrate to AF 5 ratio of 4:1. The amount of elemental sulfur after 48 h increased
from 12.0 g in the absence of AF 5-12.15 g with AF 5.

3.2. Effect of agitation speed

The adsorption batch experiments were carried out with different agitation speeds varying from 600 to 1000 rpm, in order to study
the influence of the agitation speed on the adsorption. These experiments were conducted at 95 °C for 48 h for a 4 to 1 ratio of
concentrate to AF 5. The optimum agitation speed for adsorption depends on both the configuration of the reactor and the slurry
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properties such as viscosity, density and volume. The effect of the agitation rate on the adsorption process is shown in Fig. 3. As can be
seen, the mixing rate did not have a significant effect on the sulfur adsorption rate nor the equilibrium sulfur adsorption. The sulfur
adsorption increased only slightly with increasing mixing rate from 454 mg/g at 600 rpm to about 474 mg/g at 1000 rpm. The
relatively small influence of the mixing rate can be attributed to the minimization of the film boundary layer surrounding the particles
for all stirring rates. Without a film boundary layer, the external film transfer coefficients increased and, hence, also the adsorption
capacity [54]. The stirring rate of 800 rpm was chosen as the control agitation speed for all the subsequent experiments.

3.3. Effect of temperature

The effect of temperature on the uptake of elemental sulfur by AF 5 was investigated at different temperatures while the
concentrate to AF 5 ratio and the mixing rate were fixed at 4 and 800 rpm, respectively. As shown in Fig. 4, the elemental sulfur
adsorption onto the AF 5 particles decreased with increasing temperature, demonstrating the exothermic nature of the adsorption
process. The sulfur adsorption of AF 5 after 48 h was 474 mg/g at 65 °C and increased to 402 mg/g at 95 °C. Thus, the affinity of the
elemental sulfur in the solution for the AF-5 decreased with increasing temperature. It can be seen that the majority of the sulfur
adsorption on the AF 5 in the temperature range of 65-95 °C was completed within 25-30 h. For instance, after 12, 24, and 36 h of
adsorption, the adsorbed elemental sulfur percentages at 65 °C were 68%, 93% and 98% respectively.

3.4. Effect of concentrate to AF 5 mass ratio

The mass of the AF 5 in the leaching tests is an important variable that influences the adsorption of elemental sulfur. The effect of
concentrate to AF 5 ratio on the elemental sulfur adsorption on the AF 5 using various masses of concentrate is shown in Fig. 5. The
results showed that initially, the rate of sulfur adsorption on AF 5 increased with the mass of chalcopyrite. It can be seen that for
concentrate to AF 5 ratios of less than 4:1, the sulfur adsorption tended to increase with increasing amount of concentrate (and hence
sulfur), from 120 mg/g to about 474 mg/g. However, the tests at higher concentrate to catalyst ratios exhibited similar sulfur ad-
sorptions after 48 h. Increasing the amount of AF 5 relative to the concentrate, enhanced the sulfur removal from the leaching process
since it provided more surface area for adsorption. However, the amount of sulfur adsorbed per AF 5 unit mass decreased. This was
mainly due to the saturation of the adsorption sites.

3.5. Adsorption isotherms

The Langmuir and the Freundlich isotherm models were used to study the sulfur adsorption on the AF 5 (eq. (5) and eq. (8)). The
maximum adsorption capacity corresponds to the saturation of the sites on the AF 5 and can be obtained from the plateau region of the
plot. The Langmuir model defines monolayer sorption on homogenous surfaces while the Freundlich model assumes that the
adsorption occurs on a heterogeneous surface [55,56].

600

q, (mg/g)

Time ()

Fig. 3. Effect of mixing rate on sulfur adsorption onto AF 5.
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Fig. 4. Effect of temperature on sulfur adsorption on AF 5 after 48 h.
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Fig. 5. The effect of concentrate to AF 5 mass ratio on sulfur adsorption onto AF 5 after 48 h.

