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Abstract: This study continues the research presented in our previous article [1], which examined the process of gold adsorption from
gold cyanide solutions onto activated carbon (AC) over a relatively short time interval — up to 40 h — during which adsorption occurred
predominantly within the near-surface layer of the sorbent. The aim of the present work was to improve the previously developed
mathematical model of gold adsorption onto activated carbon from gold cyanide solutions [1] by incorporating the intraparticle mass
transfer stage into the model. This goal was achieved by adding an additional term to the adsorption kinetics equation that accounts for
gold sorption driven by intraparticle mass transfer. This modification preserved the entire theoretical framework of adsorption described
by the earlier kinetics equation, incorporating it as a special case within a more general sorption model based on the improved kinetics
equation. An analytical solution to the modified equation was derived, from which a new-type adsorption isotherm was obtained in
analytical form. The paper presents the derivation and analysis of this new-type isotherm equation and its identification based on
experimental data.
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AnnoTtamusa: Hacrosiiasi paborta siBisieTcst IpOJA0JIKEHUEM TIpeablaylieil ctatb [1], B KOTOpOl paccMaTpuBajcs Ipolecc aacopoumumn
30JI0Ta U3 30JI0TOLMAHUCTHIX PACTBOPOB Ha aKTMBUPOBAHHBIN yrojib (AY) B TeueHHE OTHOCUTEIHLHO KOPOTKOTO OTpE3Ka BPEMEHU —
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110 40 u. I1pu aTOM mpouecc agcopOLMU NPOTEKaa B TOHKOM MPUIIOBEPXHOCTHOM cjioe copOeHTa. Llesblo JaHHOro ucciefoBaHus sIBJIsI-
JIOCh YCOBEPIIIEHCTBOBaHUE pa3paboTaHHOW HAMM paHee MaTeMaTU4YeCKOW MOJIENM aacopOLy 3010Ta Ha aKTUBUPOBAHHBIN YroJib U3
30JIOTOIIMAHUCTHIX PACTBOPOB [1| B HampaBieHUN yueTa B Heil BHYTpunudy3noHHO# cTaauu MaccomnepeHoca 3oyota. [locraBieHHas
3amaya OblJa IOCTUTHYTA MyTeM BKJIIOUEHUS B YpaBHEHUE KUHETUKM aICOPOIIMHU ellle OIHOTO YJIeHa, OMUCHIBAIOLIETO COPOIIMIO 3010Ta
3a cueT BHYTpuaub@y3moHHOTO MacconepeHoca. Takast MoIepHU3aLIMsI YPABHEHU I KUHETUKY MO3BOJIMJIA TOTHOCTBIO COXPAHUTH BCIO
TEOPUIO aICOPOLIM U, ONUCHIBAEMYIO TPENbIAYILNM YpaBHEHUEM KMHETUKH, U BKIIOUUTD €€ KaK YaCTHBII cllydail B 6oJiee o0L1yI0 TEOpUIO
COpOLIMHU C YUETOM YCOBEPILIEHCTBOBAHHOTO YpaBHeHUsI KUHETUKU. [To1yyeHo aHaIuTUYeCKoe pelieH e MPeaIoXeHHOTO0 YpaBHEH U, U3
KOTOPOTO aHAJTUTUYECKH BHIBOAUTCS M30TepMa HOBOro Tuma. [IpuBeeHbl BBIBOI M aHAJIU3 YPABHEHU ST K30TEPMbI HOBOTO THIIA, a TAKXKeE
BBITTOTHEHA UACHTUMUKAIIS TTO SKCTIEPUMEHTAJIbHBIM TaHHBIM.

