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Abstract

The aurocyanide complex recovery by precipitation with zinc decreases when gold
concentration drops to less than 20 pg L™. Therefore, a technology capable of recovering
gold from very diluted solution is necessary. Adsorption and desorption experiments were
carried out with real solutions in batch and in continuous processes to determine the gold
adsorption capacity and rate onto two activated carbons (AC). The results showed that AC
F400 and CSC removed 86 and 81 pg g, respectively, at pH 11 and C. of 10 ug L™ in
about 4 h. Whereas desorption test by NaOH and CN" showed a gold recovery of up to
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86%. These experiments were correlated to the textural and chemical properties of
adsorbents and to the chemical composition of samples from a heap leach process. AC is a
highly efficient and selective adsorbent for gold cyanide solutions when gold is present in

very low concentration (<12 pg L™).
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Introduction

Heap leaching is a well-known process for gold beneficiation, being cyanide the most
implemented lixiviant. Cyanide is preferred over other alternatives because of its higher
chemical stability, low cost, and better chemical understanding [1]. In brief, cyanide heap
leaching process initiates with ore extraction and a combination with lime to maintain a
high pH of the ore. The basified ore is placed over an impervious pad and it is rinsed with a
cyanide solution. Cyanide flows down through the heap and reacts with gold (and silver) to

form a complex of cyanide according with the following expressions [2,3]:

2AU+4CN +02+2H0—2Au(CN); +20H + H,0O; R1
2Au+4CN +HyO, — 2 Au(CN),; +2 OH R2

Thereafter, gold cyanide complexes in solution are recovered at the bottom of the heap and
directed towards a process for metallic gold extraction. One of the most used processes for
this last step is the Merrill-Crowe process, where gold is cemented onto zinc powder, and it

is specially used when the silver/gold molar ratio exceeds two [4,5]. However, this process



decreases its efficiency at very low gold concentrations [6]. This fact becomes more
relevant as the closure of a mining site is approached, when gold concentrations drop to less
than 20 pg L™*, and therefore it is necessary a technology capable of recovering these

residual values.

In this work, the use of commercially-available activated carbon was proposed as an
alternative to solve the aforementioned problem. This kind of material is already used in
hydrometallurgical operations for the recovery of gold and silver from cyanide solutions.
However, its implementation for extremely low gold concentrations (<12 pg L™) to the best
of our knowledge, has not been reported. Although, it is known there have been attempts
for recovering gold(lll) from acid media solutions, using carbon-coated cobalt

nanoparticles and concentrations of gold as low as 1 pug L™.[7]

Thus, the aim of this work was to evaluate the use of commercial activated carbon as an
alternative for gold recovery from extremely diluted solutions. In specific, the adsorption
capacity of bituminous and coconut shell carbons was evaluated using solutions that were
obtained from column cyanide leaching experiments carried out under conditions that
emulate the stage of mining closure. The solutions contained a very low concentration of
gold (concentration of approximately 10 pg L™), in presence of many other ions and

organic matter, generated during the closure of a mining site.



2. Materials and methods

2.1. Materials

The activated carbons used in this study were a bituminous material called Filtrasorb 400
(F400), manufactured by Calgon (Calgon Carbon Corporation 3000 GSK Drive Moon
Township, United Stated), and a coconut shell adsorbent, manufactured by Clarimex
(Tlalnepantla, Estado de Mexico, Mexico). The chemicals used in this study were reactive

grade: NaOH, Au standard, and NaCN.

2.2. Materials characterization

Surface Area and pore Volume: Surface area and pore size distribution of materials
were calculated from the corresponding nitrogen adsorption-desorption isotherm at 77 K
using a Micrometrics Accelerated Surface Area and Porosimetry (ASAP) analyzer 2020.
The specific surface area was calculated using the BET isotherms, and the pore size

distribution was determined by using the density functional theory (DFT).

Surface Charge Distribution and Point of Zero Charge: The surface charge
distribution and point of zero charge (pHpzc) of each adsorbent were obtained by an
automatic titrator (Mettler-Toledo T70). A sample of 0.1 g was dispersed in 50 mL of 0.1M
NaCl as background electrolyte and was stirred for 12 h, in order to guarantee that
equilibrium was reached. Then, a titration with 0.1 N NaOH was carried out under a
nitrogen atmosphere to avoid CO, interferences. The pK, distribution was obtained with

the SAEIUS-pK-Dist© (1994) program.



