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Abstract: This paper presents the results of theoretical and experimental studies on the process of gold adsorption from cyanide solutions
onto activated carbon (AC). One of the objectives of the study was to identify the functional relationship between the mass loading of AC
in the volume of the adsorption column solution and the kinetics of the process. To achieve this, a modified adsorption kinetics equation
(considering the heterogeneity of the process) was proposed, which incorporates the solid phase of the carbon sorbent in the unit volume of
solution as a third intermediate agent of adsorption interaction between the adsorbate ions and the free active sites of the AC. As a result,
a modified third-order adsorption kinetics equation for gold adsorption on AC was derived, taking into account the solid phase loading
of AC in the solution volume, along with its analytical solutions under conditions of constant gold content in the initial solution and the
process conducted in a closed volume with varying gold concentrations in the solution according to the material balance equation.
The relationship between the solutions of the kinetic equation and the adsorption isotherm equation was established. From the solutions of
the kinetic equation, a modified Langmuir isotherm equation was derived, which allows determining the equilibrium concentrations of gold
on the AC and in the solution a priori under the condition that the process is conducted in a closed volume, with known initial gold contents
in the solution and on the AC, as well as with a known AC loading in the adsorber volume. The theoretical dependencies of the adsorption
and desorption rate constants on temperature, convective, and diffusion parameters are discussed. The presented mathematical model of
adsorption kinetics is valid under the conditions of gold adsorption on AC from gold cyanide solutions with an adsorption time of up to 2 days
and a sorbent capacity utilization degree of 40—60%.
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3arpy3koii Maccbl AY B 00bemMe pacTBOpPa aJcopOLIMOHHOI KOJOHHBI U KUHETUKOM Iipoliecca. Lisi ee pelueHusl IpeIyiokeHo Mogudu -
pOBaHHOE ypaBHEHME KWUHETUKHU aICOPOLIMU (C yUeTOM reTepOreHHOCTH MPOoIiecca) B BUie BKIIOYSHHU I TBEPIOi (ha3bl yroJbHOI0 COpOeH-
Ta B eAMHUIIC 00BEeMa pacTBOPA B KAYECTBE TPETHETO MPOMEXYTOUHOTO aTeHTa aICOPOIIMOHHOTO B3aUMOJICHCTBU ST MEX Iy MOHAMHU aJICOP-
6aTa 1 CBOOOIHBIMYU aKTUBHBIMU LIeHTpamu AY. B pe3yibrare monaydeHbsl MOANGMUIIMPOBAHHOE ypaBHEHNE KUHETUKHY aICOPOLIMU 30J10Ta
Ha AY 3-ro nopsijika ¢ y4eToM TBepaoii (a3bl 3arpy3ku AY B 00beMe pacTBOpa 1 ero aHaJUTUYEeCKHEe PELICHUsI TTPU YCIOBUSSX MOCTOSI H-
CTBa COJePKaHU sl 30J10Ta B UCXOAHOM PacTBOPE U MPOBEIEHHU S MpoLiecca B 3aMKHYTOM 00beMe C U3MEH IIoIIelicsl KOHLEHTpaliueil 3070Ta
B pacTBOpPE COIJIACHO YPaBHEHU IO MaTepualbHOro 0ajaHca. YCTaHOBJIEHA B3aUMOCBSI3b MEX1y PEIIEHUSIMU KMHETUUECKOTO ypaBHEHUsI
U ypaBHEHHMEM U30TePMBbI aicopoimu. V3 pelmeHnit KWHETUYECKOTO ypaBHEHMs TIOJyYeHO MOIUMUIIMPOBAHHOE YpaBHEHUE N30TEPMbI
JlenrMiopa, TO3BOJISIONIEe HAXOAUTH PABHOBECHBIE KOHIICHTPALIMU 30J10Ta Ha AY U B pacTBOpE HOOMBITHO TIPU YCIOBUU TTPOBENCHUS
mpoliecca B 3aMKHYTOM 00beMe U U3BECTHBIX HaUaJIbHBIX 3HAYSHUSIX COIEPXKAHUI 30J10Ta B pacTBOpe U Ha AY, a TaKXe MpU U3BECTHOU
3arpyske AY B oobeme ancopbdepa. O6cyXAeHbl TEOPETUYECKHE 3aBUCUMOCTH KOHCTAHT CKOPOCTEN acopOIIMM U AECOPOIIUU OT TeMIe-
paTypbl, KOHBEKTUBHBIX U AU (D dy3noHHBIX TapamMeTpoB. [IpeactaBieHHas MmaTeMaTruyeckast MOLE b KUHETUKM aCOPOLIMU CIIpaBeaIBa
IUJIS1 yCJIOBUIA MPOBEAEH U poliecca afAcopOL K 3010Ta Ha AY 13 30JI0TOLMaHUCTBIX PACTBOPOB IPU BPEMEHU a1cOpOLUHU 10 2 CYTOK U
CTEIEH U 3aTO0JIHEH U TIOJIHOM Mpene/ibHOI eMKocTr copbeHTa 40—60 %.

