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Abstract 

A potential method for modifying saponite (intercalation) ensuring its high sorption capacity for gold  was theo-

retically and experimentally substantiated. Saponite isolated from recycled water of processing plant tailings dam 

is modified by mixing a suspension of the mineral and acetone with the surfactant hexadecyltrimethylammonium 

bromide (CTAB) followed by four washings with ethanol and distilled water, and drying. The intercalation mecha-

nism of saponite-containing product involves the introduction of positively charged cations of organic com-

pounds into the interlayer space through cation exchange or adsorption, which leads to expansion of mineral 

layers and an abrupt shift in zeta potential toward the positive side. The appearance of bands in the IR spectral 

ranges of 1460-1490 and 2850-2920 cm–1 related to the deformation and stretching vibrations of the CH2 group, 

respectively, confirms the successful incorporation of CTAB molecules into the mineral structure. Studies of the 

maximum sorption capacity of modified saponite revealed that at initial gold concentration 22.6 mg/ l, complete 

extraction is achieved after 7.5 min. The maximum static exchange capacity of modified saponite was achieved 

after contact with the third portion of fresh gold-bearing solution and amounted to 100.5 mg/g. Gold sorption 

isotherms correspond to the Langmuir model which presumes that a monomolecular sorption layer forms on the 

surface of the modified saponite, and all active sites have equal energy and enthalpy of sorption. The kinetic 

dependences of sorption are best described by a pseudo-second order model, which presumes that the chemical 

exchange reaction limits the sorption process. It was found that saponite intercalation with hexadecyltrime-

thylammonium bromide ensures a more efficient sorption of negatively charged gold complex ions ([AuCl4]–). 

The calculated equilibrium static exchange capacity of modified saponite was 92-119 mg/g, while the experi-

mentally determined value was 102 mg/g. 
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Introduction  

Successful development and modernization of national high-tech industry are possible only 

with a sufficiently complete supply of strategic mineral raw materials (hydrocarbons, rare and rare 

earth, noble metals, etc.). The development of environmentally friendly technologies for the effi-

cient extraction of valuable elements from raw materials of different origin is relevant at all stages 

of processing [1]. For example, gold extraction from productive leaching solutions is achieved by 

the following main methods: zinc cementation at which the gold complex is reduced to elemental 

gold (Au) and subsequently precipitated by the introduction of zinc powder; solvent extraction using 

ionic liquids that are capable of extracting the gold complex from solution in the form of an orga-

nometallic compound; the use of activated carbon or ion exchange resin, ensuring the extraction of 

the gold complex by sorption [2-4]. Activated carbon, used in “carbon in leaching”, “carbon in 

pulp”, and “carbon in column” processes [5, 6] is most widely applied in gold recovery in industry. 

However, the sorption of gold complexes on activated carbon is relatively slow due to the slow 

diffusion of complexes into micropores and their tendency to clog them which leads to reduced 
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sorption capacity (less than 20-30 mg/g) and separation efficiency [7, 8]. This necessitates the 

search for alternative sorbents. 

Smectites are a group of layered silicate minerals belonging to the phyllosilicate (sheet sili-

cate) subclass and possessing a high specific surface area, swelling ability, and cation exchange 

capacity [9, 10]. Due to their widespread occurrence and unique properties, they are used in  

different industrial branches and medicine. 

A characteristic feature of crystal lattice of smectite group minerals (montmorillonite, 

beidellite, nontronite, saponite, hectorite) is the ability to introduce a large volume of ions that 

compensate for (neutralize) the negative structural charge, enabling targeted regulation of their ex-

change properties [11, 12]. Despite the variable material composition and textural and structural 

features of natural clays of different geological origin, the Russian and foreign scientists conduct a 

wide range of studies aimed at modifying the sorption properties of smectites [13-15]. 

Based on analysis of the scientific and technical literature on modification of clay minerals, it 

was ascertained that mechanical, thermal, and chemical (organic and inorganic compounds) treatment 

methods, as well as a combination thereof, are most often used for practical implementation of tar-

geted improvements to their sorption capacity [16-18]. 

Intercalation (introduction, inclusion) of organic cations compensators into the interlayer 

space of smectites can occur through extra- and intermicellar exchange and ion adsorption with for-

mation of organoclays. In this case, organic cations compensators, prone to hydration, transform the 

initially hydrophilic surface of the mineral (e.g., saponite) into a hydrophobic one [19-21]. The pos-

sibility to use a wide range of organic compounds also makes it possible to regulate the strength and 

deformation stability, the optical, sorption, and catalytic properties of clay rocks.  