Based on the experimental data, R? values were obtained for the sorption of sulfur on the AF 5 for both isotherm models. Fig. 6 (a,b)
shows plots of both the Langmuir adsorption and the Freundlich adsorption. The results showed that the Langmuir isotherm model (R?
= 0.99) had a significantly better fit to the data than the Freundlich isotherm model (R2 = 0.88). These results again indicate that the
mechanism of sulfur adsorption on the AF 5 involves monolayer sorption. The Langmuir isotherm model was used to predict the
adsorption capacity and then these values were compared to the experimental adsorption capacity. The comparison showed that the
adsorption capacity value which was obtained from the Langmuir isotherm was close to the experimental value. The maximum
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adsorption capacity was obtained, and the value was Qm = 488 mg/g. This value corresponds to the saturation of a fixed number of
identical surface sites in the Langmuir model. Thus, temperature should not have an effect on the maximum capacity [48,57,58,59,60,
61]. However, the bonding between the adsorbate and any potential adsorption sites became weaker at higher temperatures. This
would indicate that the adsorption process was physical, and this can be contrasted with the opposing behavior in chemisorption.

Table 5 shows the isotherm parameters for elemental sulfur adsorption onto the surface of the AF 5. The dimensionless constant Ry,
and the Langmuir isotherm constant K;, were calculated by utilizing the model equations for the leaching system and the values were
0.002 and 0.1 L/mg, respectively. A value of Ry, less than 1 indicates that sulfur adsorption onto the AF 5 was a favorable process. These
values would be consistent with monolayer sorption where the elemental sulfur would be adsorbed on different AF 5 sites with no
transmigration of the elemental sulfur on the surface [54].

Based on the above analysis, AF 5 has a relatively high adsorption capacity for sulfur onto AF 5 in comparison to other sorbents for
sulfur removal during chalcopyrite leaching [8]. Thus, it can be stated that using AF 5 to remove elemental sulfur from the acidic
Albion leaching process has a significant advantage over other methods and thus is an attractive alternative.

3.6. Adsorption kinetics modeling

The plots of both the PFO and the PSO equations (eq. (9) and eq. (10)) are shown at various temperatures in Fig. 7(a and b) and both
plots exhibit a linear relationship. The PFO model fits the experimental data well for different temperatures, as the R? values are close
to one (>0.98) and thus the theoretical model and the experimental data are in good agreement. The PSO model had lower R? values
and a poorer fit and thus there were significant differences between the theoretical model and the experimental data.

Table 6 shows the kinetic parameters for the adsorption of the elemental sulfur onto the AF 5. The kinetic parameters show that
both the amount of adsorption and the rate of adsorption increased with increasing temperature. Therefore, the adsorption process is
more efficient at higher temperatures. For both models, the small value of K indicates that the adsorption process is relatively slow. The
R? values for the sulfur adsorption kinetics were slightly higher for the PFO model than for the PSO model. As shown in Table 4, the K;
value increased from 4.8 x 10”7 (/min) to 5.6 x 10~ (/min) as the temperature increased from 65 °C to 95 °C. The values of the
adsorption capacity (qe) which were derived from the slope of the plot in Fig. 7 increased from 409 mg/g to 475 mg/g when the
temperature increased from 65 °C to 95 °C, respectively. These values are close to the experimental values of 474 mg/g at 95 °C and
this demonstrates that the PFO model is in good agreement with the experiments.

The PSO kinetic model did exhibit a good fit to the test data for all temperatures as the correlation coefficients (R?) were only
slightly lower than the corresponding PFO values. For this model it is assumed that each elemental sulfur atom is adsorbed onto two
adsorption sites of the carbonaceous adsorber. The value of the rate constant increased with increasing temperature. At 65 °C the rate
constant was 1.5 x 107% g/mg min and this increased to 2.7 x 10~® g/mg min at 95 °C. The corresponding q. values from the PSO
model were 588 mg/g and 592 mg/g at 65 °C and 95 °C, respectively and these were not close to the experimental values of 402 mg/g
and 474 mg/g, respectively. This demonstrates that the PSO model does not provide a good fit to the experimental data for sulfur
adsorption by the AF 5.