Kiouesbie ciioBa: 30JI0TO, KWHETHUKA, aﬂcop6um{, yFOJ'IbHI;IfI aZ[COp6CHT, nsorepma az[cop6u1/11/1, LIUAHUCTBIA pacTBOp, KOHCTAaHTa CKOpPO-
CTU pCaKIIMM1, MATEMATUYECCKOEC MOACTIMPOBAHUC.
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Introduction

A fundamental problem in the field of carbon-sorp-
tion technology for the extraction of gold from gold-
cyanide solutions is the lack of a universally accept-
ed, theoretically grounded kinetics equation that can
adequately describe both the dynamics and statics of the
sorption process, taking into account variable operating
factors — such as the concentrations of metal and the
mass of activated carbon (AC) in the solution volume.
Of the currently existing equations, the most widely
used in practice are two semi-empirical Fleming kine-
tics equations [1—3]. The first of these cannot, in prin-
ciple, adequately represent the sorption process because
it does not assume the existence of an isotherm, while
the second is only valid for a sorption process with a li-
near isotherm, which in our case is unacceptable as it
contradicts experimental data.

Therefore, it is necessary to select a theoretically
grounded adsorption kinetics equation from the exist-
ing developments in this field and, if needed, refine it to
qualitatively align with the currently established patterns
of the adsorption process. One of the main conditions
should be the possibility of analytically deriving an iso-
therm equation from the selected kinetics equation. For
further refinement of the mathematical model to quan-
titatively correspond to the kinetic characteristics of the
adsorption process, a series of standard experimental
studies must be conducted to obtain kinetic curves under
various initial conditions for the determining operating
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factors — such as the initial concentration of gold in the
solution and the carbon loading in the adsorber volume.
The experimental Kinetic curves and the isotherm curve
can be used to identify the predictive mathematical
model, with the final result being the numerical values
of the identification constants that correspond to the
characteristic properties of the carbon sorbent.

Thus, the objective of this work was to attempt to
solve a fundamental problem in the theory and prac-
tice of gold adsorption from gold-cyanide solutions
onto activated carbon — the theoretical justification of
the physical meaning of the proposed kinetics equation
and the adsorption process isotherm equation to create
a predictive mathematical model capable of adequately
describing the dynamics of the adsorption process at a
quantitative level, within the framework of developing
industrial process schemes and optimizing their opera-
tion. This study precedes a subsequent series of articles
dedicated to the problem of modeling noble metal sorp-
tion processes onto AC, addressing issues of intradiffu-
sion kinetics, countercurrent sorption processes from
solutions and pulps (CIL and CIP processes).

1. Research methodology

To construct the isotherm for gold adsorption onto
activated carbon (NORIT-3515), a static method with
constant AC mass of 1.5 g and varying gold concentra-
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tions from 3.2 to 39.8 mg/dm3 in cyanide solutions with
NaCN concentration = 176.0 mg/dm3, pH = 10.8, was
used. The solution temperature was maintained between
20—22 °C throughout the experiments.

The adsorber was a circular vessel made of organic
glass with a flat bottom and an agitation device equipped
with a stirrer speed regulator. The height-to-diameter
ratio of the adsorber was 2.5 : 1.0, with a solution volume
of 3 dm? for each experiment. The total time required to
achieve one equilibrium isotherm value was 216 hours.
Samples were taken at regular intervals from the start of
the experiment to construct kinetic curves.