2.3. Gold adsorption experiments on carbonaceous materials

Batch experiments were conducted to determine the adsorption kinetics, the adsorption
capacity and the effect of solution pH on gold adsorption. Solution with a gold
concentration of 10 to 12 pg L™ was used to perform the adsorption experiments: the
physicochemical characterization of this solution is reported in Table 1S in supplementary
information. The adsorption capacity of the activated carbons was determined as follows:

_ V(Co—Ce)
w

Eqg. 1
Where V is the total volume, w is the mass of adsorbent, Cy and C. are the initial and final

(or equilibrium) gold cyanide concentration, respectively.

Adsorption isotherms of both activated carbons F400 and coconuts shell from the gold
cyanide solution were determined by using 0.025 g activated carbon in 150 mL gold
cyanide solutions at different concentrations (10 to 100 pg L™): it has important to notice
that the solution samples were spiked with gold in order to attain these concentrations. The
reactants were placed in a glass vessel and stirred continuously to ensure a better contact
between the activated carbons and gold solution at 25 °C and pH 11+0.2. The solution and
activated carbon were left in contact during 5 days. Later the residual gold concentration

was analyzed by Atomic Absorption Spectrophotometer (AAS) at a wavelength of 242 nm.

The adsorption kinetics experiments were conducted as follows: 50 mL of gold solution
with a gold concentration of 12 pg L™ at pH 11 were placed in 50 mL conical bottom
polypropylene tubes. After, 0.08 g of adsorbent were added, the tubes were shaken at 130
rpm in a thermostatic shaker at 25 °C. A 30 mL aliquot was taken at different times after
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each sacrificial experiment was initiated. In addition, the pseudo-first-order, pseudo-second-
order and Weber-Morris kinetic models were used to simulate the Au adsorption kinetics on F400

and CSC. The mathematical representation of the models are given in Eq. 2, 3 and 4, respectively.

d

— = Ki(qe — qr) Eq. 2
t

d

— = Ky(qe — q¢)* Eq. 3
t

1
qr = Kipet /2 Eq. 4

The effect of solution pH was conducted for both activated carbons, F400 and CSC, as
follows: 150 mL gold cyanide solution at 11 pg L™ were added to 0.025 g of adsorbent at
initial pH values of 9, 10 and 11, at a temperature of 25 °C during 5 days. The residual gold

concentration of each experiment was analyzed by AAS.

2.4. Desorption test

A stock elution solution was prepared from NaCN (CN™ 1%) and NaOH 3%.
Desorption experiments were carried out in 120 mL serological bottles, in which 0.025 g of
each gold dicyanide-loaded activated carbon were contacted with 10 mL of stock elution
solution at 50, 80 and 100 °C for 24 h. After, the solution was decanted and analyzed by

AAS.

2.5 Gold cyanide adsorption in a packed bed column
Gold cyanide adsorption was performed in a 10 cm high glass column with 1 cm of
internal diameter. The column was packed with 2 cm® of activated carbon F400 (1 g). The

solution that passed through the adsorption column (0.15 mL min™) was obtained from



column cyanide leach experiments with a gold concentration between 10 and 12 pg L™
The effluent was sampled every 100 minutes and analyzed by AAS to determine the gold
concentration, and inductively coupled plasma-optical emission spectroscopy (ICP-OES),
with a Varian 730-ES spectrophotometer, was used to determine the concentration of other

metals.

3. Results and Discussion
3.1. Materials characterization
3.1.1. Textural properties

The surface area and pore size distribution of the adsorbent materials were determined
by nitrogen adsorption-desorption isotherm at 77 K by using the BET equation and the
Density Functional Theory (DFT), respectively. Table 2S (supplementary information)
summarizes the results obtained from physisorption analysis, where it can be observed that
the activated carbons studied in this work are highly microporous (diameter < 2 nm).
Activated carbon F400 showed higher micropores and mesopores volume than CSC;
therefore, F400 reported a BET surface area of 905 m? g*, which is 53% higher than that of

CSC, 591 m* g™,

3.1.2. Surface charge and pK, distribution

In order to have an efficient carbonaceous material on removing anions such as Au
(CN)2, it is important to promote or include positive active sites on the adsorbent material.
Fig. 1, shows that the pHpzc of activated carbons F400 and CSC are 9.5 and 9.0,
respectively. Although, the pHpzc is similar for both activated carbons, the concentration of

positive active sites is much higher in F400 (0.288 mmol g™) than in CSC (0.164 mmol g
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1). When both activated carbons were loaded with gold cyanide, the PZC was shifted to the
left, which suggests that the positive surface groups interacted with gold cyanide

complexes.

