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Abstract: The ion exchange model of the leaching process was determined via batch leaching experiments using the Kerr model,
with the selectivity coefficient experimentally determined to be 12.59x107'% L%/g?. Solute transport laws of ammonium ions (NHX)
and rare earth ions (RE*") in column leaching were described by the convection—dispersion equation (CDE). The source and sink in
the CDE were determined by the Kerr model. The CDE with strong nonlinearity was solved using the sequential non-iterative
method. Compared with the breakthrough curve of RE*, the correlation coefficient between the simulated and experimental curves
reached 0.8724. Therefore, this method can simulate the one-dimensional column leaching of weathered crust elution-deposited rare
earth ore. Moreover, the effects of different concentrations of ammonium sulfate ((NH4),SO,) solution on the leaching rate of rare
earth were analyzed. The optimal concentration of the (NH,),SO, solution had a linear relationship with the rare earth grade.
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1 Introduction

The basic process of the exploitation of weathered
crust elution-deposited rare earth (RE) ore based on the
in-situ leaching technique is as follows. First, ammonium
sulfate ((NH4),SO,) solution is injected into the ore body
via the injection well network. Second, ammonium ions
(NHI) in the (NHg4),SO4 solution are used to exchange
RE ions (assuming the average valence of RE ions is +3,
RE*"), which are adsorbed onto clay particles and the
RE’" enters the solution. RE*" moves with the solution
until it flows out of the ore body and enters into the
solution collection system [1—5]. The exchange of the
solid-phase RE®" (i.e., the RE®" is adsorbed by clay
particles) by the liquid-phase NHI (i.e., the NHI in
solution) is a solid—liquid reversible ion exchange
reaction [6,7]. The (NH,4),SO, concentration determines
the exchange efficiency. Presently, the appropriate

(NH4),SO,4 concentration is usually estimated by
experience. Owing to the complexity of geological
conditions, different mines have different RE grades,
permeabilities, and impurities of the ion content.
Therefore, the concentration of the (NH4),SO,4 solution
determined by experience is often beyond the reasonable
range. Too high a concentration of (NH4),SO4 will lead
to excessive ammonia nitrogen in the surrounding water
bodies, and thus environmental pollution. However, low
concentrations will result in an insufficient leaching rate
of RE and cause resource waste. Establishing a
mathematical model for the leaching process provides
theoretical reference for the reasonable determination of
a suitable (NH4),SO, concentration.

Leaching of RE ore primarily includes two
processes: one is the RE' leaching (ion exchange
process) and the other is the RE*" transport (transport
process). TIAN et al [8—10] analyzed the ion exchange
process of RE ore using the shrinking core model and
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found that the ion exchange process was controlled by
inner diffusion. The leaching kinetics when using
ammonium salt solution [11] and magnesium sulfate
solution [12] as the leaching agents have also been
studied, and researchers [13—15] have attempted to
analyze the column leaching process with the leaching
kinetic model. Studies [16—19] of ion exchange and the
transport of RE®" are mainly based on laboratory
experiments; however, solute transport of RE* has a
distinct scale effect and laboratory experimental results
are often inapplicable to practical engineering. WU
et al [20—22] elaborated on the ion exchange and
transport mechanism in the heap leaching process, which

provided direction for the theoretical analysis of leaching.

QIU et al [23,24] simulated the leaching process of
weathered elution-deposited RE ore using the lattice
Boltzmann theory.

In the preset study, an ion exchange model of RE
ore was obtained using batch leaching experiments. NHI
and RE*" in the column leaching process were described
by the convection—dispersion equation (CDE) and the
source and sink of the CDE were determined by the ion
exchange model. The feasibility of the proposed method
was verified with a laboratory experiment. The proposed
method was used to determine the optimal concentration
of (NH4),SO,.

2 Experimental

2.1 Batch leaching experiments

Samples were collected from RE ore in Xinfeng
County, Jiangxi Province, China, and were screened with
a high-frequency sieve shaker having a sifter diameter of
2 mm. Screened mineral samples were baked for 10 h in
110 °C oven to eliminate water in the mineral samples.
(NH4),SO, solutions with different mass concentrations
(2,3,4,5, 6,7 and 8 g/L) were prepared in volumetric
flasks. Next, another seven iodine flasks were used to
mix 20 g of mineral sample and 100 mL of (NH4),SO,4
solution with different mass concentrations (2—8 g/L).
These seven iodine flasks were first placed in a constant
temperature (30 °C) water tank and vibrated for 2 h, and
then remained static for 0.5 h. Leachate and mineral
samples were separated by medium-speed filter paper
and concentrations of RE*" in the leachate were tested
using the EDTA titration method. Three parallel
experiments were performed.