3.7. Thermodynamic parameters

The values of In K|, are plotted against 1/T in Fig. 8 and the entropy and enthalpy values were calculated from the intercept and the
slope, respectively. The calculated values for the change in Gibbs free energy, change in enthalpy and change in entropy are presented
in Table 7. The AHg4, value was —9.1 (kJ/mol) and this indicates that the adsorption process of the elemental sulfur onto the AF 5 is
exothermic. Also, the magnitude of this enthalpy change, which is in the range of 2.1-20.9 kJ/mol indicates that physical adsorption is
more favorable. The small negative value of ASg4s of —0.1 (kJ/mol-K) suggests that the adsorption of the elemental sulfur onto the AF 5
results in a slightly more ordered structure. The changes in the standard Gibbs free energy were calculated over the temperature range
of 65 °C-95 °C. The negative AGyys values over the whole temperature range demonstrate that elemental sulfur adsorption onto AF 5 is
spontaneous in nature. Additionally, the AGg4; values are in the range of 0 to —20 kJ/mol and this again suggests that the adsorption is
a physical process [50,57].

4. Conclusions

The adsorption isotherms, the kinetics and the thermodynamics for the adsorption of elemental sulfur on Lewatit® AF 5 resin have
been determined for the acidic Albion leaching process. It was determined that this carbonaceous resin is an efficient adsorbent for
elemental sulfur. The results showed that the AF 5 can adsorb 100% of the sulfur at 95 °C. The experimental results showed that the
sorption process was affected by both the temperature and the concentrate to AF 5 ratio. Agitation speed did not have a significant
effect. The kinetic study demonstrated that the rate of adsorption is high, and the adsorption process can be well described by the
pseudo first-order model. The adsorption isotherm data were fitted to the Langmuir and the Freundlich models. The equilibrium
isotherm results showed that the adsorption process could be best represented by the Langmuir model with a maximum adsorption
capacity of 488 mg/g. The calculated separation factor, Ry, was greater than 1, which demonstrated that AF 5 was an efficient
adsorbent. Based on the thermodynamic studies, the negative values of AGags and AHggs demonstrated that the removal of elemental
sulfur by the AF 5 was thermodynamically feasible, exothermic, and spontaneous. The slightly negative value of AS34s showed that
there was a small decrease in randomness due to the adsorption of the elemental sulfur on the AF 5. The magnitudes of the AGgaqs and
AHggs values suggested that the adsorption of the sulfur onto the AF 5 is a physical process.
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Fig. 6. Adsorption isotherm plots (a) Langmuir adsorption isotherm (b) Freundlich adsorption isotherm.
Table 5
Adsorption isotherm parameters for the adsorption of elemental sulfur onto AF 5.
Adsorption Isotherm Model Parameter AF 5
Langmuir Isotherm Qm (mg/g) 488.2
K, (L/mg) 0.1
Ry, 0.002
R? 0.99
Freundlich Isotherm k¢ (mg/g) 190.6
1/n 6.9
n 0.2
R? 0.88
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Fig. 7. Kinetic model plots for elemental sulfur adsorption onto AF 5: (a) pseudo first order and (b) pseudo second order.
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Table 6
Parameters for the PFO and PSO kinetic models.
Kinetic Model Parameter 65 °C 75°C 85°C 95°C
Pseudo-first-order K; (/min) 4.8 x 1077 5.1 x 1077 5.3 x 1077 5.6 x 1077
qe (mg/g) 408.7 425.9 443.9 475.3
R? 0.99 0.98 0.99 0.99
Pseudo-second-order K, (g/mg.min) 1.5 x 10°° 2.2 x 10°° 2.5 x 10°° 2.7 x 10°°
qe (mg/g) 588.4 556.4 563.5 591.9
R? 0.966 0.979 0.975 0.976
1.0
0.8
0.6
-
N
[=}
—
0.4
0.2
0.0 T T T T T
0.00270 0.00275 0.00280 0.00285 0.00290 0.00295 0.00300
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Fig. 8. Plot of 1/T versus In K, for sulfur adsorption on AF 5.

Table 7
Thermodynamic parameters for the adsorption of elemental sulfur onto AF 5.
T (°C) AGYgs (kJ/mol) AH24s (kJ/mol) AS%4s (kJ/mol-K)
65 -2.5 -9.1 -0.1
75 —2.2
85 —-2.1
95 -1.9
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