The pK, intensity and distribution are presented in Fig. 2, where chemical changes,
caused by loading gold cyanide on activated carbons, are illustrated. Activated carbon F400
showed a higher intensity for the peaks associated to carboxylic (3<pK,<6) and phenolic
(8<pK,s<11) groups compared with CSC (Fig. 2A). Fig. 2B and 2C show a decrease and
displacement of both peaks associated to carboxylic and phenolic groups when the gold
cyanide complex was loaded in the F400 and CSC surface. This suggests gold cyanide
complex interacts with phenolic and carboxylic groups, probably by anion exchange
between OH™ and Au(CN),". It was also possible to appreciate the presence of a new peak in
the pK, interval between 7.2 and 8.9, indicating the presence of lactonic groups (7<pK;<9)

and/or the interaction between the surface of activated carbon and free CN™ (pK, = 9.4).

3.2. Gold adsorption experiments
3.2.1 Adsorption isotherms

Gold cyanide adsorption isotherms were conducted at pH>11 and 25°C (Fig. 3).
Activated carbon F400 showed a gold adsorption capacity of 330.54 pg g™ at a gold
concentration in the equilibrium (Ce) of 40 pg L™, while the CSC showed a gold adsorption
capacity of 224.37 pg g™ at the same conditions. Therefore, F400 removes 32.12% more
gold cyanide complexes than CSC that can be associated with the larger surface area of

F400, 53% more than that of CSC, and also to the 42.85 % higher concentration of positive



surface active groups (0.28 mmol g™ compared to 0.16 mmol g™ for CSC) as shown in Fig.

1.

The porosity of activated carbon is a very important property since it greatly influences
the aurocyanide adsorption. Adams (1993) [8] and Newcombe et al., (1996) [9] presented
a compelling evidence that small ions or molecules, such as gold cyanide (0.19 nm),
adsorb mainly in the micropore volume as an ion-pair M Au(CN),", which is in agreement
with other studies related to gold recovery [10,11]. From the results reported herein, it is
interesting to highlight that activated carbon F400 contains 36% more micropores, i.e.
higher surface area, than CSC, which shows a close correlation with its 32.12% higher
adsorption capacity at the maximum equilibrium concentration studied, 40 ug L™, as
mentioned above. These findings are consistent with the explanation given by Adams
(1993), about the markedly correlation between gold cyanide adsorption and micropore
volume on the basis of the dimension of micropores (<2 nm) and the gold cyanide ion
(0.129 nm). In other words, the small gold aurocyanide ions do not have restriction to

diffuse and adsorb onto the carbon’s microporous structure.

3.2.2. Gold adsorption kinetics

Adsorption kinetics were performed to evaluate the gold cyanide adsorption rate for
both activated carbons F400 and CSC as well as to determine the time needed to reach
equilibrium (Fig. 1S-A and 1S-B). In this study, two granular sizes were used for each
activated carbon. The mesh size of F400-A and CSC-A was 13X35 (1.77-0.5 mm) and that

for F400-B and CSC-B was 60X170 (0.25-0.09 mm).



The F400-A carbon removed 33% of the gold initial concentration (12 pg L™) within
the first hour and 85% in 12 hours, while the CSC-A removed 40% of the gold initial
concentration within the first hour and 71% in 12 hours. In this case both carbons needed
12 hours to reach equilibrium. When the granular activated carbons were reduced to a
particle size between 0.25 and 0.09 mm, the time needed to reach equilibrium was lower;
The F400-B removed 85% of the initial gold concentration in the first hour and 93% in 4
hours, while CSC-B removed 30 % in the first hour and 67% in 4 hours. These results
indicated that the size reduction shorten the distance to reach the positive sites. It is
reported that gold cyanide adsorption occurs at the most accessible sites in the macropores
and mesopores, and with time the diffusion rate decreases as equilibrium is approached.
Once the maximum adsorption capacity has been achieved in the macropores and
mesopores, a pseudo-equilibrium is established beyond which adsorption must take place in
the micropores [11,12]. The diffusion of gold cyanide species into the microporous
structure is a slower process, because the diffusion process is complicated by the length and
tortuosity of the porous structure, this effect decreases when the adsorbent is reduced in
size [11,13]. Therefore, FA00-B and SCC-B showed a higher adsorption capacity in a

shorter time.