2.2 Column leaching experiments

Column leaching experiments were performed with
the mineral samples. The RE grade of the mineral
samples was 0.101%. Length, radius, and porosity of the
soil column were set at 0.80 m, 5.2 cm and 1.15%,

respectively. The initial water content in the soil column
was set to be 17.1%. The porous stone, which was wet
with deionized water, was placed into a PVC tube with
an inner diameter of 10.4 cm and a length of 1 m. One
1 cm-thick coarse sand filtering layer was paved and
samples were filled in eight layers. Another 1 cm-thick
coarse sand filtering layer was paved at the top of the soil
column. A piece of overflow pipe was installed 5 cm
above the coarse sand filtering layer and deionized water
was added to the water tank. Water inflow in the PVC
tube was controlled by a faucet. To control the height of
ponding to be 5 cm, the velocity of the water inflow was
fast enough to spill from the overflow pipe. After
stabilization of the water flow in the soil column, the
ponding at the top of the soil column was quickly
extracted. Water in the water tank was changed into
20 g/l (NH4),SO, solution. The ponding of the soil
column quickly increased to 5 cm. The flow rate of the
faucet was adjusted to maintain a constant head.

After replacement of the deionized water with the
(NH4),SO, solution, the mass of the leachate in the
conical flask was weighed every 4 h (assuming the
leachate density was 1 g/cm’). Next, 10 mL leachate was
added to oxalic acid. If no white precipitation was
observed, this indicated that there was no RE*" in the
leachate. When RE*" was detected in the testing solution,
leachate was collected every 2 h thereafter. The
concentration of RE' was tested using the EDTA
titration method. The concentration of NHI in the
leachate was tested using the formaldehyde method. The
concentration of sulfate ions (SOi_) in the leachate was
tested using the permanent white precipitation method.
After the concentrations of RE3+, NHZ and SOi_ were
stabilized close to zero, the experiment was stopped. The
breakthrough curves of RE*, NHI and SO?{ were
constructed.

3 Results and discussion

3.1 Ion exchange model

It is a solid—liquid ion exchange process for the
liquid-phase NHI to exchange the solid-phase RE’". The
Kerr model, Vanselow model, and Gapon model are
common ion exchange models used to describe this
solid—liquid ion exchange process. The expressions of
the selectivity coefficients of these three models are as
follows [25]:
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where Ky, Ky and K are the selectivity coefficients of

the Kerr model, Vanselow model, and Gapon model,

respectively. CII; and
of the
respectively, g/L. CSN

liquid-phase

Cllé refer to the concentrations
+ . .

NH; and liquid-phase RE*',

and CSR are the concentrations

of the solid-phase NHI and solid-phase RE*',
respectively, g/g. yx and yy are the activity coefficients of
the liquid-phase NHZ and liquid-phase RE’", respectively,
which are calculated from the Davies empirical model
(Eq. (4)). My and My are the molar fractions of the
solid-phase NHI and solid-phase RE®', which are
calculated using Eqgs. (5) and (6), respectively. My and
My are the relative molecular masses of NHI and RE3+,
respectively, g/mol.
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where A is the parameter related to the temperature,
A4=0.513 (mol/L)™"* in 30 °C aqueous solution; m is the
valence state of the corresponding ions; u is the ion
strength.

Initially, there was no RE*" in the liquid-phase and
no NH," was adsorbed during the solid-phase. Ions in the
solid-phase and liquid-phase met the following three
equality relations before and after the ion exchange
process: (1) the amount of substance of solid-phase NHI
was 3 times that of the liquid-phase RE*; (2) in the
system composed of liquid-phase and solid-phase, NHI
and RE*" met the law of mass conservation; (3) after ion
exchange equilibrium, the sum of the amount of
substance of the liquid-phase NHI and solid-phase NHI
was equal to the amount of substance of the liquid-phase
NHI before leaching. These processes are expressed by

Egs. (7)—(9):
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where myg is the mass of the mineral sample, V| is the
volume of the solution, CEO is the concentration of
NHZ in the leaching agent, and CS% is the initial
concentration of the solid-phase RE*".