The gold concentration in the solutions was deter-
mined using an atomic absorption spectrophotometer
ICE 3300 (Thermo Fisher Scientific, USA) at the cer-
tified analytical center of “Irgiredmet” OJSC (Certif-
icate No. 222.0132/RA.RU.311866/2021 for measu-
rement methodology accreditation). The standard de-
viation of reproducibility for gold concentrations in
solutions ranging from 0.01—0.10 mg/dm3 was be-
tween 0.003 to 0.007 with an error margin of £0.006 to
10.014 mg/dm3 at a confidence level of P = 0.95. The
error margins at P = 0.95 for the concentration ran-
ges 0.2—1.0 mg/dm3 were £0.04 to £0.08 mg/de, for
3.0—10.0 mg/dm? were +0.2 to +0.5 mg/dm?, and for
20.0—50.0 mg/dm® were +1.0 to £2.5 mg/dm>. The
experimental results were statistically processed, cal-
culating the mean, standard deviation, and confidence
intervals for reproducibility for each isotherm point
and kinetic curve.

1.1. Theoretical foundations
of gold adsorption kinetics
from cyanide solutions onto activated carbon

1.1.1. Theoretical justification
for choosing a third-order kinetics equation

Experimental modeling of the adsorption kinet-
ics process can be conducted in two ways. In the first
case, adsorption occurs under conditions of constant
gold content in the solution, while in the second, it
occurs in a closed volume with continuously chang-
ing gold concentration in the solution according to
the material balance. Although the adsorption mech-
anism and the kinetics equation describing the pro-
cess remain unchanged, the solutions to the kinetics
equations differ in each case and have different practi-
cal applications. [4; 5] The solution obtained from the
kinetics equation for adsorption in a closed volume,
taking into account additional conditions related to
the ionic composition of the solution and its continu-

ous flow through the adsorbers, can be directly used
in the calculations of a continuous countercurrent
gold adsorption process onto activated carbon [6—10],
carried out in a series of sequentially arranged adsorp-
tion apparatus.

The widely accepted gold adsorption kinetics equa-
tion from cyanide solutions onto AC, considering the re-
versibility of the adsorption process and the existence of
a sorbent’s maximum capacity, is as follows:

dc,
— = Ki(C -GG, - KxC,y, 1)

where Cy is the gold content in the loaded carbon, mg/g;
G, is the gold concentration in the solution, mg/dm3;
C, is the maximum adsorption capacity of the sorbent,
mg/g; K; is the adsorption rate constant, dm3/(mg-h);
K, is the desorption rate constant, h! ; tistime, h.

This s the classical form of the equation for a revers-
ible second-order homogeneous chemical reaction, and
since it describes a heterogeneous adsorption process,
it is assumed a priori that the mass of the solid-phase
adsorbent in the adsorption process is constant and is
automatically considered in the adsorption rate con-
stant. For the practical application of the kinetics equa-
tion (1), whose behavior largely depends on the adsor-
bent loading, it is necessary to establish a functional
relationship between the adsorption rate and the mass
of AC in the solution. This issue can be addressed by
considering that the heterogeneous physicochemical
process of AuCN, adsorption onto AC has a third-
order interaction, unlike the second-order homogene-
ous chemical reaction (1).

The difference between these two processes is that
in a chemical reaction, two substances, evenly dis-
solved in a liquid, interact with equal probability at
any point in the solution, whereas in the adsorption
process, the ions dissolved in the liquid phase have
different probabilities of reaching the adsorbent sur-
face depending on their location to interact with the
free active sites contained in the finely dispersed solid
phase of the adsorbent distributed in the liquid phase
of the solution.

Thus, the act of paired interaction between an
adsorbate ion and the active sites of the adsorbent is
divided into two sequential processes: the first is the
transport of the adsorbate ion in the solution phase to
the surface of the adsorbent’s solid phase, and the sec-
ond is the interaction of some ions that have reached
the surface with the free active sites of the adsorbent,
while another portion desorbs back into the solution
phase.
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The kinetics of the adsorption process is criti-
cally influenced by internal operational parameters
such as the loading of a certain mass of AC per unit
volume of solution and the gold concentration in the
solution. Since adsorption is a mass-statistical pro-
cess, it must obey the law of mass action. This means
that the intensity of any paired interactions is always
directly proportional to the product of the concen-
trations of the interacting agents. If the interaction
of agents occurs indirectly through an intermedi-
ate stage that screens out some portion of one of the
agents, the intensity of the final paired interaction of
these agents will equal the product of the remaining
concentration of the agent that passed through the
intermediate stage and the concentration of the se-
cond agent.

According to the law of mass action, the product
C,'m/V characterizes the intensity of the first interac-
tion of dissolved AuCN, with the surface of the solid
phase of the adsorbent granules, where m/V (g/dm3)
represents the content, or loading, of the adsorbent mass
(m, g) per unit volume of solution (V, dm3). This parame-
ter includes all the physicochemical characteristics of
the adsorbent, including granule size, effective surface
area, porosity, and its nature, which should be reflected
in the rate constant K.