The pseudo-first-order, pseudo-second-order and Weber-Morris kinetic models were used
to simulate the Au adsorption kinetics on F400 and CSC. The kinetics parameters were
obtained by fitting the experimental data with the mentioned models and are summarized in
Table 1. The pseudo-second-order model fitted better than the pseudo-first-order model
based on the values of regression coefficients (R®) [14]. On the other hand, for Weber-

1/2

Morris, it is essential for the q~t™“ plot to go through the origin if the intraparticle diffusion
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is the sole rate-limiting step. However, for this work the slope is not equal to zero, thus,
adsorption kinetics may be controlled by film diffusion and intraparticle diffusion

simultaneously [15].

Additionally, adsorption kinetics also allowed to evaluate the effect of As, Ag(CN),,
and other cations such as Na*, K*, Ca?*, Si**, and Zn**, present in the solution, in the gold
adsorption capacity. Fig. 4A and 4B show that ions As(V), Na*, Si**, Ca?*, and K", were
not adsorbed onto the activated carbons studied, even when the active sites on their surfaces
were predominantly negative. However, a 20% slight decrease of Zn?* concentration can be
appreciated, which may be adsorbed as Zn** or as ZnCN". It is noteworthy that, in the first
case, adsorption could occur because the pH was higher than the point of zero charge of
activated carbon, and under such condition, the carboxylic groups deprotonate acquiring a
negative charge that interacts with cations; this phenomenon could play an important role in
the metallic ion adsorption [16]. Sheya and Palmer (1989) [17] reported that in the pH
range between 9.5 and 12, the adsorption of zinc cyanide complex increases in presence of

gold.

Fig. 4 shows a removal efficiencies of above 60% and 33% for Ag (as Ag(CN),") on
activated carbon F400 and CSC, respectively, after 12 hours. Such removal capacity can be
associated with the higher initial concentration of silver cyanide complexes in comparison
with the initial concentration of the gold cyanide complexes (179.9 and 12.57 pg L™,
respectively). Nevertheless, although the Ag concentration (as Ag(CN),") at the beginning
of the experiment was 14.3 times higher than that of Au concentration, the removal

efficiency of Ag was consistently lower than the Au removal (80-100 %). These results
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contrast with those observed at higher concentrations where a detrimental effect on Au
adsorption was observed for tests with a Ag/Au molar ratio higher than two [4,17]. Thus it
can be stated that the activated carbons studied here were highly selective for Au(CN),

complexes.

3.2.3. Effect of pH in the Au(CN), and Ag(CN)," adsorption capacity

Fig. 5 shows the effect of pH on the Au(CN)," and Ag(CN)," adsorption capacity on
activated carbons F400 and CSC. Fig. 5A shows that pH values of 10 and 11, favored a
higher adsorption capacity of Au(CN), complexes (121 and 116 pg g™, respectively) on
F400 in comparison with CSC (100 pg g*). On the other hand, CSC showed a 20 %
difference in adsorption capacity between pH 9 and 11. Likewise, both activated carbons
did not show significant differences in Ag(CN), adsorption capacity in the pH range
studied. It has already been demonstrated that aurocyanide is adsorbed onto activated
carbon mainly as Au(CN)," at all pH values between 1 and 10. Also, it has been shown by
Mdossbauer spectroscopy that Au(CN),  is adsorbed onto activated carbon without
significant changes in the entire pH range [18,19]. This can be attributed to the strong
interaction between gold cyanide and activated carbon by a partial donation of the
delocalized m-electrons from activated carbon towards gold. Jones et al. (1989) proposed
that Au(CN)," adsorbs onto the basal plane of the graphite crystallites of activated carbon.
They also showed that the linear dicyanoaurate complex (NC-Au-CN) fits very well with