Substituting Eqgs. (7)—(9) into Egs. (1)-(3), the
selectivity coefficients of the three models are the
uniform functions of the concentration of liquid-phase
RE*. Given Vi/m,, Cyy, Cy and Gy, the selectivity
coefficients of the three models were calculated using the
experimental data (Fig. 1).
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Fig. 1 Relationship between concentration of (NH4),SO, and
that of liquid-phase RE*"

The concentration of the liquid-phase RE*" was
obtained by leaching with different concentrations of
(NH4),SO,, as shown in Fig. 1. Combined with the
experimental data from Fig. 1, the selectivity coefficients
of the three models under different (NH,4),SO,
concentrations are shown in Fig. 2, where the selectivity
coefficient of the Kerr model is amplified by 10" times
and the selectivity coefficient of the Vanselow model is
amplified by 10' times. The selectivity coefficient is
often assumed to be constant. The mean selectivity
coefficient under various (NHy4),SO, concentrations was
calculated using data from Fig. 2. The selectivity
coefficients of the Kerr model, Vanselow model, and
Gapon model were calculated to be 12.59x107'% L?/g?,
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Fig. 2 Relationship between concentration of (NH,4),SO, and

selectivity coefficients for Kerr model, Vanselow model and

Gapon model
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0.89 L*mol?, and 3.43 (mol/L) **, respectively.

The calculated selectivity coefficients of the three
models were then substituted into Egs. (1)—(9). The
concentration of the liquid-phase RE’" was used as the
basic unknown variable. The concentration of the
liquid-phase RE*  under different (NH4),S0,
concentrations in the three models was calculated. The
calculated results and experimental data are shown in
Fig. 3. Relative errors and the mean of relative errors
(Eq. (10)) between the calculated results for each model
and experimental data are listed in Table 1. It was found
that the relative errors of the Kerr model and Vanselow
model are close and basically within 10.00% (although
when the concentration of (NH4),SO, was 2.0 g/L, the
relative error of the Kerr model was 10.32%, which is
slightly higher than 10.00%). The mean relative error of
the Kerr model was slightly smaller than that of the
Vanselow model. The calculation of the Gapon model
deviated significantly from the experimental data under
low concentrations of (NH4),SO,. The mean relative
error of the Gapon model was more than twice that of the
Kerr model and the Vanselow model, indicating that the
Kerr model and the Vanselow model are better than the
Gapon model. Compared to the Vanselow model and the
Gapon model, the Kerr model had a lower mean relative
error and a simpler mathematical expression. Therefore,
the ion exchange process of leaching was described
using the Kerr model. The selectivity coefficient of the
Kerr model for the chosen mineral samples was
12.59x107'° L?/g?. The value of the selectivity coefficient
for the Kerr model reflects the adsorption capacity of
clays in terms of NHI and RE*. The mineral samples
have a very small selectivity coefficient, indicating a
significantly higher adsorption capacity of RE*" by clay
particles than that of NH:;r . If exchanging RE*" adsorbed
on the clay surface by NHI, then the concentration of
NH4+ would be far higher than the concentration of RE*".

0.12

b=t

oo 0.11F

S

m 0.10F

~

[

2 0091

<=

iy

= 0.087

&

= 0.07} —s— Kerr model

s —e— Vanselow model
g 0.06f —a— Gapon model

= --0-+ Experimental data
E 0.05r

s

!

g 0.04— : ' ; 5 ' '
c 2 3 4 5 6 7 8

Concentration of (NH,),SO,/(g-L™)

Fig. 3 Relationship between concentration of liquid-phase RE**
and that of (NH,4),SO, for Kerr model, Vanselow model and
Gapon model

Table 1 Relative error (%) and mean relative error (%) of
concentration of liquid-phase RE*" between experimental data
and calculated data for three models

Concentration of Kerr Vanselow Gapon
(NH,),S04/(g'L™" model model model
2.0 10.32 3.88 37.56

3.0 0.83 3.49 12.25

4.0 6.26 6.90 1.07

5.0 391 3.51 3.51

6.0 0.79 2.15 2.11

7.0 1.09 2.94 4.05

8.0 4.15 6.15 2.78

Mean error 391 4.15 9.05

This is consistent with the research conclusions of LI [26]
and CHI and TIAN [6].
e -G

Iq,n
R
N n=l1 Clq,n

& ‘xlOO% (10)

where N is the experimental data number and CA‘II;’" is
the experimental data for the liquid-phase RE’*
concentration.