The intensity of the second paired interaction bet-
ween the AuCN, ions that have reached the solid phase
surface and the free active sites of the adsorbent will be
proportional, according to the law of mass action, to
the product C;,;'m/V and the content of free active sites
in the mass of the adsorbent’s solid phase C, — Cy, i.e.
Cyrm/V-(Cy— C).

Based on the above concepts of the AuCN, adsorp-
tion process onto AC, we record the third-order adsorp-
tion kinetics differential equation considering the heter-
ogeneity and reversibility of the process:

dcC m
Yy
—r= K, (C, —cy)(cp 7)—chy, 2

where K; is the adsorption rate

(dm®)*/(g-mg-h).

This equation is valid only for the first two stages
of adsorption: convective mass transfer and film-near-
surface diffusion, i.e., approximately up to 40—60 % of
the full capacity of the carbon [1—3]. This work is lim-
ited to considering only these two fastest stages of the
adsorption process. It is assumed that in the initial pe-
riod, up to about 2 days, the contribution of the third,
slower and significantly longer intradiffusion stage is
negligible.

constant,

48

1.1.2. Analytical solutions of the Kkinetics equation
and derivation of the isotherm equation

The first analytical solution of the kinetics equation
(2) is obtained under the condition that the gold concen-
tration in the solution is constant and equal to C. In
practice, such conditions can be realized with a low AC
loading in a large volume of solution (in the unlimited
case).

The particular solution of equation (2), assuming
C, = const and for the initial conditions C, = C,,

P
Cy = Cy, at 1 =0, will have the form:

K,CyCpom/V

_ (l_e—(K,CpOm/V+K2)t) N
VK Cyml/V+K,

+Cy0 o~ KiCoo m/V+K,)t ’ 3)

where Cy is the initial gold content in the carbon, mg/g;
Cpo is the initial constant gold concentration in the cya-
nide solution, mg/dm3.

The solution (3) shows that at ¢t — oo
e~ KiCpom/V+ Kt _ 0, and therefore, the value will tend
towards its isothermal value determined by the expres-

sion:

CoCpom/V
Cy= 0~p0 (4)

Coom/V+Ky /K’

which represents a modified form of the Langmuir iso-
therm considering the loading m/V of the adsorbent in
the adsorber volume. Given that C,, = const, the time
required to reach the equilibrium value Cy, can be quite
long, sometimes taking months.

To solve the kinetics equation (2) under adsorption
conditions in a closed volume, it must be supplemented
by the material balance equation:

(Cy - CyO)m = (CpO - Cp)V’ )

where m is the mass of the carbon, g; V'is the solution
volume, dm?; Cpo is the initial gold concentration in the
cyanide solution, mg/dm3.

From equation (5), the expression for the current va-
lue Cp can be found as:

m
CP = CpO - 7(Cy - Cyo), (6)

substituting this into (2), we obtain a nonlinear first-or-
der differential equation with the right-hand side in the
form of a quadratic trinomial relative to C,, with constant
coefficients:
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dc 2
_y =K1 (ﬁj Cy2 _
dt Vv

2 2
m m m
_[K]CO(V) +K]Cp07+K1 (7} CyO +K2:lcy+

2
Y ele %Jr K, (%] CoCyo- ©)

It is known that a quadratic trinomial can always be
represented as the product of two linear binomials if its
roots are known, which can be found by equating the
right side of equation (7) to zero:

2
v K, (V
Cy =O,5{CO+;CPO+CYO+E(ZJ }+
> 2
14 K,(V
+.[0,25[Co+—C o+ Cyp +—2| —
|: 0 m pO yo Kl [mJ il

m
_ [_‘ co(cpo +Co ﬂ (8)
14 K, (VY
— 2
( 2 _0,5|:( 0+_( p0+( y0+_l[_} :|_

22
v K, (V v m
—.10,25|Cy +—C.y + Cop +—2| — —|=Cy|C o +Cyy—||.
‘/ {o m P 0 Kl(m)} {m 0( poO yoVﬂ (9)

Knowing the roots Cy; and Cy,, equation (7) can be
rewritten as:

dC, m)?

dt = Kl 7 (Cy _Cyl)(Cy _CyZ)'
This expression represents the mass-action equation

with a known solution [11]. In our case, it looks as fol-

lows:

(10)

K, (m/V)*(Cyy=Cyy)t
c _clcyze 1 (m/V)( y1=Cy2) _CzK](m/V)zcy] (1])
y — 2 _ 5
cleKl(m/V) (Cyl Cyz)t _ CzKl (m/V)2

where ¢ and ¢, are arbitrary constants.

