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ABSTRACT One important step in zinc hydrometallurgy is the leaching process, which involves the dis-
solving of zincbearing material in dilute sulfuric acid to form zinc sulfate solution. The key proble m in the pro-
cess control is to determine the optimal pHs of the overflows of the continuous leaches and track them . An ex-
pert control system for the leaching process was designed to solve the key problem . A methodology is proposed
for determining and tracking the optimal pHs with an expert control strategy based on a combination of steady-
state mathe matical models and rule models of the process .
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1 INTRODUCTION

The main processes in zinc hydrometallurgy
are leaching, purification and electrolysis[1 21
The leaching involves dissolving zinc bearing ma-
terial in dilute sulfuric acid to form a zinc sulfate
solution . The purification re moves the impurities
in this solution to make a satisfactory elec-
trolyte . Finally, the electrolysis is used to recov-
er metallic zinc from the electrolyte as a high- pu-
rity product . The primary purpose of leaching is
to dissolve as much of the soluble zinc in zinc
bearing material as possible . To achieve this, ef-
fective process control is imperative . However,
it is difficult to obtain the required performance
by using the conventional control methods based
solely on mathe matical models because of the
complexity of the che mical reactions 31 .

Recent advances in expert systems provide a
way of controlling the leaching process. Since
the 1980s, expert systems have been widely
studied and applied to the control of che mical
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[4-71  Such syste ms can be used to con-

processes
trol complex process with time-variance , nonlin-
earity and uncertainty factors!®) . In the leaching
process , complex relationships among the factors
influencing the chemical reactions involved can
be expressed by a combination of mathe matical
models and rule models. Both types of models
are based on the experience of experts and opera-
tors and on accumulated e mpirical knowledge of
the process . This makes it possible to control the
process by expert control techniques .

The key problem in the control of the leach-
ing process is to determine the optimal pHs of
the overflows of the continuous leaches and to
track them . The conventional control methods
only involve tracking the fixed pHs by adding di-
lute sulfuric acid to the process . The pHs are se-
lected in advance . The amount of the dilute sul-
furic acid is determined based solely on the math-
ematical models obtained from the main che mical
reaction equations . The mathe matical models do
not consider other che mical reactions, variances
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of the reaction conditions and imperfection of the
reactions . This paper deals with the design of an
expert control system for the leaching process
(ECSL) . The proposed design method overcome
the disadvantages of the conventional methods .
ECSL solves the key problem by using an expert
control strategy based on a combination of math-
ematical models and rule models. In this paper,
the architecture of ECSL 1is described. A
methodology is proposed for determining and
tracking optimal pHs by using an expert control
strategy based on a combination of mathe matical
models and rule models .

2 PROCESS DESCRIPTION AND SYSTEM
ARCHITECTURE

The leaching process for which ECSL was
designed uses neutral and acid continuous leach-
ing technology .

2.1 Process description

The leaching process is shown in Fig a2
The spent electrolyte contains sulfuric acid. The
process consists of one series of neutral leaches
and two identical series of acid leaches. The
zinc bearing material is delivered to four water
powered classifiers and mixed with an oxidized
iron solution and spent electrolyte . The overflow
is pumped to the neutral leach, and the under
flow is to the acid leaches . The spent electrolyte
is also added to the neutral and acid leaches . The
main reaction in the tanks is

ZnO+ H,SO,=ZnSO, + H,O (1)
The overflow from the neutral leach is sent to
the purification process in the form of neutral
zinc sulfate solution, and the underflow is added
to the acid leaches . The overflows from the acid
leaches are pumped to the neutral leach, and the
residues are transferred to the residue treat ment
process .