KoueBbie cioBa: 30J0TO, KWUHETUKA, COPOLIMsI, aKTUBUPOBAHHBIN yroib (AY), usorepma copouuu, HUAHUCTBI PACTBOP, KOHCTAHTa
cKopocTU BHYTpUANGDY3NOHHOTO MaccorepeHoca, MaTeMaTu4eckoe MOIeIMPOBaHME.
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Introduction

A significant increase in the duration of gold ad-
sorption from two days or more — as well as the loading
of activated carbon (AC) beyond 40—60 % of its total
maximum gold capacity, causes the process kinetics to
shift toward a stage limited by intraparticle mass trans-
fer! [1]. Accordingly, it becomes necessary to derive a
new kinetic equation for the adsorption of gold from
gold cyanide solutions onto activated carbon, taking in-
to account this limiting factor. The resulting solution
must adequately describe the process kinetics both at
the near-surface adsorption stage and as it transitions
into the stage governed by intraparticle mass transfer.
Additionally, the analytical solution should allow for
the derivation of the adsorption isotherm equation. oth
the kinetic and isotherm equations must be identified
using experimental adsorption kinetic curves and iso-
therm data, based on four physical constants introduced
during the development of the kinetic model. These
constants, whose numerical values are determined dur-
ing the identification procedure, must be linked to the
specific ionic composition of the solution and to a par-
ticular grade of activated carbon. Once identified, they
will serve as physical constants under the given condi-
tions and may be used for predictive calculations of both
equilibrium adsorption values and kinetic parameters
under conditions matching those of the experimental
data. The identification of the kinetic equation solution
using experimental curves should reveal how the fourth
model parameter depends not only on the initial gold

' Termed intradiffusion in the authors’ earlier work [1];
here, intraparticle mass transfer is used to reflect a broader
mechanism.

concentration in the solution and the AC loading in
the adsorption column volume, but also on the time-
varying conditions of intraparticle mass transfer during
the adsorption process.

The main objective of this study was to develop a
mathematical model of gold adsorption from gold cya-
nide solutions onto activated carbon that would reliably
describe the process under various initial gold concen-
trations and AC loadings in the closed volume of an ad-
sorption column. A key indicator of the model’s validi-
ty is that the adsorption isotherm equation was derived
analytically from the solution of the adsorption kinet-
ics equation. As the results presented here show good
agreement with experimental data, they can be applied
in practical calculations for countercurrent industrial
adsorption process flowsheets using activated carbon,
provided the specific operating conditions are taken into
account.

The developed mathematical model was identified
based on experimental data obtained at the Irgiredmet
Research Institute (Russia), using standard methodol-
ogies for investigating the kinetics of gold adsorption
from synthetically prepared gold cyanide solutions on-
to regenerated activated carbon of the NORIT-3515
grade.

Research methodology

The adsorption isotherm of gold onto activated
carbon of the NORIT-3515 grade was determined us-
ing the static method with constant AC mass of 1.5 g
and varying gold concentrations ranging from 3.2 to
39.8 mg/dm3 in gold cyanide solutions containing
176.0 mg/dm? NaCN (pH = 10.8). The temperature of
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the solutions during the experiments was maintained
within the range of 20—22 °C. The adsorber was a cy-
lindrical vessel made of organic glass with a flat bottom,
equipped with a stirrer and rotation speed controller,
which ensured uniform suspension of the adsorbent
throughout the entire volume of the solution [1]. The
height-to-diameter ratio of the adsorber was 2.5:1.0. The
solution volume for each experiment was 3 dm?, and the
total time required to achieve one equilibrium isotherm
value was 216 h. At predetermined time intervals from
the start of the experiment, samples were collected to
construct the kinetic curves.

The gold concentration in the solutions was meas-
ured using an ICE 3300 atomic absorption spectropho-
tometer (Thermo Fisher Scientific, USA) at the certified
analytical center of Irgiredmet OJSC [1]

Theoretical basis for selecting

the form of the adsorption Kinetics
equation considering intraparticle
mass transfer (intradiffusion),

its solution, and derivation

of the isotherm equation

The theoretical concepts of gold adsorption kinet-
ics onto activated carbon presented earlier [1] remain
valid at low degrees of AC particle saturation, when
Au(CN),™ is primarily concentrated within a thin
near-surface shell of the adsorbent granule, with a
thickness not exceeding 20 % of the particle’s effective
radius. Under these conditions, the adsorption kine-
tics are adequately described by Equation (1), while
the adsorption isotherm is described by a modified
Langmuir equation (2):

dc, m
7:K1(C0-Cy) 7Cp -K,C,, 1)

