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ARTICLE INFO ABSTRACT
Keywords: In real hydrometallurgical systems, ion exchange of metal cations is often accompanied by competing processes,
Chelating ion exchange such as complex formation. In this paper, we have analyzed influence of complex formation on nickel uptake
Complexation in a chelating ion exchanger that contains iminodiacetate groups. Both outer-sphere complexation with sulfate
Nickel ) and inner-sphere complexation with ammonia were studied at 22 and 80 °C. In ammoniacal ammonium sulfate
:xﬁziizm sulfate matrix, both these complexes are formed and prediction of nickel uptake becomes challenging. According to
Modeling the results, nickel uptake can be substantially enhanced by complex formation. Under acidic conditions and at
80°C, proton is complexed by sulfate more effectively than nickel and as a result, the exchange equilibrium fa-
vors nickel uptake. High sulfate background concentration further enhances the positive effect. In ammonium
sulfate solutions, however, complexation with ammonia is needed to prevent nickel precipitation. The solution
is stable near pH 7 and high nickel uptake can be obtained, because competition by H* is practically absent
and Ni?*/NH, ™ selectivity is high. Complexation with NH; thus makes the conditions favorable for Ni uptake
rather than affects directly on Ni exchange. All these findings were successfully correlated with a dynamic model
including pertinent complexation and dissociation equilibria.
List of symbols z charge number, —
p stability constant,
c molar concentration, mol/L & bed void fraction, —
d, average particle diameter, m € pore void fraction, —
D, pore diffusion coefficient, m?/s x affinity constant,
D axial dispersion coefficient, m?/s v stoichiometric coefficient, —
h NICA parameter, —
k rate constant, 1/5 Subscripts and superscripts
K, dissociation constant, — 0 initial, pure component or infinite dilution value
Ly bed length, m eluent  value in eluent
M molar mass, g/mol feed value in feed
N number of mixing stages, - ij, k component, reaction, mixing stage
Ny number of reactions, — p pore solution
r reaction rate, mol/(dm?3s) w water
t time, s
T temperature, °C Abbreviations
v interstitial velocity, m/s BV bed volume
x axial coordinate, m TP 207 iminodiacetate resin
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Table 1
Properties of TP 207 in acid form.

Average particle size (D50), mm 0.55
Functional group —N(CH,COOH),
Permanent porosity?, — 0.33
Density®, kg/L 0.55
Bed capacity®, equiv/L 2.24

a Estimated by the incipient wetness method.
b Polymer content in the swollen resin. Estimated from the water sorption data.
¢ Fully protonated, measured by frontal analysis.

Table 2
Composition of the feed solutions. Concentrations are in mol/L.

Feed A Feed B Feed C Feed D
NiCl, 0.017 - - -
NiSO,4 - 0.017 0.017 0.017
Na,SO, - - 1.0 -
(NH,),S0, - - - 3.4
pH 4.8 4.9 5.0 7.0-8.5

0.016

0.012

0.008 -

0.004

0.000 =

0.20

0.15

Outlet Ni** concentration, mol/L

0.10

Outlet acid normality, equiv/L

0.05

0.00

Feed volume, BV

Fig. 1. Nickel (filled symbols) and acid (open symbols) outlet profiles in TP207 bed at
22°C (A) and 80°C (B). Feed solution: A (triangles), B (circles), C (squares). Feed rate was
2.8BV/h at 22°C and 8.3BV/h at 80 °C.

1. Introduction

Ion exchange of heavy metals is a well-established technology in hy-
drometallurgical processing and in water treatment [1-3]. Cation ex-
changers carrying negatively charged functional groups are typically
used to bind the hydrated metal cations from the solution phase [4].
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Simple sulfonic acid or carboxylic acid resins have only moderate se-
lectivity for the heavy metals and, therefore, chelating resins contain-
ing more advanced exchange sites are used. Iminodiacetate (ida) group,
for example, binds transition metals by combined ion exchange and co-
ordination mechanism leading to high selectivity even at moderately
acidic conditions [5,6]. The selectivity gain is vital in cases, where small
amounts of heavy metals are removed from a solution containing high
concentrations of non-complexing cations.