the hexagonal ring structure of graphite. Therefore, a graphitic structure is essential for a
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carbon material to be a good adsorbent for gold cyanide complexes [20]. On the other hand,
according to the work carried out by Stavropoulos et al. (2015) [21], an important factor in
cyanide adsorption capacity is the CN" dissociation constant given by hydrocyanic acid.
Considering that the pK, of hydrocyanic acid is 9.4, then, at pH lower than this, cyanide is
present as hydrocyanic acid (HCN), but at pH greater than the pK, value of HCN, cyanide
ions (CN") prevail in solution. Also considering that the pHpzc of activated carbons are 9.5
and 10.2 for F400 and CSC, respectively, then at pH values lower than the pHpzc, the
activated carbons surface is positively charged, while the dissociation degree of HCN is
small and hence the concentration of Au(CN); is low thus affecting the gold adsorption.
According to the results obtained, the optimum pH values for cyanide adsorption are
between 9 and 11.5 where the dicyanoaurate complex is formed. Fig. 5B shows that both
carbons, F400 and CSC, have the maximum Ag(CN), adsorption capacity of 2.07 y 2.04

mg g, respectively, at pH between 9 and 11.

The cyanide solution in addition to containing gold and silver (as gold and silver
cyanide complexes), also contains cations such as Ca?*, K* and Na*. The presence of these
cations may positively influence the anions adsorption ability. This is because the cations
mutually interact with the negative centers (CO™ and COQ") of the activated carbon surface.
Kongolo et al., (1997)[19], suggested that regardless of the composition and the pH of the
solution, the cations and anions adsorbed on activated carbon should occur as ion pairs,
M™[Ag(CN), ], where M™ represents H*, K* or Ca?*, and where the centers of adsorption
on the surface of activated carbon and equivalent mole ratios may be different. This can

also explain the adsorption of Au (CN)," and Ag (CN), onto activated carbon.
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3.2.4. Desorption of gold and silver from activated carbon.

Fig. 6A shows that gold desorption is most efficient when the solution temperature
increases. Gold desorption at 25 °C was not detected, however, by increasing the
temperature to 50 °C gold lightly desorbs up to approximately 7 and 26 % from CSC and
F400, respectively. At 80 °C a gold desorption of 5611 % was achieved for F400 and
68+8 % for CSC. Meanwhile, at 100 °C the gold elution reached 87+9 and 8219 % for
F400 and CSC, respectively. This is because, the adsorption of gold onto activated carbon
Is an exothermic reaction and an increase in temperature will shift the equilibrium in favor
of desorption. However, the presence of cyanide in this process is necessary to prevent the

formation of AuCN, which is difficult to desorb [22].

On the other hand, silver desorption is low compared to the gold desorption (see Fig.
6B), 12+1 % of silver was desorbed at 25 °C for activated carbon F400 and 10+2 % for
CSC. Silver desorption at 50 °C showed an increase of 202 % of desorption for both
activated carbons. When the temperature was increased to 80 °C, it was observed that the
Ag desorbed more than double in comparison with desorption at 50 °C (44+6 and 32+4 %
for F400 and CSC, respectively). However, no increase on silver desorption was detected
when the temperature increased from 80 to 100°C. Desorption increasing rates of Au and
Ag as the temperature rises is also associated with the higher vibration energy of the

adsorbed molecules in the system [23].

3.3. Gold and silver adsorption in a continuous process
The breakthrough curves show the adsorption profiles for valuable metals and other

ions, such as Na*, Si**, K*, Zn®" and As(V) present in the leach solution studied (Fig. 7). It

14



was noted that the silver concentration in the effluent was maintained at a constant value in
the first 2.7 bed volumes. This corresponds to a silver adsorption efficiency of
approximately 95%. After treating 2.7 bed volumes, the silver concentration in the effluent
began to gradually rise at a rate of 0.1486 g L™ every hour, reaching the saturation point of
the column after 13 bed volumes. Moreover, it was observed that the breakthrough point for
gold occurred after processing 15 bed volumes which coincided with the maximum uptake
of silver. In addition, it can be seen that the concentration of cations such as sodium,
potassium, silicon and zinc begins to decay just after the breakthrough of gold. Therefore,
the adsorption mechanism is related to interactions between the activated carbon, the

cations present in the solution and the gold cyanide complexes.