Com/VC,

Cyy = AT 2
2/ Ky +CymfV
where C, is the gold content in loaded carbon, mg/g;
G, is the gold concentration in the solution, mg/dm3;
C, is the maximum adsorption capacity of the adsorbent,
mg/g; K; is the adsorption rate constant, dm?/(mgh);
K, is the desorption rate constant, h~'; m is the car-
bon mass, g; Vis the solution volume, dm?; ¢ is time, h;
Cy, is the equilibrium gold content in the carbon for a
given equilibrium gold concentration (Cp), mg/dm3 .
However, under practical conditions, as demon-
strated by experiments conducted by researchers at the
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Irgiredmet Research Institute using standard method-
ologies for synthetically prepared gold cyanide solutions
with regenerated NORIT-3515 activated carbon as the
adsorbent (Figs. 1—3), an increase in the duration of the
adsorption process from 40—50 h to 200 h or more re-
sults in two notable effects. First, the gold content in the
carbon continues to increase while gold remains in the
cyanide solution at a concentration exceeding the equi-
librium value C,,, as defined by isotherm (2). Second,
the shape of the experimental kinetic curve changes in
such a way that it can no longer be adequately described
by Equation (1). A theoretical explanation for this phe-
nomenon becomes possible if we adopt the hypothesis
that the rate-limiting stage of gold adsorption shifts to
intraparticle mass transfer from the near-surface layer
into the interior of the adsorbent particle. This stage is
characterized by the inward movement of a spherical
adsorption front within the particle — that is, from the
outer surface toward the center of the granule [2; 3]. In
this interpretation, the value C, acquires the meaning
of the total ultimate gold content per unit mass of ac-
tivated carbon. Practically, this means that in a fully
saturated adsorbent granule, where the adsorption front
has reached the center, the local gold content through-
out the particle volume equals C,. Assuming that within
the region already traversed by the adsorption front in
the adsorbent granule, the gold content is equal to Cj,
the current gold content in the carbon (Cy) can, with
sufficient accuracy, be determined by the following ex-
pression:

4 53 43
Cy| znR’— —mr
CoVw "3 3 i
C, = = =Cy|l-—1, Q)
v, 4 3 R}
3
where V; is the volume of the adsorbent particle satu-

rated with gold; V; is the total volume of the adsorbent
particle; R is the adsorbent average particle radius;
ris the radius of the central core not yet saturated with
gold.

To account for intraparticle mass transfer, it is ne-
cessary to introduce an additional term into the kine-
tics equation (1), which should adequately reflect the
kinetics of internal gold transport within the adsorbent.
According to the law of mass action, this term must be
proportional to the product of the current gold content
in the carbon (Cy) and the concentration of active sites
in the adsorbent that are still free of gold, expressed as
(Cy — Cy). This assumption holds true if we accept the
premise that the adsorption front is diffuse under real
conditions — that is, its boundary extends over a finite
thickness, within which a concentration gradient of ad-
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sorbed Au(CN),™ ions is formed along the radius of the
adsorbent particle. If the adsorption front had a sharply
defined spherical boundary, the factor C, would appear
with an exponent of 2/3, reflecting its proportionality to
the surface area of a sphere. In such a case, only those
adsorbed Au(CN),™ ions located at the boundary of the
spherical adsorption front would interact with the re-
maining active sites. The number of these ions would be
proportional to the surface area of the spherical front.
Numerical simulations confirmed the validity of the
assumption regarding the diffuseness of the adsorption
front.

Taking this into account, the kinetics equation takes
the following form:

dc, m
— L= Ki(C=Cy) G~ KoCy + K (G = C)Cy, ()

where Kj is the rate constant of intraparticle mass trans-
fer, s~
Using the material balance equation for a closed sys-

tem:
m
Cp = Cpo - 7(Cy - Cyo), (5)

after simple transformations, the kinetics equation (4)
can be reduced to a mass-action-type equation with a
known solution [4]:

Cy—Cy m)
Cy C —c. | K3 | Ky v —H(Cy =Cy)t=Cy
yo y2
.- NG

Cyo—C, z
y0 yl m
[Cyo_csz CXP{K{KU(VJ _1:|(Cyl _Cyz)f}—l

_ —b+b* —dac

St ?
—b—+b* -4ac
VA ©
)

m(( m m
b=—|K3—| —=Cy+C.o+—Cy |+ Ky —C,|, (10)
|: 13V(V 0 p0 v yo) 23 0:|

m m
e=Ku ™G, (cpo b2 cyoj. an

Here, K]3 = K] /K3 and K23 = K2 /K3 — are the equilibri—
um constants of adsorption and desorption, respectively,

with reference to the rate-limiting stage of the process —
intraparticle mass transfer.