Of numerous options for producing organoclays (in solution, in  melt, in situ polymerization),  

a simpler solution intercalation is most commonly used in practice, allowing an efficient and rapid 

introduction of polymer molecules into smectite nanolayers [22-24]. Water, alcohol and ketone solu-

tions, chloroform, etc., are used as the liquid phase ensuring an intense intercalation of a larger  

volume of organic cations compensators [25]. 

This paper presents the results of studies of the sorption properties of natural saponite, a product 

of diamond mining wastewater recycling, modified by intercalation of a surface-active organic com-

pound, with respect to gold ions. 

Methods 

Saponite from the Lomonosovskoe diamond deposit (Arkhangelsk Region, Russian Federation), 

model and productive gold-bearing solutions were used as research material. 

As a result of processing diamond-bearing raw 

material finely dispersed saponite accumulates in  

recycled water of the processing plant and is stored 

at the tailings dam. To extract saponite from the 

aqueous suspension, a centrifugation method 

(ULAB, China) was used in the study which allows 

isolating the source material for producing sorbents 

with a particle size less than 80 μm (fine fraction) 

(Fig.1). Saponite content in the solid phase was over 

73 % [26, 27]. Cationic surfactant hexadecyltrime-

thylammonium bromide C19H42BrN (CTAB) which 

is widely used in various fields of science and indus-

try (biochemistry, molecular biology, nanotechno-

logy, medicine and pharmacology, cosmetics and 
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household chemicals) was applied to modify the sorption properties of saponite [28, 29]. Unlike the 

previous studies [26], the composite was synthesized without preliminary drying as follows: 300 ml 

of clarified overflow (with solids content 50 g/l) was mixed with 150 ml of acetone (50 % of saponite 

volume) for one hour. After dispersion, aqueous surfactant solution (4.2 wt.%) was uniformly added 

to the suspension over the course of 24 h. The suspension was stirred in a water bath (temperature  

50 °C) at a constant impeller speed of 300 rpm with an overhead stirrer. After completing the inter-

calation of surfactant into the saponite structure, the solid fraction was separated in a laboratory cen-

trifuge for 5 min (2500 rpm). To remove Br– ions, the sorbent was sequentially washed in four stages: 

in the first stage with 200 ml of 50 % ethyl alcohol solution; at subsequent test stages – with 200 ml 

of distilled water. Drying of the finished sorbent to constant weight was conducted at temperature  

50-60 °C in a laboratory muffle furnace (LOIP, Russian Federation) (Fig.2). 

Model solutions of HAuCl4 with gold concentration 10-90 mg/l and productive leaching solu-

tion of sulphide concentrate from the Vasilkovskoe deposit with gold concentration ~4.5 mg/l were 

used as gold-bearing solutions [30]. According to thermodynamic modelling data (Hydra, Medusa 

software), at pH 2.2 of initial model solution, gold ions occur in the form of the AuCl4– complex 

(Fig.3). 

Gold sorption experiments were performed for 7.5-60 min at modified saponite dosage of  

220-500 mg/l using a US-6500 laboratory shaker (ULAB, China) (Fig.4). After completion of sorp-

tion, the solution was separated in a UC-4000 laboratory centrifuge (ULAB, China) at acceleration 

3500g. Gold concentration in solutions after sorption was determined by a UV-1700 UV spectro-

photometer (Shimadzu, Japan) calibrated using standard solutions at a wavelength of 313 nm  

(R2 = 0.9938) [31, 32]. 

The equilibrium static exchange capacity  

of modified saponite and gold extraction effi-

ciency were calculated from the following for-

mulas [33]: 

 0 ; e e
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q C C
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where С0, Се  are initial and end concentrations of 

gold in solution, respectively, mg/l; V – volume of 

solution, ml; m – weight of sorbent, g. 
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Fig.2. Appearance of CTAB-modified saponite: a – optical microscope; b – electron microscope 

 

Fig.3. Distribution of gold forms by pH  
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Structural and textural features and material composition of the surface of gold-saturated modi-
fied saponite were investigated using a LEO scanning electron microscope (1420VP INCA 350, 
Zeiss). The interplanar spacing of saponite was determined by X-ray diffractometry (XRD 7000,  
Shimadzu). The zeta potential of the source and modified saponites was studied in distilled water  
(pH 6.5) on 0.5 g subsamples after preliminary ultrasonic dispersion using a Nanosizer Zeta Pro  
analyser (919S, Opptronix). Fourier transform IR spectroscopy was performed on an IR-Affinity 
spectrometer (Shimadzu). The results were processed by mathematical statistics methods and 
OriginPro 2018 and Microsoft Excel.  