3.2 Hydrodynamic dispersion coefficient and mean

flow velocity in pores

Mineral samples have low SO;  adsorption
capacity in solution [27]. In the present study, SOj~
was assumed to be a non-reactive solute and the transport
of SO?‘_ was described by the CDE. The approximation
solution of the breakthrough curve of SO, was
expressed as per SAUTY [28]:

1 L—ut
Gy = ECE]Oerfc [T/Ej (11)
where erfc is the complementary error function, lel is
the concentration of liquid-phase SO2~, Clzo is the
concentration of SOﬁ_ in the leaching agent, L is length
of the soil column, u is the average flow velocity in pores,
D is the hydrodynamic dispersion coefficient, and ¢ is
time.

In the case of a non-reactive solution and
convection domination, the time corresponding to the
breakthrough curve Clz = O.SCE]0 is the time for solute
transport from the top to the bottom of the soil column,
at the average flow velocity in pores [28], which is
denoted as #, 5. The average flow velocity in pores can be
expressed as u=L/tys. After infiltration in the column
leaching experiment became stable, the water content in
the soil column was 0.449. Breakthrough curves of RE*",
NHI, and SOﬁ_ are shown in Fig. 4, with #,5=5.26 d
and the average flow velocity in the pores calculated as
0.152 m/d. Based on the least squares method, the



Ping LONG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 625—633 629

breakthrough curve of SOﬁ_ was fitted using Eq. (11)
and the hydrodynamic dispersion coefficient of the soil
column was calculated as 8.88x10> m%/d.

16

—_
[\

[ee)

Ton concentration/(g-L™")

0 2 4 6 8 10
Time/d
Fig. 4 Breakthrough curves of RE*", NHZ and SOi_

3.3 Breakthrough curves of NH4+ and RE*"

The soil column was assumed to be a homogeneous
medium. Considering the ion exchange process, the
solute transport equations of NH;r and RE* were
expressed as

Cy  p Q[ 0C (12)
a 6 ot 0z* oz
2
ot 9 ot azz oz

where p, is the density of the soil column and 8 is the
volume water content.

To solve Eq. (12) and Eq. (13), the boundary
condition was required. The concentration of the
liquid-phase NHI at the top of the soil column was equal
to the concentration of NHI in the leaching agent, and it
remained constant over time. Initially, the concentrations
of the liquid-phase NH, and liquid-phase RE*" in the soil
column were zero. The concentration gradients of the
liquid-phase NHI and liquid-phase RE*" at the bottom of
the soil column were zero. Therefore, the boundary
conditions for the liquid-phase NH;r and the liquid-phase
RE* were

Chy =Crp (t>0,2=0)

Gy =0(t=0,z>0) (14)
o
=0(t>0,z=1L)
Z

Ci =0(t=0,z>0)

R (15)

dCy,
T4 050, 2=1)
0z

The ion exchange process during leaching was
described by the Kerr model. The relationship between
the concentration of NHI and RE’" is expressed in
Eq. (1). According to conservation of the adsorption sites
on the mineral samples, there is

S S

MN MR _MR

N R R
o, 3¢ 3¢ (6

Initially, the concentration of the solid-phase RE*"
at any position in the soil column was equal to the
concentration of the solid-phase RE®" before leaching,
and the concentration of the solid-phase NHI at any
position in the soil column was zero. At the bottom of the
soil column, the concentration gradients of the solid-
phase NH:;r and solid-phase RE*" were zero. Therefore,
the boundary conditions for the solid-phase NHI and
solid-phase RE*" were

CN=0(=0,2z>0)

N (17)
9C, =0(>0,z=1)

Z
CR=C8 (t=0,2>0)

R (18)
G =0(>0,z=1)

/4

The equation set consisting of Egs. (1), (12), (13)
and (16) represents the solute transport equation for NHZ
and RE* in the one-dimensional column leaching
process. The solute transport equation of NHI and RE**
showed strong non-linearity. Under the boundary
conditions of Egs. (14), (15), (17) and (18), directly
solving the solute transport equation requires abundant
computer memory [29]. To avoid occupying a large
amount of computer memory during computation, the
transport process and ion exchange process were
considered independently using the sequential
non-iterative method [30,31]. First, CIZI and Cll; were
calculated by the transport process. Second, the ion
exchange process was considered to correct Cf;, Cll;,
CYN and CX. The detailed calculation process is shown
below.