Thus, (11) is effectively the solution of two equations:
the differential kinetics equation and the material ba-
lance equation, so the particular solution for the in-
itial conditions # = 0, C, = Cy, and C;, = C;,( has the

y
form
» CyO - Cy] . eKl(m/V)z(Cyl_ Cyz)t _ Cyl
CyO - CyZ
Cy = . (12)
Cy—-Cy .eKl(m/V)z(Cyl— Gt 4
CyO - Cy2

Analysis of solution (12) shows that at 1 — < the
value Cy = Cy,. Since Cy in each specific case, at dif-
ferent values of Cy, Cyy and 7 — oo will tend toward
the isothermal value, equal to Cy,, meaning that Cy,
should represent the isothermal point for the kinetics
curve, and the collection of these points for different
values of C, will form the isothermal curve. There-
fore, the dependence of Cy, on the final equilibrium
concentration of gold in the solution C,, which can be
obtained from the material balance equation, is the
isotherm equation.

Returning to expression (9), it is evident that Cy, de-
pends on many parameters, including the initial gold
concentration in the solution C, its content in the re-
generated carbon Cy, as well as the mass loading of
carbon m/V in the adsorber volume. Since the isotherm
equation must link Cy, with the final equilibrium gold
concentration in the solution C,, from the material ba-
lance equation (5) for a given value of Cy, we find the
value of C,.

Expressing C,,j and Cy through the equilibrium va-
lues Cy, and €, and substituting them into expression (9),
after a series of elementary transformations, we obtain
an equation linking Cy, with C, and m/V:

co- CoC,m/V (13)

2Ky K+ CymfV
where Cy, is the equilibrium gold content, mg/g;
Cy is the maximum adsorption capacity of the sorb-
ent, mg/g; C, is the equilibrium gold concentration in
the solution, mg/dm3; m is the mass of carbon, g; V'is
the volume of solution, dm?; K is the adsorption rate
constant, (dm3)2/(g-mg-h); K, is the desorption rate
constant, h™!.

Thus, the root Cy, is the equilibrium isothermal
gold content on the carbon for a given equilibri-
um gold concentration in the solution C,, and these
quantities are linked by equation (13), which is a
modified Langmuir isotherm equation adjusted for
carbon loading. That is, the Langmuir isotherm, as
expected, is valid for adsorption in a closed volume.
Considering expression (9), which directly links Cy,
with the initial parameters Cpo, m, V, and Cyo, note
that there is a possibility of predictive determination
of Cy, under given initial conditions, which, in turn,
allows finding the equilibrium gold concentration in
the solution:

Coka v

K, m
Cy=——.

13.1)
PTC,-C

y2
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2. Results and discussion

2.1. Identification of the adsorption
mathematical model based on experimental data:
calculated and experimental kinetics

and isotherm curves

The identification of the model coefficients was
conducted using the isotherm equation (9) obtained
from experimental isothermal values. The first ap-
proximation of the coefficients K,; and C, was deter-
mined using the least squares method based on the
linearized isotherm equation. The refinement or ad-
justment of the coefficients was performed iteratively
based on the criterion of the sum of squares of devi-
ations between the calculated and experimental iso-
therm values.

The identification of the isotherm (9), considering
that K,; = K, /K| is a constant value, allowed for the
determination of the numerical values of the constants
Ky = 1753 g-mg/(dm’)? u Cy = 56.996 mg/g, which
are valid over a wide range of varying internal oper-
ational parameters for adsorption kinetics: the initial
gold concentration in the solution C,, and the mass of

0 C,, mg/g

—=—=—=Calculated
Experimental 5

35+

Fig. 1. Kinetic curves of AuCN, adsorption

onto activated carbon at different initial gold concentrations
in the solution and AC loading m/V = 0.5 g/dm?>

(m=15g, V=3dm?
1-Cy=32,2-59,3-12.7,4-21.6,5—39.8 mg/ dm’

Puc. 1. Kunetnuyeckue kpusble ancopounu AuCN,

Ha aKTUBMPOBAaHHOM YTJIe TIPU pa3IMIHON HAaYaTbHOW
KOHIIEHTpAIlNU 30JI0Ta B pacTBOPE U 3arpy3ke AY
m/V=05r/nM> (m= 1,51, V=73 1m°)
1-Cy=32,2-59,3-12,7,4-21,6,5-39,8 Mr/le3
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AC (m) loaded in the adsorber volume V: 3.2 < () <
<39.8 mg/dm> n 0.5 < m/V < 50 r/dm?.