Discussion of results 
Substitution of Si4+ by Al3+ and Fe3+ in the tetrahedral sheet and partial replacement of Fe3+ and 

Al3+ by Fe2+ and Mg2+ in the octahedral sheet explains the negative zeta potential (–41.9 mV) of the 
source natural saponite. As a result of CTAB intercalation, alkylammonium cations are introduced 
and absorbed on the surface and in the interplanar space neutralizing the negative charge; the zeta 
potential of saponite shifts sharply to the positive side to +32.5 mV, which increases the electrostatic 
attraction and promotes an efficient sorption of anions [34]. According to X-ray phase analysis, after 
modification, the interplanar distance of saponite increases 1.45-fold from 14.96 to 21.74 Å, which 
confirms the successful introduction of CTAB molecules into the mineral structure [35, 36]. 

In IR spectra of modified saponite (Fig.5, a) the appearance of bands in the spectral ranges of 
1460-1490 and 2850-2920 cm–1 (Fig.5, b) attributed to deformation and stretching vibrations of the 
CH2 group, respectively, was recorded [37, 38]. 
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Fig.4. Scheme of experiments on gold sorption 

 

Fig.5. IR spectra of the source saponite (lower spectrum), CTAB (middle spectrum),  

and saponite after modification (upper spectrum) 
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Table 1 presents the results of the study of the maximum sorption capacity of modified sapo-
nite, a single subsample of the sorbent sequentially contacted with three portions of model solution 
(each 200 ml in volume) with gold concentration 22.6 mg/l. It was ascertained that upon contact 
with the first portion of solution, complete gold extraction was attained after 7.5 min. The maximum 
static exchange capacity of the modified saponite was attained after contact with the third portion 
of fresh gold-bearing solution and amounted to 100.5 mg/g. As a result of similar studies, it was 
ascertained that the SEC of the source (unmodified) saponite is only 18.8 mg/g with gold extraction 
less than 58 %. 

 
 Table 1  
 

Results of gold sorption on modified saponite 

(C[Sap_CTAB] = 500 mg/l; C[Au] = 22.6 mg/l; T = 25 °C) 
 

Parameter 
Volume of model solution, ml 

200 +200 (400) +200 (600) 

t, min 0.0 7.5 7.5 15.0 30.0 7.5 15.0 30.0 

C, mg/l 22,6 0.0 4.5 2.5 0.0 18.2 17.3 17.3 

ΣE, % 0.0 100.0 80.1 88.6 100.0 19.3 23.4 23.4 

qe, mg/g 0.0 45.2 36.2 3.9 4.7 8.7 1.8 0.0 

Σqe, mg/g 0.0 45.2 81.4 85.3 89.9 98.7 100.5 100.5 

 

Figure 6 presents the results of the studies of sorption properties of modified saponite depending 

on initial gold concentration and sorption duration. It was ascertained that the maximum SEC of 

CTAB-modified saponite with respect to gold is 91.8-102.4 mg/g. 
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Adaptation of experimental data to different kinetic models revealed that Au sorption on  

saponite corresponds to a pseudo-second order model (R2 = 0.99284) assuming that the chemical 

exchange reaction limits the sorption process [39, 40], and the maximum sorption capacity reaches 

119.1±6.7 mg/g (Fig.6, a, Table 2). 

Analysis of sorption isotherms revealed that the experimental data correspond to the Langmuir 

model with the maximum adsorption capacity of 92.3±0.9 mg/g (Fig.6, b, Table 3) based on the fact 

that a monomolecular sorption layer forms on the surface of saponite, and all active sites have equal 

energy and enthalpy of sorption [41-43]. 

 
 Table 2 
  

Kinetic parameters of Au adsorption on modified saponite 
 

Model of pseudo-first order 

 11
k t

t eq q e


   

Model of pseudo-second order 

2
2

2 1

e
t

e

q k t
q

q k



 

k1, min−1 qe, mg/g R2 k2, g·mg−1∙min−1 qe, mg/g R2 

7.7∙10–2±1.5∙10–2 98.4±6.4 0.97876 7.1∙10–4±1.6∙10–4 119.1±6.7 0.99284 
 

                          Note: k1, k2 – rate constants. 
 