The packed bed column results showed an Au adsorption capacity of 250 mg g, this
being 2.9 times the adsorption capacity obtained in batch experiments (qa,= 86 ug g™).
This may be related to the presence of organic matter that accumulates in the continuous
system. It is known that organic matter can contribute in adsorbing inorganic compounds
due to its variety of active groups. Additionally, a higher affinity of activated carbon for
cations such as sodium, potassium and silicon was observed. The presence of these cations
is not necessarily a disadvantage in the adsorption process, as they can improve the
adsorption of cyanide complexes of gold and silver [16]. This effect is particularly
important when working at pH values above the pHpzc of the activated carbon (9.5), where
its surface is negatively charged. Furthermore, it was observed that the adsorption of As
was 2% of the initial concentration, which could be attributed to inorganic impurities in

activated carbon F400 that include Al, Ca, Fe and Na [24]. Iron oxides have shown a high
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affinity for arsenate [25-27], thus arsenic adsorption could be attributed to the presence of

iron in activated carbon.

Additionally, saturated activated carbon from the packed column was treated with a
solution of NaOH-CN" (3 and 1%) at 100 °C for 24 hours in batch. The gold and silver rich
solution was analyzed by AAS and ICP-OES. A mass balance revealed a recovery of 82
and 95 % of Au and Ag, respectively (Fig. 8). Also, the desorption of other cations such as
K, Na and Zn (6, 0.86 and 3.5% respectively) was observed. Finally, As and Si did not

desorb.

4. Conclusions

This study demonstrated that activated carbon can be used to recover Au and Ag from
extremely diluted solutions. Specifically, activated carbons F400 and CSC have a gold
cyanide adsorption capacity of 86 and 81 pg g*, respectively, at an equilibrium
concentration of gold of 10 pg L™. According to adsorption kinetics, the gold initial
concentration decreased 93 and 83 % in the first 4 hours using a particle size between 0.25
and 0.09 mm of F400 and CSC, respectively. On the other hand, with a particle size of 1.7-
0.5 mm, the gold initial concentration decreased 85 % and 75% in the first 12 hours, for
F400 and CSC, respectively. The desorption batch experiments showed that 86 and 82 % of
Au can be recovered from activated carbons F400 and CSC, respectively. Likely, activated
carbon can recover 95% of the silver concentration from solution in the first 2.7 bed
volumes. It is important to note that after the breakthrough of gold, the cations present in

solution begin to adsorb in the activated carbon, suggesting adsorption of gold cyanide
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complexes as ion pairs of the form Mn*[Ag(CN),],. Finally, 100% of gold is recovered in

the first 14.5 bed volumes

5. Acknowledgment
This work was financially supported by the CONACYT-FORDECYT project 190966 and
MSX. In addition, the authors appreciate the technical support of Rodolfo Palomo Briones,
Carmen Rocha Medina, Juan Pablo Rodas and Guillermo Vidriales. Finally, the authors

thank Lucia Aldana N. for the assistance in the English writing of this manuscript.

6. References

[1] G. Ofori-Sarpong, K. Osseo-Asare, Preg-robbing of gold from cyanide and non-cyanide
complexes: Effect of fungi pretreatment of carbonaceous matter, Int. J. Miner. Process. 119
(2013) 27-33. doi:10.1016/j.minpro.2012.12.007.

[2] J.B. Hiskey, Gold and Silver Extraction: the Application of Heap-Leaching Cyanidation., .
Arizona Bureau of Geology and Mineral Technology. 15, (1985) 1-5.

[3] K. Ramirez-Mufiiz, S. Song, S. Berber-Mendoza, S. Tong, Adsorption of the complex ion Au
onto sulfur-impregnated activated carbon in aqueous solutions, J. Colloid Interface Sci. 349
(2010) 602-606. doi:10.1016/j.jcis.2010.05.056.

[4] M.D. Adams, J. Friedl, F.E. Wagner, The mechanism of adsorption of Au(CN)4— onto

activated carbon, Hydrometallurgy. 31 (1992) 265-275. doi:10.1016/0304-386X(92)90123-H.

17



5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

S. S., P. N., Effect of metal impurities on the adsorption of gold by activated carbon in
cyanide solutions, Washington, DC: United States Departament of the interior, Bureau of
Mines. (1989).