Complexation of the target metal cations in the solution phase may
affect the exchange process in different ways depending on the proper-
ties of the ligand. With neutral ligands like ammonia, the cation charge
is retained but the selectivity may change depending on the degree of
coordination [7,8]. Anionic ligands, on the other hand, neutralize or
even reverse the charge thus rendering the cations inactive for cation
exchange. Complexation is thus a competing process for ion exchange
and as a result, metal uptake in the resin phase tends to decrease. De-
pending on the stability constants of the complexes in the bulk solution
and in the resin, the effect may be negligible or ion exchange may be-
come impossible.

Use of ion exchangers in complexation studies is well-established [9]
but little attention has been paid on complexation in actual separation
processes. In this paper we show that complexation in the bulk phase
may in some cases be beneficial for the metal uptake. In particular, re-
covery of nickel from ammoniacal ammonium sulfate (NH,),SO,-NH3)
solutions is considered, where complexation with both ammonia and
sulfate anion takes place. Nickel ammine complexes are well-known ex-
amples of inner-sphere coordination, while outer-sphere complexation
(or ion association) with sulfate is often considered unimportant and
therefore overlooked. In hydrometallurgy, such complex solutions stem
from oxidative leaching of nickel concentrates and subsequent nickel re-
duction processes [10]. In the reduction step, nickel is complexed with
NHj; and then reduced by H, at 110-120°C to metallic Ni. The residual
nickel concentration in the (NH,),SO, solution is typically 1-2g/L and
pH is around 7. After removal of nickel and other heavy metals, the con-
centrated ammonium sulfate solution can be re-used or sold as fertilizer.
Pajunen and Sheedy [11,12] have reported an ion-exchange process for
such purposes and the feed solution was treated with the ida resin us-
ing the short-bed technology. In their case, cobalt removal was the main
concern and nickel concentration in the feed was low.

The objective of this study is to investigate in detail the nickel up-
take from synthetic ammoniacal ammonium sulfate solution contain-
ing 0.017mol/L (1g/L) of nickel and 3.4mol/L (450g/L) of ammo-
nium sulfate. In particular, the role of complexation with sulfate an-
ion and ammonia in nickel uptake was studied. Using a commercial ida
resin in acid form, the metal uptake was measured in stirred-tank and
fixed-bed systems. The measurements were made at ambient tempera-
ture and at 80°C. The latter value was a compromise between the ac-
tual process temperature and resin thermal stability. The experimental
data were correlated using an ion-exchange equilibrium model reported
previously [13] and an approximate formulation of the Nernst-Planck
diffusion model. These models were selected in order to properly ac-
count for the different exchange stoichiometry and the different diffu-
sion rates of the uni- and di-valent cations. Complexation and dissocia-
tion reactions taking place in the bulk solution and resin pores were also
accounted for. The purpose of extensive model calculations was to pro-
vide a physically relevant framework, where the contribution of individ-
ual processes can be evaluated on the basis of the experimental results.
The selected model system is reasonably complicated but still well-de-
fined and, moreover, it has practical importance in industrial hydromet-
allurgy.
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Fig. 2. H/Ni exchange in the diprotonated (A) and triprotonated (B) ida groups. R stands for the polymer matrix and A~ is a univalent anion.
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Fig. 4. Nickel (filled circles) and acid (open circles) breakthrough curves for feed solution
; D in TP 207. T = 22°C (A) and 80°C(B),
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Fig. 3. Nickel breakthrough curves calculated with the model parameters of Table 3. Solid
line: formation of HSO,~ and [NiSO,4]° included; dashed line: no reactions included; dotted

line: only formation of [NiSO,4]° included. TP207 bed, 80°C, feed rate 8 BV/h, feed solu-
tion 0.017 M NiSO,.

2. Experimental

2.1. Materials

Qutlet concentration, mol/L

Lewatit TP 207 (Lanxess, supplied by Sigma-Aldrich) is a macrop- =
orous poly(styrene-co-divinylbenzene) resin containing iminodiacetate 0.0 05 1.0 15 20 25 3.0
(ida) groups. The resin was converted to acid form using 1.0 mol/L sul-
furic acid and washed copiously with purified water. Properties of the
resin are listed in Table 1. Highest operating temperature is according Fig. 5. Outlet concentration profiles of Ni2* (circles) and NH,* (diamonds) in regenera-
to the manufacturer 80°C and after about 50 loading/regeneration cy- tion of the TP 207 bed with 1.0 mol/L H,SO, at 80°C.