 Table 3 
 

Parameters of Au adsorption isotherms on modified saponite 
 

Langmuir model 

max

1

e
e

e

q bC
q

bC



 

Freundlich model 

1 Fn
e F eq K C  

b, l/mg qmax, mg/g                        R2 nF KF, (mg/g)(l/mg)–n R2 

0.95±0.1 92.3±0.9 0.9994 0.068±0.009 69.7±2.1 0.96265 
 

                    Note: b – adsorption coefficient; KF – Freundlich equation constant; nF – dimensionless coefficient. 

 

Data on effective gold sorption by modified saponite are confirmed by analysis of the morphology 

and chemical composition of the sample surfaces after sorption (Fig.7). Neoformations of different 

sizes and gold content were detected on the saponite surface after sorption: single large aggregates 

(Fig.7, d) with Au content 8.5-10.5 % and individual microinclusions (Fig.7, b) with Au content  

3.5-8.5 %. Elemental analysis of surface areas not occupied by newly formed phases also revealed 

the presence of a small amount of gold (from 0.5 to 3.5 %) (Fig.7, a). 

Thus, using modern physical and physicochemical methods of analysis, this study confirmed 

a possibility of efficient modification of the sorption properties of saponite by intercalating  

the cationic surfactant with hexadecyltrimethylammonium bromide. As a result of the studies of 

kinetics and sorption isotherms, morphology and elemental composition of modified saponite,  

a fundamental possibility of obtaining efficient sorbents of gold-bearing complexes on its basis  

was established, ensuring both a high level of gold extraction and high sorption properties –  

over 100 mg/g. 

Table 4 presents the results of preliminary studies of the sorption properties of CTAB-modified 

saponite using real hypochlorite leaching solutions of sulphide concentrate from the “Altyntau Kok-

shetau” processing plant (formerly the Vasilkovskii Mining and Processing Plant) with gold concen-

tration 4.5 mg/l (six portions of real solution, each 200 ml in volume). As with model solutions, the 

maximum gold ion sorption was recorded in the first 10-30 min, with the maximum static exchange 

capacity reaching 75 mg/g. 
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 Table 4 
 

Results of gold sorption on modified saponite  

(C[Sap_CTAB] = 250 mg/l, C[Au] = 4.5 mg/l, T = 25 °C) 
 

Parameter 

Volume of  real solution, ml 

200 +200 (400) +200 (600) +200 (800) +200 (1000) +200 (1200) 

С0 Се Се Се Се Се Се 

C, mg/l 4.5 0.0 0.0 0.1 0.3 3.425 4.5 

ΣE, % 0.0 100.0 100.0 97.8 93.3 23.9 0.0 

qe, mg/g 0.0 18.0 18.0 17.6 16.8 4.3 0.0 

Σqe, mg/g 0.0 18.0 36.0 53.6 70.4 74.7 74.7 

Conclusion 

Sorption properties of CTAB organomodified saponite for gold extraction from productive 

leaching solutions of gold-bearing concentrate were studied. It was ascertained that CTAB 

intercalation to 15 wt.% leads to expansion of saponite interplanar space from 14.9 to 21.7 Å,  

an increase in the zeta potential to positive values from –41.9 to +32.5 mV, and the appearance of 

peaks characteristic of methylene (CH2) groups in the IR spectra, which ensures a more efficient 

sorption of negatively charged complex gold ions AuCl4
–. It was experimentally determined that gold 

sorption isotherms on modified saponite with correlation coefficient 0.9994 correspond to the 

Langmuir model. Moreover, the kinetic dependences of sorption are best described by the pseudo-

second order model, assuming that the chemical exchange reaction limits the sorption process. The 

calculated equilibrium static exchange capacity of modified saponite with respect to gold ([AuCl4]
–) 

was 92-119 mg/g, while the experimentally determined value was 102 mg/g. Preliminary 
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Fig.7. Photomicrographs (a, b, d) of CTAB-modified saponite surface after sorption  

and an energy-dispersive spectrum (c) of a single gold neoformation (highlighted by a circle) 
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investigations of productive solution of hypochlorite leaching of sulphide concentrate confirmed a 

high static exchange capacity (75 mg/g) of CTAB-modified saponite which exceeds the declared 

capacity of the widely used GoldSorb brand activated carbon – to 20-30 mg/g. 
Further work will be aimed at studying the regeneration processes of saturated sorbents, the in-

fluence of the size (granulation) of saponite and ionic composition of productive solutions on the 
efficiency of gold extraction. 
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