J.R. Parga, J.L. Valenzuela, J.A. Diaz, New Technology for Recovery of Gold and Silver by

Pressure Cyanidation Leaching and Electrocoagulation, INTECH. 4 (2012) 71-94.

M. Rossier, F.M. Koehler, E.K. Athanassiou, R.N. Grass, B. Aeschlimann, D. Gunther, W.J.

Stark, Gold adsorption on the carbon surface of C/Co nanoparticles allows magnetic

extraction from extremely diluted aqueous solutions, J. Mater. Chem. 19 (2009) 8239-8243.

doi:10.1039/B913744K.

M.D. Adams, Influence of the surface chemistry and structure of activated carbon on the

adsorption of aurocyanide, XVIII International Mineral Processing Congress 23-28 May

1993, Sydney (Australia). 5 (1993) 1175-1187.

G. Newcombe, N. Donati, M. Drikas, R. Hayes, Adsorption onto activated carbon:

electrostatic and non-electrostatic interactions, Water Supply. 14 (2) (1996) 129-144.

R.B. Lartery, F. Acquah, K.S. Nketia, Developing national capability for manufacture of

activated carbon from agricultural wastes., Ghana Enginee. (1999) 76.

G.E.J. Poinern, G. Senanayake, N. Shah, X.N. Thi-Le, G.M. Parkinson, D. Fawcett,
Adsorption of the aurocyanide, complex on granular activated carbons derived from
macadamia nut shells — A preliminary study, Miner. Eng. 24 (2011) 1694-1702.
doi:10.1016/j.mineng.2011.09.011.

J.0. Marsden, C.L. House, The Chemistry of Gold Extraction, Second Edition, n.d.

R. Pleysier, X. Dai, C.J. Wingate, M.l. Jeffrey, Microtomography based identification of gold

adsorption mechanisms, the measurement of activated carbon activity, and the effect of

frothers on gold adsorption, Miner. Eng. 21 (2008) 453-462.

doi:10.1016/j.mineng.2007.12.007.

18



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

E. Vences-Alvarez, L.H. Velazquez-Jimenez, L.F. Chazaro-Ruiz, P.E. Diaz-Flores, J.R.
Rangel-Mendez, Fluoride removal in water by a hybrid adsorbent lanthanum-—carbon, J.
Colloid Interface Sci. 455 (2015) 194-202. doi:10.1016/j.jcis.2015.05.048.

H. Qiu, L. Lv, B. Pan, Q. Zhang, W. Zhang, Q. Zhang, Critical review in adsorption kinetic
models, J. Zhejiang Univ. Sci. A. 10 (2009) 716-724. doi:10.1631/jzus.A0820524.

T. Depci, A.R. Kul, Y. Onal, Competitive adsorption of lead and zinc from aqueous solution
on activated carbon prepared from Van apple pulp: Study in single- and multi-solute systems,
Chem. Eng. J. 200-202 (2012) 224-236. doi:10.1016/j.cej.2012.06.077.

S.A.N. Sheya, G.R. Palmer, Effect of metal impurities on the adsorption of gold by activated
carbon in cyanide solutions, U.S. Dept. of the Interior, Bureau of Mines, Washington, D.C.,
1989. http://catalog.hathitrust.org/Record/005950818 (accessed July 13, 2015).

K. Kongolo, A. Bahr, J. Friedl, F.E. Wagner, 197 Au Md&ssbauer study of the gold species
adsorbed on carbon from cyanide solutions, Metall. Trans. B. 21 (1990) 239-249.
doi:10.1007/BF02664191.

K. Kongolo, C. Kinabo, A. Bahr, Electrophoretic studies of the adsorption of gold and silver
from aqueous cyanide solutions onto activated carbon, Hydrometallurgy. 44 (1997) 191-202.
doi:10.1016/S0304-386X(96)00046-1.

A.S. Ibrado, D.W. Fuerstenau, Infrared and X-ray photoelectron spectroscopy studies on the
adsorption of gold cyanide on activated carbon, Miner. Eng. 8 (1995) 441-458.
doi:10.1016/0892-6875(95)00009-F.