The coefficients K3, K>3, and C are true identifica-
tion constants whose values are determined by fitting the
isotherm equation (8) to experimental data obtained over
a wide range of €, and m/V. This isotherm is of a new
type, as it does not correspond to any of the known iso-
therm models. It establishes a relationship between the
equilibrium values of Cy, and the initial process parame-
ters — G, Cyp, m, and V'— in a closed system. The iden-
tification coefficients Kj3, K53, and C, can be regarded
as physical constants that are specific to the adsorption
conditions and the type of adsorbent used. The constant
C, represents the total ultimate adsorption capacity of
the activated carbon. The identification parameter K3
defines the rate constant of intraparticle mass transfer.
This parameter varies over time, and its change reflects
the dependence of the mass transfer rate on the degree
of gold saturation within the adsorbent particles. Fur-
thermore, Kj is also influenced by the initial gold con-
centration in the solution (C,) and the activated carbon
loading (m/V) n the solution volume of the adsorption
column. Therefore, K53 is an identification parameter
whose functional dependence on C,, m/V, and time ¢
must be determined through numerical simulations and
theoretical analysis, supported by experimental data.

The solution presented in Equation (6) has a nota-
ble property: as the adsorption time tends toward in-
finity, it approaches a limiting equilibrium value C,,.
This means that Cy, represents the equilibrium gold
loading on the activated carbon (Cy) that is inherently
contained in the solution to the kinetic Equation (6).
Alternatively, Cy2 MOXKET OBITh HaWAEHO UCXOId W3
3alaHHBIX HayaJbHBIX YCJOBUI MO BbIpaxkeHUto (8),
which defines an adsorption isotherm of a new type.
This equation enables the calculation of equilibrium
values of C; based on the known identification constants
Ki3, K53, and C, as well as the specified initial values
Cyo, Gy, m, and V; under batch adsorption conditions
in a closed system. y combining Equation (8) with the
material balance equation (5), an isotherm equation is
readily derived that describes the relationship between
the equilibrium gold loading on the carbon (Cy = C,)
and the corresponding equilibrium gold concentration
in the solution (C,):

- (K3 m/VCp +Ky3 7C0)7\/(K13 m/VCp +Kp3 7C0)2 +4K3C,C, m/V
2=
2

. (12)

From this, the inverse isotherm can be obtained:

_ C§2 +Cyn (K3 —Cp)

= 13)
? K3 m/V (Cy — Cy)
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Here, Cy, is calculated using Equation (8), in combina-
tion with Equations (9)—(11). Thus, both equilibrium
gold loading C, and equilibrium solution concentration
C, an be predicted in advance for any given combina-
tion of initial process parameters Cy,, Cy, m, and V; pro-
vided that the identification constants K3, K53, and C

are known.

Identification of the mathematical
model for gold adsorption dynamics
onto activated carbon based

on experimental kinetic curves

and the adsorption isotherm

The isotherm derived in Equation (8) was identified
using the initial parameters C,, Cy, m, and ¥; and along
with Equation (12), based on experimental data for the
equilibrium concentration C, . This yielded the follow-
ing constants [5]: Kj; = 8.004, K,; = 83.519, and C, =
= 82.632. These values may be considered reference
characteristics for the investigated activated carbon
grade (NORIT-3515) and the specified experimental
conditions.

Subsequent identification of the solution to the ki-
netic Equation (6), with respect to the identification
parameter K3 and experimental kinetic curves, was per-
formed using theoretical concepts of the gold adsorption
process on activated carbon [6—12] and analysis of the
experimental data. As a first approximation, a function-
al expression was obtained for K3, allowing its depen-
dence to be considered as a function of the degree of gold
saturation in the activated carbon particles and, conse-
quently, on the process time (¢), the initial gold concen-
tration in the solution (C,), and the carbon loading per
unit solution volume (m/V’). For adequately determine
the time dependence of K3, an important requirement is
that the adsorption process must proceed continuously
during the kinetic experiments on gold adsorption onto
activated carbon:

Ko3

Ky=—52
3 1’

where K,; = 0.00073 is true identification constant for
the intraparticle mass transfer rate. This constant is in-
dependent of both process parameters and time.
Expression (8) and the resulting isotherm (12) rep-
resent a new type of adsorption isotherm that relates the
equilibrium values of Cy to the initial values of the pro-

cess parameters C,o and m/V'in closed systems. This dif-
fers from classical isotherms, which relate the equilibri-

(14)

34

um values of C, and C, equiring one of the parameters
to be determined experimentally. Together, isotherms
(8) and (12), in combination with the kinetic Equa-
tion (6), provide an adequate description of both the
equilibrium gold loading on activated carbon under any
initial concentration in solution and the kinetics of the
gold adsorption process at extended contact times and a
broad range of carbon loadings (m/V).

For brevity, the newly introduced isotherm model —
represented by Equation (8) together with the interme-
diate Equations (9)—(11), and its derivative form Equa-
tion (12) — will hereafter be referred to as the “MEGA
isotherm” [13]. Notably, the M EGA isotherm expression
excludes all kinetic parameters that were previously re-
quired to describe the process dynamics, including the
coefficient K3, which depends on the degree of gold satu-
ration in activated carbon particles and, therefore, on the
adsorption time £. Moreover, Kj is also a function of the
initial gold concentration in the solution and the carbon
loading (m/V) per unit volume of the adsorption appara-
tus or process stage.

The identified constants K3, K53, and C, as well as
the functional dependence of Kj3 on C,g, m/V, and ¢,
allow for an accurate description of both the adsorp-
tion kinetics (Figs. 1 and 2) and the adsorption iso-
therm (Fig. 3) of gold from gold cyanide solutions onto
activated carbon (see table). The kinetic and isotherm
plots include confidence intervals for the experimen-

0 C,, mg/g

-8 Experimental
-@- Calculated

401

304

204

10

0 50

100 150 200 t,h
Fig. 1. Kinetic curves of Au(CN), ™ adsorption onto activated
carbon at different initial gold concentrations

in the solution and different AC loadings m/V = 0.5 g/dm?
(m=15g,V=3dm?)

1-C=32,2-59,3—12.7,4-21.6,5—39.8 mg/dm"

Puc. 1. Kunernueckue kpusble agcopoumnu Au(CN),™
Ha aKTUBMPOBAHHOM YTJIe TIPU pa3IMIHON HavaIbHOM
KOHIIEHTpAIIMU 30JI0Ta B pacTBOpPE U 3arpy3Ke AY
m/V=0,5t/am> (m= 1,51, V=13 1m°)
1-Cy=3.2,2-59,3—12,7,4-21,6, 5~ 39,8 mr/mm’
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C,p mg/g
5
F————t 3 -4 “
0.304
0.25-
0.20
0.154
0.10 -8 Experimental
-@- Calculated
0.05 T : . .
0 0.5 1.0 1.5 2.0 t,h
Cyp, mg/g
b
25 : : :
2.0
1.5
1.0
0.5 -® Experimental
-@- Calculated
0 5 10 15 20 25 th

Fig. 2. Kinetic curves of Au(CN), ™ adsorption onto activated
carbon at an initial gold concentration in the solution
Cpo=119 mg/dm?> and carbon loading m/V = 50 g/dm?
(m=175g, V=1.5dm%) (a) and 5g/dm> (m=7,5g,
V=1,5dm’) (b)

Puc. 2. Kunerunueckue kpusbie agcopounu Au(CN),™

Ha AY npu HauyaabHOI KOHIIEHTPAIlMH1 30JI0Ta B paCTBOPE
Cyo = 11,9 mr/am’ u 3arpyske AY m/V=50 t/am’> (m =75,
V=151 (@u5t/om® m=7,51, V=1,51m°) (b)

tal data points, calculated at a confidence level of P =
=0.95[1].

The degree of agreement between the calculated re-
sults and the experimental data confirms that the ap-
plied physicochemical concepts of gold adsorption onto
activated carbon from gold cyanide solutions, as well as
the derived adsorption kinetics equation with its analyt-
ical solution, provide an adequate mathematical frame-
work for describing the process. This model can be used
both for predictive purposes and for the development of
optimal discrete and continuous, co-current and coun-
ter-current technological process flowsheets.