The concentrations of zinc and impurities in
the neutral zinc sulfate solution from the neutral
leach should satisfy the standards shown in Table
1. In addition, an important consideration in
process control is to dissolve as much of the solu-
ble zinc in the zinc bearing material as possible .
This requires optimal conditions for the che mical

reactions . Generally , these conditions are influ-
enced by many factors, such as the pH and te m-
perature of the solution, the duration of the reac-
tion, the components and particle size of the
zinc bearing material , etc. However, for steady-
state operation, the main factor is the pHs of the
overflows of the neutral and acid leaches. So,
the key to process control is to determine the op-
timal pHs and to track them. The e mpirical
knowledge and data on the process show that the
pHs of the overflows have to be 4.8 ~ 5.2 for
the neutral leach and 2.5 ~ 3.0 for the acid
leaches to guarantee the optimal conditions .

Zinc-bearing material

Oxidized iron solution l Spent electrolyte

!

| Water-powered classifiers |

Overflow Underflow

Spent electrolyte

| Neutral continuous leach| Spent

electrolyte
Overflow | Underflow I } ‘
|Acid continuous leaches |
t

Neutral zinc sulfate solution  Overflow  Residue

Fig.1 Leaching process

Table 1 Standard allowable ranges of
concentrations of zinc and impurities in
neutral zinc sulfate solution ( mg/ L)

Zn Cu Cd Co

140 000 ~170000 160 ~450 400 ~1000 8 ~25
Ni As Sb Ge Fe
8§~15 0.4~1 0.2~0.5 0.14~0.5 20~35

2.2 Architecture of ECSL

ECSL uses the architecture shown in Fig . 2
to satisfy the above requirements. The main
components are an expert controller ( ECL) ,
three 761 series signal-loop controllers, and an
automatic measurement system ( AMS) . The
ECL is connected with the 761 controllers by a
special wiring concentrator and voltage converter
and with AMS by a manufacturing automation
protocol. Loop 1 is for the neutral leach, and



Vol.9 Nel

Expert control system for leaching process

139 -

loops 2 and 3 are for the acid leaches .

ECL uses a reasoning strategy that com-
bines forward chaining and model-based reason-
ing to determine the optimal pHs, and computes
the target flow rates of the spent electrolyte
added to the neutral and acid leaches, so as to
achieve the optimal reaction conditions . The rea-
soning strategy is based on a combination of
mathe matical models and rule models of the pro-
cess. The three 761 controllers track the target
flow rates through PI control algorithms to en-
sure that the actual pHs match the optimal val-
ues .

AMS performs omline measure ment of the
pHs, temperatures , concentrations , etc.

3 MATHEMATICAL MODELS AND RULE
MODELS

The leaching can be considered to be a
steady-state che mical process because it is gener-
ally run within a specific operating range.
Hence, the behavior can be described with a
combination of steady-state mathe matical models
and rule models. The mathe matical models are
based on both the chemical reactions involved
and e mpirical data on the process, and are modi-
fied in accordance with the e mpirical knowledge

of engineers and operators and e mpirical data on

Quality requirements, etc.

the process. Production rule models of the If
Then form are used to represent the e mpirical
knowledge .

3.1 Steady state mathematical models

The steady-state mathe matical models are
based on the following assumptions: the zinc
bearing material and the solution in the neutral
and acid leach tanks are agitated and completely
mixed, the temperature of the solution is uni-
form, the chemical reactions occur mainly in the
leach tanks .

The mass balance principle[g] yields the fol-
lowing dynamic balance equation for the sulfuric
acid in the neutral leach :

d X\,
dt = FCo(xNh'

& Vi Xcn) +

2
Fre(Xnn - Xnpe) + El Fipo(Xnn - Xian) -

VN
jo rand Vy (2)

where  xw,, Xcp, and x;,, are the concentra-
tions of sulfuric acid in the solution after the neu-
tral leach, the classifiers and the i-th acid leach
series , respectively ; Xy is the concentration of
sulfuric acid in the spent electrolyte added to the
neutral leach; Fo,and F;,,are the flow rates of
the overflows from the classifiers and the i-th

acid leach series, respectively; Fy. is the flow

76; lle Inverter Pump
Expert Target |_SOntrolier
controller flow rate
(ECL) Flowmeter
Loop 1
8
&
g
Determining: 761 =
-optimal pHs controller Inverter Pump .E
- target flow 5
rates E
Flowmeter
Measured Loop 3
flow rate
Automatic measurement
pHs, temperatures, and system( AMS)

oconcentrations, etc.