These parameter ranges cover the full spectrum
of practically encountered scenarios for gold concen-
trations in solutions and AC loadings in adsorbers.
The values of K,; and Cj, for this specific type of AC
are physical constants that do not need to be deter-
mined each time the technological parameters are
changed. In contrast, the identification parameter
K, depends on the internal operational conditions,

C,, mg/g
0351
a
o p——4
0.30
0.254
0.20
0.154
0.104
———= Calculated
Experimental
0.05 T T T
0 0.5 1.0 1.5 t,h
C,, mg/g
3.0
b
L i
T 1
———= Calculated
Experimental
T T T
10 15 20 t,h

Fig. 2. Kinetic curves of AuCNj; adsorption onto activated
carbon at the initial gold concentration in solution

Cyo = 11.9 mg/dm’ and AC loading m/V = 50 g/dm” (a)
and m/V=>5g/dm?> (b)

a—m=75g, V=15dm> b—m=75g V=15dm’

Puc. 2. Kunernueckue kpusble aacopouuu AuCN,; Ha AY
MPY HaYyaJIbHOM KOHIICHTPALIMY 30JI0Ta B paCTBOpE
Coo=119 Mr/aM> u 3arpyske AY m/V =50 F/)1M3 (a)
u 5 r/nm° (b)

a—m=755V=15ab—m=755, V=151
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and for solution (12) to be applicable in practical
calculations, it is necessary to find the functional
dependence of K; on C;,y and m/V. Only in this case
does expression (12) become a mathematical model
with predictive properties that can be practically ap-
plied for calculating and optimizing the technological
process of gold sorption from gold-cyanide solutions
onto AC (Fig. 1 and 2).

During the identification of (12) based on the set
of experimental kinetic curves obtained under var-
ious Cp,p and m/V; a functional dependence of K; on
these parameters was found. Further computation-
al studies showed that the constant K; depends not
only on internal operational parameters but also on
time: this dependence is inversely proportional to
\2 Considering this pattern, the final form of the
functional dependence of K on Cp,, m/V and ¢ is as
follows:

(14)

K. = Ko
1~ >
3[Cpo m/v At

where Kj; = 0.0098 is the adsorption rate identification
constant, independent of internal operational parame-
ters and time.

The identification parameter K; in equation (14) isa
functional dependence on operational factors and time.
The coefficient K is a part of K as an identification
constant, obtained from the collective values of Kj,
during the identification of kinetic curves at different
values of C;, and m/V. The time dependence is related
not to time itself but to changes in the sorption condi-
tions during the filling of the sorbent grains with the
adsorbed metal.

2.2. Analysis of the modified isotherm equation
under conditions of limiting transitions

to Henry, Freundlich, and maximum adsorption
isotherms

Analysis of equation (13) shows that at low values of
C, and small carbon loadings m/V, we obtain a linear
isotherm because in this case K, >> K;C,m/V, and the
terms K C,m/V in the denominator can be neglected,
resulting in:

K m

Cc, =—LC,C,—. (15)
y KZ 0™~p Vv

Considering that the adsorption and desorption
rate constants (K; and K,) depend not only on inter-

nal but also on external operational parameters, such

as temperature and stirring speed, their temperature
dependence, according to the Arrhenius equation, can
be represented as:

—E

Kl :K{Oe RT N (16)
—E

K, =Kjy,e T, (17)

where Kj, and K%, are the pre-exponential factors
for the adsorption and desorption rate constants, de-
pending on internal operational parameters and stir-
ring speed; E| and E, are the activation energies for
adsorption and desorption, kcal/mol; 7 is tempera-
ture, K; R = 9872 cal/(K-mol) is the universal molar
gas constant.