Comparative evaluation
of the developed mathematical model
and existing Fleming models

The most commonly used and practically applied
models for describing the kinetics of gold adsorption on-

0 Cy2> mg/g

-#- Experimental
-@- Calculated 1

0 1 2 3 4 5 6 7 8 9
3 3
C,,, (mg/dm’)-(g/dm’)

-8 Experimental
-@- Calculated 2

0 T T T T T T T T

1 2 3 4 5 6 7 8 9
3 3
C,,, (mg/dm’)-(g/dm’)

Fig. 3. MEGA isotherms: experimental and calculated curves
a — calculation using Equation (8),
b — calculated using Equation (12)
Puc. 3. DxcnepumeHTa bHbIE U pacyeTHas nuzorepmbl META

a — pacueT 1o popmysie (8), b — 1o (12)

to activated carbon are Fleming’s “Kn” and “Kk” mo-
dels [14—16].

The Kn model is expressed as:
Cy—Cyy = KCpt”. (15)

For batch adsorption processes in a closed system,
the material balance equation must be added:

m
C,=Cp— 7(Cy —-Cyp). (16)
The resulting solution takes the following form:
KCt"

Cy=Cy+ — (17)

1+K—¢t"

14
From this, it follows that as f —
m

Cy :Cy0+7cp0, (18)
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Experimental and calculated data of the MEGA isotherm

DKCcIepuMeHTalIbHbIE U pacyeTHbIe JaHHbIe u3oTepMbl META

Experiment No.
Parameter
1 2 3 4 5 6 7
Experimental isothermal values 3HaueHust 0318 ) 45 6.34 10.98 213 3268 4728
(Cy2 exp)
Isothermal values Cy,,
calculated using initial values Cpo, Cyo, m,V 0.318 2.46 6.19 1097 21.53 3248 47.34
and Equation (8)
Isothermal values Cy,,
calculated using Equation (12) 0.326 2.462 6.186 10.975 21.531 32.481 47.343
and equilibrium concentrations of gold using Equation (13)
Experimental egulllbm.lm gold concentrations 0 0 0.07 0.45 2.09 53 16.2
in solution (C,)
Experimental iqulhbrlum gold cqncentratlons in solution. 0 0 0.035 0225 1.045 265 3]
Cps = Cym/V — generalized parameter

Equilibrium gold concentration in solution (Cy), 0.000012 0.00257 0.143 0454 1974 54  16.168

calculated using Equation (13)

Equilibrium gold concentrations in solution
calculated using Equation (13). 0.0006 0.01285 0.0715 0.227  0.987 2.7 8.084
Cp, = Cym/V — generalized parameter

In other words, the model implies that adsorption
will proceed until all gold is removed from the solution
and fully absorbed by the activated carbon — an outcome
that contradicts the physicochemical understanding of
the process and the behavior described by the adsorption
isotherm.

Under practical conditions, where free cyanide is
present in solution (as is typically the case), the adsorp-
tion process is accompanied by desorption. As a result,
equilibrium is established at certain concentrations, and
the collection of these equilibrium states forms the ad-
sorption isotherm. Under such conditions, the adsorp-
tion process can never proceed to completion, meaning
that some residual concentration of the adsorbate must
always remain in the solution. These residual concen-
trations — particularly at high sorbent loadings — can
become so low that they fall below the detection limits of
standard analytical methods. This may lead to the mis-
taken conclusion that the adsorption process has gone to
completion.

This phenomenon can be readily explained by the hy-
pothesis that gold desorption proceeds through the for-
mation of intermediate species derived from Au(CN),™
within the carbon sorbent, in which one CN™-ion is
replaced by a hydroxyl ion OH™. The resulting interme-
diate partially decomposes to form , which — due to its
weak interaction with the carbon lattice and relatively
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small molecular size — tends to desorb. However, for
this desorption to proceed, free cyanide must be present
in the solution to convert Au(CN) back into the soluble
Au(CN),™ complex. In the absence of free cyanide, wa-
ter-insoluble AuCN remains within the structure of the
carbon sorbent, and desorption does not occur [17—20].