Fig.2 Architecture of ECSL
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rate of the spent electrolyte added to the neutral
leach ; Vyis the total volume of the neutral leach
tanks ; &yis the ratio of liquid to solid in the so-
lution in the neutral leach; and ry, is the reac-
tion rate of sulfuric acid.

For the steady-state operation, ry, is the
steady-state reaction rate , so Eqn.(2) becomes

Fre(Xnn- Xnne) = "nn Vn- Fool X -
2

xan) - Z Fipg(Xan - Fimn) (3)

Let fyn,o denote the steady-state particle re-
action rate of zinc oxide with sulfuric acid and
X, denote the concentration of zinc oxide in the
overflow from the classifiers. Then,

Aﬁfz‘;mh = Foo X fru (4)
is obtained for the zinc oxide in the neutral leach
by the principle of steady-state mass balance,
where My, and MHZSO4 are the relative molecu-

lar mass of zinc oxide and sulfuric acid, respec
tively . x¢,, can be computed from
1
Xczo = I]&oﬂ&bl + keo (5)

where 70,18 the zinc oxide content of the zinc
bearing material ; g, is the specific gravity of
the zinc bearing material ; and k¢, is the ratio of
liquid to solid in the overflow from the classi-
fiers .

Combining Eqns.(3) , (4) and (5) yields

1 FCo f
Nzo ~
XNh - X Nhe Co

Fy =

2
Foo(Xnn - Xcn) - El Fino(Xnn - Xian)]
(6)
where
Mﬂzsq
Ky = M Iczo Mczb Vx (7
ZnO
freo €an be estimated based on the experi
ence of experts and operators and accumulated
empirical knowledge on th/e\: neutral leach pro-
cess . Using this estimate, fy,, Eqn.(6) yields
l FCo VAN
FNe= [KNhl+kcoszo'

XNh - X Nhe
2

Foo( Xnn - Xcn) - El Fino(Xnn - Xian)]

(8)

This steady-state mathe matical model can

be used to determine the flow rate of the spent
electrolyte added to the neutral leach .

The same method is used to obtain the flow
rate of the spent electrolyte added to the acid
leach . Let F;, denote the flow rate of the spent
electrolyte added to the i-th acid leach series .
Then ,

1 Ficw A
Fia = Xian - xiAhe[ KiAhl + ke iAzo ~
Ficu(Xian - Xcn) - Finu(Xian - ¥nn)]

(9)
where
Mﬂzsq
Kian = Tczo Hezs Via (10)
MZnO
where  x;,p is the concentration of sulfuric acid

in the spent electrolyte added to the i-th acid
leach series ; F;, and F;y, are the flow rates of
the underflows from the classifiers and the neu-
tral continuous leach that are added to the i-th
acid leach series , respectively; V;, is the total
volume of tanks of the i-th acid leach series ;
/},-AZO is the estimated steady-state particle reac-
tion rate for zinc oxide and sulfuric acid in i-th
acid leach series ; and kg, is the ratio of liquid to
solid in the underflow from the neutral continu-
ous leach .

Eqns.(8) and (9) are taken as nominal
steady state mathe matical models because they
only concern the che mical reaction (1) . Howev-
er, there are also other chemical reactions and
factors that influence the process. For these rea-
sons , models founded on Eqns .(8) and (9) need
to be modified by the empirical knowledge and
data on the process .