The solute transport equation expressed by NHZ and
RE*, with sole consideration to the transport process
(source and sink terms in Egs. (12) and (13) were
eliminated), was written in a differential form:

NI N[k DAL NI N[E L N[
o i Ciq ‘,‘ - Az2 Ciq i+1 ~2Gq ‘[ *Cig ‘i—l B
ult N N[
5 (clq Gy L_J (19)
R mk  DAt( gk giFrF )
Cq ; =Gy L - AZ? Cig LH 2Cyq L +Clq‘i—1

ult R k R ‘k
TSR | P

j (20)
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where k is the time nodes (=0, 1, 2, -+, n;—1, ny, is the

total number of time nodes); i is the positional nodes (i=1,

2,3, *+, n—1, n,; is the total number of positional nodes);

At is the time step length; Az is the positional step length.
The boundary conditions in Eqs. (14) and (15) were

also expressed in differential form:

cf;\'; SN h=0,1,2,3, -, np)

N[O .
cqu =0 (i=1,23, -, n) 1)

k k
qﬁ‘m =q§‘nrz (k=0,1,2,3, -, n)

R0 ,
Col =0 (1=0,1,2,3, =, n)
l (22)

cf, =ckf , G=012.3

B nk)
. N[O N0
When £=0 and =1, the values of Cj, ‘0, Cq L and
0
CE ‘2 were obtained by Eq. (21) and are Cf;o, 0 and 0,
. . . N 0 N 0 N (U
respectively. Substituting Cjg ‘0, Cq L and Gy ‘2 into

1
Eq. (19), the wvalue of Cfc\l”‘l was calculated. The

process of transport and ion exchange affected the

liquid-phase concentrations of NHI and RE®". For
discrimination, the concentrations of the liquid-phase

NHZ and the liquid-phase RE*", with sole consideration

k
to the transport process, were recorded as Cf;l ~ and
1

k
Cf;l . The concentrations of the liquid-phase NH;r and

liquid-phase RE*" with consideration to both the

transport process and ion exchange process were
k k

recorded as Cllc\l]" and Cll;" . It can be seen from
1 1
R R R0

Eq. (22) that G ‘o’ Ciq L and Clq‘z were all zero.

1
Substituting them into Eq. (20), the value of CEIL was

then calculated.

The ion exchange process occurred at the same time.
The concentration of NHI and RE*" in the liquid-phase
and solid-phase, at time level 4+1 and position level i,
was described by the relationship in Eq. (1), which was
rewritten into the discrete form as follows:

3
K+l k+l

G|, (CsNi )

KK - R k+1 N k+1 3 (23)

()

The difference between the mole number of the

solid-phase NHI after ion exchange and the mole number
before ion exchange was 3 times the difference between

the mole number of the liquid-phase RE®" after ion
exchange and the mole number before ion exchange,
expressed as

k+l _ ARI

N

k+1
S = CN

k .
N VL My (Cll;

i mgMpy

k+1
i s i i ) (24)

R1 b+l C 3+ :
where Gy ‘ is the liquid-phase RE™" concentration at
l

time level k+1 and position level i before ion exchange;
mg; is the mass of mineral sample in the unit cell i;
mS,:psnrzAz/(He), ps 1s the density of soil particles, e is
the porosity and r is radius of the soil column; V7, is the
volume of solution in the unit cell i and V; =t?Az0.

NHZ and RE* met the law of mass conservation
before and after ion exchange at position level i.
Therefore,

k+1 k+1 3M k+1 k+1
N[ _ AN N (R R1
lq, T | (Clq i _Clq ‘i ) (23)
R
k+1 k+1 k+1\ Vo . k
|, =(Cﬁ§1. ~Ca, ]iwf_ (26)
i i i m; i
ILaLE . ..
where Cyy ‘ is the concentration of the liquid-phase

NHI at time level k+1 and position level i before ion
exchange.