For practical purposes, when modeling gold adsorp-
tion kinetics over limited time intervals and within a
restricted range of C,y and m/V values, the use of the Kn
model may be acceptable as a first approximation for
fitting kinetic curves — especially given that many such
curves can be adequately approximated by a power-law
function. If an experimental kinetic curve is available,
it is often permissible — within specific time inter-
vals — to fit it using the Kn model by identifying sui-
table values of K and » that minimize the root-mean-
square relative deviation between the experimental and
model-predicted curves. To that end, the original Kn
kinetic equation for a closed system (Equation 17) can
be rewritten as:

c,-C
yi y0 (19)

p» =Kt],
CpO - ?(Cyi - CyO)

where Cy; and ti are the values of the experimental da-
ta points along the kinetic curve, and K and n are the
identification constants to be determined. Taking the
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logarithm of this expression yields a linearized form of
the kinetic equation, from allows the identification con-
stants K and # to be estimated in a first approximation
using the least squares method:

Cyi —Cy

In =InK+nln¢t;. (20)

m
CpO - ?(Cyi - CyO)

The resulting values of K and » are then refined di-
rectly using Equation (17) by minimizing the sum of
squared relative deviations between the experimental Cy;
values and those calculated from the model. It is impor-
tant to note that the values of K and # obtained using this
procedure are valid only under the specific experimental
conditions used to obtain the kinetic curve employed in
the identification process. If the conditions are altered
and a new kinetic curve is obtained, new values of K and
n must be determined accordingly.

Since the identification constants K and » in Flem-
ing’s Kn model lack clear physical meaning, their func-
tional dependence on external conditions also lacks a
well-defined interpretation. As an empirical model, it
provides limited scientific or predictive value beyond
that of conventional regression approaches. When ap-
plying this model in practice, it is essential to take into
account the specific assumptions and conditions under
which it was developed and, most importantly, the pur-
poses it was originally intended to serve. All semi-em-
pirical models share a fundamental limitation: they are
based on physically undefined parameters and tend to
yield physically inconsistent results when extrapolated to
limiting cases, which diminishes their theoretical rigor
and predictive reliability.

Fleming’s Kk model (1984) offers only marginal im-
provements over the Kn model. While the parameters it
employs have a somewhat clearer physical interpreta-
tion — particularly K, which functions as an equilibrium
constant — the model inherently incorporates a Henry-
type isotherm. This imposes significant constraints on
its applicability for designing real-world technological
flowsheets.

In contrast, the theoretical model of gold adsorption
onto activated carbon developed in this study offers a
more consistent and scientifically grounded descrip-
tion when fitted to specific empirical kinetic data. Un-
like Fleming’s models, it is derived from fundamental
principles and allows for the analytical derivation of a
new type of isotherm — referred to as the MEGA iso-
therm — directly from the kinetic equation. This iso-
therm provides an accurate description of the experi-
mentally obtained adsorption curve and enables the cal-

culation of equilibrium values of C, (Equation 12) and C,
(Equation 13) across a wide range of initial conditions,
including carbon loading and the initial concentrations
of gold in solution (C,,) and in regenerated activated car-
bon (Cy).

Conclusion

Unlike Fleming’s Kk- and Km models, the kinetic
model of gold adsorption from gold cyanide solutions
onto activated carbon presented in this work is developed
on the basis of well-established fundamental theoretical
principles. All parameters introduced into the model
have clear physical meaning, and both the adsorption
kinetics equation and the resulting new-type adsorp-
tion isotherm adequately describe the complete set of
experimental data obtained for both adsorption kinet-
ics and isotherm. The experimental data were collected
over a wide range of process parameters, including in-
itial gold concentrations in solution from C,, = 3.2 to
39.8 mg/dm3 and activated carbon loadings ranging
from m/V = 0.5 to 50 g/dm3. These values cover nearly
the entire practical range of initial gold concentrations
and sorbent loadings typically encountered in real-world
gold adsorption systems.

The mathematical model of adsorption dynamics
and the MEGA isotherm proposed in this study enable
an accurate description of gold adsorption onto activated
carbon from gold cyanide solutions. This applies both to
predictive modeling and to the design and optimization
of technological process flowsheets [21—23]. The gene-
rality of the developed model is largely determined by
the structure of the proposed Kinetics equation and its
analytical solution, from which the MEGA isotherm is
derived.
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