Let x%nand x§,, denote the target concen-
trations of sulfuric acid in the solutions after the
neutral leach and the i-th acid leach series.
From the e mpirical knowledge , the target flow
rates FR.( k) and F$,.( k) of the spent elec
trolyte added to the neutral leach and the i-th
acid leach series during the k-th period are given
by

FRe (k) = an(k) Fn (k) +

= (D xh - 2 (B)]
(11a)
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Fye (k) = & - xNhe(k){ Ky (k) x
Feo(K)

mfm(k) - Feo( B[ x%n -

(0] - 2 Fiag(B ¥ - xian (0]}
(11b)
F(K) = an(k) Fiac(h) +

2 AAD ¥ - xia (0]

(12a)
1
Fine (k) = X§an - Xiane (k) *
Fica(K) A
CKin () 1 Fima() -
Fico (B[ x5an - xan(0)] -
Fina(COL x$an - 2 ()] (12b)

where  ax( k), (D). @a( k) and ga( 1) are
empirical coefficients determined from the em-
pirical knowledge .

Expressions (11) and (12) are the modified
steady state mathe matical models for the leach-
ing process that are used to determine the target
flow rates of the spent electrolyte added to the

neutral and acid leaches .

3.2 Rule models

The optimal pHs are mainly related to the
following factors: the composition and particle
size of the zincbearing material , the te mperature
of the solution, and the concentrations of zinc
and impurities in the overflows from the neutral
and acid leaches. However, it is difficult to ex-
press the exact relationship among the optimal
pHs and these factors by mathe matical models
alone . To obtain the optimal pHs and the corre-
sponding target flow rates, the e mpirical knowl-
edge and data on the process are needed. They
are represented by production rule models of the
following formi*: ¢ 71

R* : If condition Then action (13)
where R* is the number of the rule model ,
condition is the operating state of the process or
a logical combination, and action is the conclu-
sion or operation.

How the empirical knowledge and data on
the process are obtained is an important aspect of

the construction of rule models. The e mpirical
knowledge is culled from the engineers and oper-
ators . The following e mpirical methods were ex-
tracted from interviews with them.

(1) Method of determining the optimal pHs
from the composition and particle size of the
zinc bearing material , the te mperature of the so-
lution, and the concentrations of zinc and impu-
rities in the overflows from the neutral and acid
leaches .

(2) Method of determining frol k) » firso
(k). a\(k) . ACK . gk and ga( k) from
the composition and particle size of the zinc bear-
ing material , the temperature of the solution,
and the concentrations of sulfuric acid in the so-
lutions added to the neutral and acid leach tanks .

The e mpirical data is culled from past oper-
ating runs, measured values and statistical data
on the process . This kind of data contains statis-
tical data on the relationships among the optimal
pHs, the composition and particle size of the
zinc-bearing material , the te mperature of the so-
lution, and the concentrations of zinc and impu-
rities in the overflows from the neutral and acid
leaches , etc. It is a key to deter mining the opti-
mal pHs and the appropriate target flow rates .

The main content of the condition part in
Eqn.(13) is: the composition and particle size of
the zincbearing material ( which are divided into
m and n levels, respectively) ; the te mperature
of the solution (high, medium, low, and not in
the allowable range) ; the concentrations of zinc
and impurities in the overflow from the neutral
leach (large , medium, small, and not in the al-
lowable range) ; the concentrations of sulfuric
acid in the solutions added to the neutral and acid
leaches (large , medium and small) ; the pHs of
the solutions from the classifiers, and from the
neutral and acid leaches (large, small, and not
in the allowable range) ; and the flow rates of
the spent electrolyte added to the neutral and
acid leaches (large , small, and not in the allow-
able range) . The main contents of the action
part are instructions to select the optimal pHs,
and increase , reduce or maintain the target flow
rates .

The optimal pHs are obtained from an ex-
pert decision table (EDT) and an expert turning
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mechanism ( ET M) that show the relationships
among the optimal pHs, the composition and
particle size of the zinc bearing material, the
te mperature of the solution, and the concentra-
tions of zinc and impurities in the overflows from
the neutral and acid leaches. EDT and ETM are
based on the empirical knowledge and data on
the process . Fig. 3 shows a flow chart for deter
mining the optimal pHs, where fcand f denote
the levels of the composition and particle size of
the zinc bearing material ; f; denotes the level of
the te mperature of the solution; fyow, fnei»> fiae
and fja denote the levels of the concentrations
of zinc and impurities in the overflows from the
neutral leach and the i-th acid leach series, re-
spectively ; Cygpe and  Ciaqy are the optimal pHs
of the overflows from the neutral leach and the
i-th acid leach series; and Cy and C;, are the
initial values of Cyop and Gjagy > Tespectively .