G.G. Stavropoulos, G.S. Skodras, K.G. Papadimitriou, Effect of solution chemistry on
cyanide adsorption in activated carbon, Appl. Therm. Eng. 74 (2015) 182-185.
doi:10.1016/j.applthermaleng.2013.09.060.

G.G. Stanley, The Extractive Metallurgy of Gold in South Africa, South African Institute of
Mining and Metallurgy, 1987.

D.O. Cooney, Adsorption Design for Wastewater Treatment, CRC Press, 1998.

19



[24]

[25]

[26]

[27]

J.A. Arcibar-Orozco, M. Avalos-Borja, J.R. Rangel-Mendez, Effect of Phosphate on the
Particle Size of Ferric Oxyhydroxides Anchored onto Activated Carbon: As(V) Removal from
Water, Environ. Sci. Technol. 46 (2012) 9577-9583. doi:10.1021/es204696u.

X. Meng, G.P. Korfiatis, S. Bang, K.W. Bang, Combined effects of anions on arsenic removal
by iron hydroxides, Toxicol. Lett. 133 (2002) 103-111. doi:10.1016/S0378-4274(02)00080-2.
X. Guo, Y. Du, F. Chen, H.-S. Park, Y. Xie, Mechanism of removal of arsenic by bead
cellulose loaded with iron oxyhydroxide (B-FeOOH): EXAFS study, J. Colloid Interface Sci.
314 (2007) 427-433. d0i:10.1016/j.jcis.2007.05.071.

C. Su, R.W. Puls, Arsenate and Arsenite Removal by Zerovalent Iron: Kinetics, Redox
Transformation, and Implications for in Situ Groundwater Remediation, Environ. Sci.

Technol. 35 (2001) 1487-1492. doi:10.1021/es001607i.

20



Table

Table 1 Pseudo-first-order, pseudo-second-order and Weber-Morris kinetic parameters

Pseudo first order Pseudo second order Weber-Morris

Material K, q K, q K,
R? R? R?

(min) (mgg?) (min) (mgg™) (min)
F400-A 0.069 87.55 0.91 0.002 126.4 098 159 0.86
F400-B 0.091 27.26 0.79 0.016 124.76 099 97 0.46
CSC-A 0.051 82.78 0.75 0.005 105.41 0.97 109 0.83
CSC-B 0.062 64.00 0.85 0.006 116.15 0.99 254 0.98

Labels A and B indicate the adsorbent particle size: A) 1.7-0.5 mm and B) 0.25-0.09 mm
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Figure Captions

Fig. 1. Point of Zero Charge of the activated carbon F400 and coconut shell carbon

(CSC), before and after adsorbing gold cyanide complexes.
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Fig. 2. pK, distribution for: A) Activated carbon F400 and coconut shell carbon (CSC),

B) F400 loaded with gold cyanide and, C) CSC loaded with gold cyanide at pH 11 and 25

°C.
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Fig. 3. Adsorption isotherms of gold on activated carbon F400 and coconut shell

carbon (CSC) at pH 11 and 25 °C.
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Fig. 4. Effect of cations and arsenic in the gold adsorption on activated carbons F400

(A) and CSC (B).
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Fig. 5. Effect of pH on the adsorption capacity of A) gold cyanide and B) silver
cyanide on activated carbon F400 and coconuts shell carbon (CSC), at Au and Ag initial

concentrations of 30 and 365ug L™, respectively.
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Fig. 6. Gold A) and silver B) adsorption-desorption from F400 and CSC at different

temperatures using a mixture of 3 % NaOH and 1 % CN" as eluent solution.
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Fig. 7. Background curves for gold, silver and other ions in a packed bed column at

initial pH of 11+0.2 and ETBC of 15 min (The initial concentration of these ions is reported

in Table 1S).
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Fig. 8. Adsorption and desorption of gold and silver cyanide and other elements from
activated carbon F400 used in the packed bed column (using 1 % CN.and 3 % NaOH at 100

°C).
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Highlights

Activated carbon can be used to recover Au and Ag from extremely diluted
solutions.

Activated carbon F400 and CSC removed 86 and 81 pg g™, respectively, at pH 11
and Ce of 10 pg L™ in about 4 h.

Desorption test by NaOH and CN" showed a gold recovery of up to 86%.

100% of gold is recovered in the first 14.5 bed volumes in continuous experiment.
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