The boundary conditions of the solid-phase NHZ
and RE* in Eqs. (17) and (18) were written in a
differential form as follows:

N|° .
CS . :0 (l:la 25 39 Y ni)
lk i 27)
M o= =01, 23 )
n; n;=2
CsRi):CsRO (izlv 2,3, -, ni)
k k (28)
G =C| |, (k=0,1,23 - n)

j N ! Ri|!

When 4=0 and i=1, the values of G, ‘1 and G L

1

were obtained from Egs. (19)—(22). Given K, Cf:]“ L’
1 0 0

CII;IL’ Y|, and CF| . substituting Eqs. (24)-(26)

1
1

obtained. This nonlinear equation was solved by the
1

fzero function in MATLAB. The calculated Cllé‘l was

into Eq. (23), the nonlinear equation of CE‘ was

1
used in Egs. (24)—(26) to calculate CSN 1

1
N
. Clq‘ and

1
cR . When k=0 and i=2, the boundary conditions were

1
combined with the previous two steps. Similarly, Cf;‘z,
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N N R|!
c'|, C and C were calculated. Then, the
$ I lq], Sl

k k
N

.0 CsAﬁ

i i

values of C;;

k NG
- and G| were
1 1

N
Cyq

calculated in the same manner.

The breakthrough curve of the one-dimensional
column leaching experiment in Section 2.2 was
simulated using the above method. Simulation
parameters were identical to those in the column
leaching experiment. At and Az were determined to be
1x107 d and 1x10° m, respectively. The breakthrough
curve of RE* calculated using the proposed method is
shown in Fig. 5. The correlation coefficient between the
simulated and experimental curves reached 0.8724,
indicating that the proposed method could accurately
simulate the breakthrough curves of RE’" in the
one-dimensional column leaching experiment.

15

e Experimental curve

6 = cwe
12 " Simulated curve

Concentratrion of RE3*/(g-L™)

2.5 5.0 7.5 10.0
Time/d

Fig. 5 Simulated and experimental breakthrough curves of
RE3+

3.4 Optimization of ammonium sulfate solution

The breakthrough curve of RE’" under different
concentrations of (NH,;),SO, was acquired using the
proposed method, with the rest of the parameters
remaining the same as those in the column leaching
experiment. The breakthrough curves of RE’* under 5.0,
10.0 and 20.0 g/L concentrations of (NH4),SO, are
shown in Fig. 6. With the decrease in (NH,),SO,
concentrations, the peak concentration of the
breakthrough curves of RE*" decreased, and the tailing
phenomenon of the breakthrough curves became more
obvious, combined with a longer leaching period and
lower leaching rate of RE. The curves depicting the
relationship between the concentration of (NH,4),SO,4 and
the leaching rate of RE are shown in Fig. 7. For a given
RE grade (7), the leaching rate of RE was positively
related to the concentration of (NH,4),SO,. There exists a
concentration where the leaching rate of RE is constant
after the concentration of (NH4),SO, exceeds this
concentration. This concentration is called the optimal

concentration of (NH,),SO, (C(I)\II)S ). The curve for the
relationship between C(I,\II)S and # is shown in Fig. 8,
which showed a linear relationship. Based on linear
fitting, Cg\lis =10.197. Based on the relation equation
between Cg\f,s and 7, the consumption of (NH4),SO4
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Fig. 6 Breakthrough curves under different

concentrations of (NH,4),SO4
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decreased under the premise of satisfying the leaching
rate of RE. This offers theoretical reference for choosing
the suitable concentration of (NHy),SO, during RE
exploitation using the in-situ leaching technique.

4 Conclusions

(1) Compared with the Vanselow model and Gapon
model, the Kerr model was more suitable for describing
the ion exchange process of RE leaching. The selectivity
coefficient of the Kerr model was experimentally
determined to be 12.59x10 ' L%/g”.

(2) Using the Kerr model as the source—sink term,
the transport process of RE*" in a one-dimensional soil
column was simulated with the CDE model. The
correlation coefficient between the simulated and
experimental breakthrough curves of RE®" reached
0.8724, which indicates that the proposed method
provides a good simulation of one-dimensional column
leaching of weathered crust elution-deposited RE ore.

(3) The concentration of (NH4),SO4 was optimized
by the proposed model. It was shown that the optimal
concentration of (NH4),SO,4 (Cg)s) varied linearly with
the RE grade (7). Under the conditions in the present
study, the equation can be expressed as Cé}ﬂs =10.197.
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