—ICN! CiA

Expert Turning
fras finee—1 Mechanism(ETM)

fo—o

Expert Decision
fos = Table (EDT)

S

ez Sitea——»

—=C Nopr»

ca Aopt

Fig.3 Flow chart for determining optimal pHs

The optimal pHs are determined in two
steps: first, Cyand G, are obtained by EDT
from f., f,and f,, and then Cy,y is obtained

by turning Cyfrom fyg and fy, and Gagy is
obtair/l\ed by turni/\ng Gafrom fiag and fiag -

FreoC k) s fino C k), an(C k), pu( k),
a;A( k) and gA( k) are also determined from £,
fps» frand the concentrations of sulfuric acid in
the solutions added to the neutral and acid leach-
es by the same method as for the optimal pHs .

Table 2 shows some typical rule models for
determining the optimal pHs and the target flow
rates, where Cyyin, Cxsum> Cnma2i > A Ciis
ACxmm> ACxits Giatims Giagst s Gamnns A Gan
and A Cja, are empirically determined values .
This method is also useAd to const/\ruct the rule
models for determining fro( k) , fino( k), ax
(k). Ak . aa( k) and ga( k) .

4 DETERMINATION OF OPTIMAL TAR-
GET VALUES

The mathe matical models and rule models
in the previous section are combined into ECL to
determine the optimal pHs and the target flow
rates . This section describes a methodology for
determining these values .

4.1 Structure of ECL

The structure of ECL is shown in Fig .4 . It
consists of preprocessing mechanism, database,
knowledge base , inference engine and user inter
face .

The preprocessing mechanism filters and

Table 2 Some typical rule models for determining the optimal pHs of

overflows after leaching

RM™:If f,=1 and f,=1 and £ high Then Cx= Cyin

RV If fe=3 and f,= nand f medium Then Cy= Cm

R™. 1f fo= mand f,=2and f low Then Cy= Cyum

RM. 1f fre large and  fyg s mall Then Cyo = Cnt A Cyyg
R™ . If fre midlle and fy; medium Then Cyoy = Cnt A Cypn
RN If free small and £y large Then Cyo = Cnt A Cyy

RA . IF fe=1and f,=1 and f medium
RA . 1f fe=4and f,=5and f low
R™ . If fo= mand f,= nand f high
RIA . If fiae large and  f; ; large

R . If finee small and 5 s mall

Then Ga= Gairn
Then G = Gusi

Then Cl = Ci/\mnh
Then Gag = Gat+ AGu
Then Giaopt = Giat A Gag
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Engineers and operators

|

User Interface

— Configurer, editor, data and graphs, etc.

Knowledge base

— Mathematical models
~ Rule models

— Empirical data

— Calculation laws, etc.

Data base

- Quality requirments

— Measured data

- Statistical data

— Reasoning results, etc.

Inference

engine Criom

— Forward C: ropt
chaining " FE.(%&)

— Model-based F5,.(k)
reasoning

Preprocessing mechanism

— Data filtering and characteristics capturing

Process data
™ from AMS

Fig.4 Structure of ECL

captures the characteristics of process data from
AMS . The preprocessed data are stored in the
database , which also holds the quality require-
ments for the neutral zinc sulfate solution, mea-
sured and statistical data on the process, the rea-
soning results from the inference engine, etc.
The knowledge base stores the steady state
mathe matical models , rule models, e mpirical da-
ta, calculation laws, etc. The inference engine
acquires data from the database and preprocess-
ing mechanism, and then uses the knowledge in
the knowledge base and a reasoning strategy that

[4:6] and model

combines the forward chaining
based reasoning[” to determine the optimal pHs
and target flow rates. The target flow rates are
sent to the 761 controllers. The user interface is
used to configure and edit the knowledge base,
and to display and print data, graphs, reasoning
results , etc .