Therefore,

Klo 7(E] 7E2)

'=—=>e¢ &7

C.
KZO

(18)

Taking this expression into account, equation (15)
becomes a modified form of the Henry linear isotherm,
considering the carbon loading (m/V), per unit solution
volume, and in its final form, it will appear as follows:

m
C,=IC,—.
y pV

(19)

At large values of C;, and m/V, when K,C,m/V >>
>> Kj, the term K can be neglected. In this case, C,
will approach the maximum equilibrium capacity of
the adsorbent, i.e., Cy, — C). For moderate values of
the product C,-m/V within a relatively narrow range
of varying gold concentrations in the solution and
moderate carbon loading, the Langmuir isotherm
can be approximated by the modified Freundlich iso-
therm [12]:

(20)

where o is the identification constant.

Thus, if at least one kinetic curve and an experimen-
tal adsorption isotherm are available, obtained over a
sufficiently wide range of varying gold concentrations
in the solution and AC loadings, then by identifying the
isotherm (13) based on this data and solving the kinetics
equation (3) or (12) using the constants Kj, K5, and C; as
identification coefficients, it is always possible to achieve
the required accuracy in describing these curves by se-
lecting appropriate values for Kj, K5, Cj.
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3 3
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Fig. 3. Experimental and calculated adsorption isotherm
according to formula (9)

Puc. 3. DkcniepuMeHTabHas U pacyeTHas o ¢popmyiie (9)
U30TEePMBbI aICOPOIIUU

When graphically representing the obtained mo-
dified isotherms (Fig. 3), the generalized parame-
ter Cpo-m/V or C,m/V should be plotted along the
x-axis. The found constants K|, K,, and C;, can be used
to calculate the equilibrium values of Cy, and C,, as
well as the concentrations C, and C,, for various time
points within the same range of initial conditions
where the experimental curves used for identification
were obtained.

The same result can be achieved by identifying the
solution (12) based on the points of the experimental
kinetics curves of the adsorption process using these
parameters. The solution (12), obtained within the
framework of the proposed adsorption process Kinetics
equation operating in a closed volume, and its analysis,
including the derivation of the modified Langmuir iso-
therm equation, demonstrate the adequacy of the theo-
retical justification for selecting the kinetics equation to
the real process of gold adsorption from cyanide solu-
tions onto AC.

2.3. Theoretical justification

of the functional dependencies of adsorption
and desorption rate constants on external
operational factors and diffusion coefficient

In practice, adsorption proceeds through a multi-
stage mechanism with successive periods where different
stages limit the process [13—17]. Initially, the process is
limited by convective mass transfer in the solution, and
the process speed is entirely determined by the stirring
rate of the solution. As the surface layer of the adsor-
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bent becomes saturated with the target component, the
process gradually transitions to the next stage, which is
subsequently limited by the film-surface diffusion rate.
According to the authors of works [1—3; 18], when the
adsorbent reaches 40—60 % saturation, the process
shifts to the intradiffusion stage, which is not reflected
in equation (2), meaning this equation and its solution
are valid only for the adsorption process during the first
two stages, which corresponds well with experimental
data.

Identifying solution (12), which represents a the-
oretical kinetic curve derived from the points of ex-
perimental kinetic curves using three identification
coefficients Kj, K,, and C, provides calculated kine-
tic curves that nearly coincide with experimental ones
within the accuracy limits of the experiments (see
Fig. 1 and 2). The graphs of the kinetics indicate the
confidence interval for the points of experimental va-
lues, calculated with a reliability of P = 0.95; the ac-
curacy ranges for different gold concentrations in the
solution are provided above in the “Research Metho-
dology” section.

The identification coefficients have clear physical
meaning and can be further experimentally studied to
reveal their functional dependence not only on the inter-
nal operational parameters established by us but also on
various external conditions and internal characteristics
of the adsorbent, as they represent integral characteris-
tics. The influence of stirring speed and temperature on
the values of Kj, K, can be determined based on general
theoretical concepts.

The adsorption and desorption rate constants (K,
K,) depend on external operational parameters —
stirring speed ¥ and temperature 7' — as well as on
the internal characteristic of the adsorbent—diffu-
sion coefficient (D). The general functional structure
of these constants, depending on external conditions
considering the temperature dependence based on
the Arrhenius equation [19] and the internal charac-
teristic—diffusion coefficient, can be represented as
follows:

_El

K =Ko f(B, D)e T, (1)
—E,

Kz = Kzof(ﬁs D)e RT ) (22)

where K, and K, are identification parameters that do
not depend on external operational parameters and the
diffusion coefficient but depend on the internal opera-
tional parameters Cp,y and m/V; f(B, D) is the generalized
mass transfer coefficient in the adsorption process —
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a function depending on § and D; [ is the convective
mass transfer coefficient, directly proportional to the
stirring speed ¥ as B = a; D is the generalized coeffi-
cient of film-surface diffusion of gold in AC.