4.2  An algorithm for determining optimal
pHs and target flow rates

The expert control strategy for the leaching

process has four steps: fir/s\t, determ/i\ne CNopt

and Gipey s second, select fr,o( k) 5 fiao( k) »

an( k), pCk) . aa( k) and ga( k) ; third, de-
termine F{.( k) and F$,.( k) ; and finally , track
FRe and F§4.( k) . The ECL performs from the
first to the third steps, i.e., it determines the
optimal pHs and the target flow rates through a
combination of the modified mathe matical mod-
els and rule models of the process and by using
forward chaining and model-based reasoning .
The following expressions are used in the
process of determining the target flow rates:

My so
xSy = 272MH410<7- Cropt) (14)

My so
X8pn = ﬁlo”- Cirapt) (15)
where My is the atomicity of hydrogen. Let

Ccn> Can and Gu, denote the pHs of the solu-
tions from the classifiers and the neutral and acid
leaches , respectively . Then, xc,, Xy and X;au
can be computed from Cg,, Cy, and Cipy, re-
spectively, by using expressions that have the
same forms as (14) and (15) .

In conclusion, the following algorithm has
been developed to determine the optimal pHs and
target flow rates .
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(1) Compute f., f,and f from the com-
position and particle size of the zinc bearing ma-
terial, and the te mperature of the solution, re-
spectively .

(2) Determine Cyand G, by rule models
such as RN ~ R™ and RA ~ R# respective-

(3) Compute fne,» fnei> fiaw a0d  fiac
from the concentrations of zinc and impurities in
the overflows from the neutral and acid leaches .

(4) Determine CNopt and C,-Aopt by rule
models such as R™ ~ R™  and R'* and R'Y,
respectively . . .

(5) Select frool K) 5 finol K) » an( k), p
(k) , aja( k) and ga( k) based on f., f and f
as well as the concentrations of sulfuric acid in
the solutions added to the neutral and acid leach-
es .

(6) Obtain Cq,, Cy, and G, and also
kco( k) and kg ( k) from AMS.

(7) Compute x§y and x§u, from Cy, and
G aopt Dy expressions (14) and (15) , respective-
ly, and also xcu( k) , xn( k) and x;a4( k) from
Ccn, Cnnand Giuyp, respectively , by expressions
that have the same forms as expressions (14)
and (15) .

(8) Determine the target flow rates F{e( k)
and F§,.( k) from mathe matical models (11)
and (12) . If the values are outside the allowable
range , they are set to an allowable value .

The target flow rates are tracked by the 761
controllers to ensure that the pHs of the over
flows from the neutral and acid leaches match
the optimal values .

5 SYSTEM I MPLEMENTATION

The methodologies presented in this paper
were used in the design of ECSL.

ECSL was imple mented based on an IPC
610 computer system , three 761 controllers and
an automatic measure ment system . It runs under
the MS-DOS 6 .22 operating system . The func-
tions of ECL were imple mented in an application
soft ware modular written in Borland C + + and
8086-series asse mbly language . The imple menta-

tion of the functions of the three 761 controllers
was achieved through their configuration .

AMS contains some special instruments that
are used to measure various kinds of the process
data accurately . More specifically , flow rates are
measured with E + H electromagnetic flow me-
ters; pHs, with industrial pH meters; concen-
trations, with X fluorescent analyzer; and

weights , with electronic scales ; etc .
6 CONCLUSION

ECSL has been running in a nonferrous
metals s meltery . The actual runs of ECSL show
that the proposed expert control strategy based
on a combination of steady-state mathe matical
models and rule models is effective for the con-
trol of the leaching process . Both types of models
can be constructed based on the che mical reac-
tions involved as well as on the e mpirical knowl-
edge and data on the process. It has also been
shown that ECSL provides not only the desired
product , but also significant economic benefits .

The future work is to solve how the new
empirical knowledge and data on the leaching
process is obtained and used to improve the ro-
bustness of ECSL for the variations of the opera-
tion environment and conditions .
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