The unit act of mass transfer of the gold cyanide
complex from the solution to AC consists of two se-
quentially occurring processes. The first is mass transfer
within the solution volume from areas of current con-
centration ¥ to areas of depleted concentration, i.e., di-
rectly to the adsorption surface of the carbon granules.
The rate of this process entirely depends on the solution
stirring rate C;, and represents convective mass transfer.
The second process is film and diffusion mass transfer
in the near-surface thin layer of the carbon granules,
i.e., in the macro- and micropores of the adsorbent.
The overall result of the sequential micro-processes oc-
curring within the solution volume and on the surface of
the carbon adsorbent granules during mass transfer can
be approximately represented as a mass exchange pro-
cess depending on a certain generalized mass transfer
coefficient (K), inverse to the total mass transfer resist-
ance (r). This coefficient depends both on the stirring
conditions of the solution and the physicochemical char-
acteristics of the carbon adsorbent.

It is known that mass transfer resistance in sequential
processes follows the law of additive resistances for mass
exchange processes [20]. Considering this, we can write
the expression for the total mass transfer resistance (r) in
the adsorption process. We assume that the convective
r and diffusion r, resistances are expressed by formulas
inversely dependent on the convective () and diffusion
(D) mass transfer coefficients:

1

L 23

7 5 (23)

= 4)
D

The total resistance for sequential mass transfer pro-
cesses, according to the law of additive resistances, will
be equal to:

1 1
+r, = —+—

=gty (25)

Therefore, the expression for the generalized mass
transfer coefficient will have the form:

_1_BD 26)
r B+D
Since B = a9, we can finally write:
__e9D Q7)
ad+D

The sought function f(B, D) is the generalized mass
transfer coefficient, i.e., K = f(B, D). Considering the
obtained relationships, the rate constants K; and K, are
described by the following equations:

-E
K =Ky a‘;‘iDD kT (28)
5
K, = Koy ‘;‘iDD o R 29)
o

The presented expressions (28), (29) reflect one
of the fundamental patterns of adsorption processes,
namely the proportional, or linear, dependence of the
adsorption process rate on the stirring speed. As it in-
creases (at low values), the adsorption rate increases
proportionally, with the kinetic curve rising linearly. At
a moderate stirring speed, its increase leads to a non-
linear change in the adsorption process rate, expressed
by a bending of the kinetic curve and its gradual flat-
tening. At higher stirring speeds, the adsorption pro-
cess rate stops increasing, characterized by the curve
reaching a plateau.

This is partly related to the concept of limiting stages
of the adsorption process — either the convective mass
transfer stage, if the adsorption rate depends on the stir-
ring speed, or the surface (film) mass transfer stage, or
purely intradiffusion stage [20—22].

Another important factor that confirms the validity
of the obtained expressions for the constants K; and K,
is that the kinetic parameters B and D are incorporated
into the constants Kj and K, in such a way that in the
isotherm equation (9), they mutually cancel out and do
not affect the behavior of the isotherm curve, which is
fully consistent with the theoretical concepts of isother-
mal equilibrium states.

Conclusion

Based on the theoretical concepts of the adsorp-
tion mechanism of AuCN, from cyanide solutions
onto activated carbon, a third-order adsorption Ki-
netics equation was proposed, taking into account
the loading of activated carbon per unit volume of
solution. This allowed for the derivation of adequate
analytical solutions not only for the kinetics but also
for the adsorption isotherm. The resulting isotherm
equation is derived from the solution of the kinetics
equation, enabling the calculation of equilibrium iso-
thermal values Cy and C, for various initial parame-
ters Cyg, Cpg, m, and V. The developed mathematical
model allows for the determination of standardized
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physical constants C and K,; based on experimental
adsorption isotherm data for different types of carbon
under standard conditions.

The theoretical justification for the functional de-
pendencies of the physical constants of adsorption and
desorption rates on external operational parameters
(such as temperature and stirring speed) and the internal
physicochemical characteristics of the adsorbent (such
as the diffusion coefficient) has been presented. The ob-
tained results can be used for practical calculations in
optimizing the technological process of gold adsorp-
tion from cyanide solutions, provided the contact time
between the carbon adsorbent and the cyanide solution
does not exceed 2 days.
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