Elution volume, BV
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Fig. 6. Equilibrium uptake of H* (triangles) and Ni** (circles) at 80°C. ¢ = 0.01 mol/
L (filled symbols) and c;® = 0.10mol/L NiSO, solution. The crosses represent calculated
values.
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Fig. 7. Uptake kinetics for nickel in TP 207 at 22 (filled symbols) and 80°C (open sym-
bols). Circles and triangles refer to sulfate and chloride solutions, respectively. Continuous
lines are model calculations.

cles made in this study at this temperature, no deterioration was ob-
served.

The feed solutions given in Table 2 were prepared using reagent
grade chemicals obtained from Sigma-Aldrich (NiSO4, 98%; (NH,4),SO,,
98%; H,SO,4, 98%; NH,OH, 25%). Ultrapure water was used in all ex-
periments (Centra R 60/120, >15MQ).

Table 3
Model parameters for the studied systems at 22 and 80 °C.
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2.2. Methods

Resin density p, means here the solid content in the dry resin and it
was measured by drying a given volume of the water-swollen resin at
90 °C. Resin porosity was measured by adding pure water in dried resin
stirred gently with a magnetic bar. The point of incipient wetness was
attained, when all free-flowing particles became sticky but no free wa-
ter was visible. The average particle size was obtained using laser dif-
fraction measurements (Mastersizer 3000, Malvern). The bed capacity
was measured by frontal NH,"/H" exchange at 22°C using 0.58 mol/L
NH,OH and 0.50mol/L H,SO,.

Exchange kinetics was measured in a closed glass vessel equipped
with a stirrer and a recirculation pump for on-line UV-vis measure-
ments. The stirring rate was 1000 min~!. A flow-through quartz cuvette
was used and the spectra were recorded at specified intervals with Cary
8454 (Agilent) spectrometer. The nickel concentration was calculated
with an extinction coefficient 5.32L/(molcm) determined at 395nm
and using 500 nm as reference wavelength. After adjustment of the ini-
tial nickel concentration and temperature, a known amount of H-form
resin was added. Nickel concentration was monitored with the on-line
measurements and after the equilibrium was attained, a known volume
of 4mol/L H,SO, was injected to desorb part of nickel. When the equi-
librium was again established, a new portion of sulfuric acid was added.
At the end of the experiment with solution D, the loaded resin was
packed in a column and regenerated 1.0 mol/L H,SO,. The collected so-
lution was analyzed for NH,* and Ni2*.

In fixed-bed experiments, the resin was packed in a jacketed glass
column (ID 15mm) and the bed volume (BV) was 22 or 106 mL. The
column was attached to a precision pump (Knauer) and the outlet
stream was analyzed on-line for conductivity and UV absorption at
365-395nm. Absorbance at 500nm was used for baseline correction.
Bed temperature was controlled by thermostated water circulated in the
column jacket. In feed D (Table 2), solution pH was adjusted to 7.1-7.8
by means of 25wt% aqueous ammonia. After the loading step, the resin
was washed with water and then 1.0 mol/L H,SO, was pumped through
the bed until all nickel was eluted.

Samples taken in stirred-tank and fixed-bed experiments were an-
alyzed using off-line UV-vis spectroscopy (Cary 8454, Agilent) and
ICP-OES (iCAP Duo 7600, Thermo Fisher Scientific) for nickel, and pH
measurements and/or potentiometric titration (T50, Mettler Toledo) for
the acid. Ammonium ion was analyzed using a C/N analyzer (TNM-L,
Shimadzu).

3. Theory
3.1. Equilibrium model
Ton exchange in a NiSO4-(NH,),SO,4-NH;/resin system involves sev-

eral exchange and adsorption equilibria as shown in Eq. (1). R-idaH,
stands for the iminodiacetic acid resin.

Anion T, °C h, - logx, — ARD, %? Dy, 10710m?/s
H Ni Na/NH, Ni Na/NH, H Ni
50,2~ 22 1.000 0.8637 - 1.278 - 8.6 (8) 1.5 0.60
80 1.000 0.8258 1.0000 -0.8151 —4.5000 4.2 (20) 10 5.0
cl- 22 1.000 0.8403 - -1.5152 - 7.3(8) 2.0 0.80
80 1.000 0.8837 - -1.075 - 6.8 (22) 15 7.0

a Number of data points in parentheses.
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Fig. 8. Nickel uptake kinetics from feed solution D in TP 207 at 80 °C. Initial pH was 7.7.
Continuous line represents model calculations.

R - idaH, + Ni?* 2 R—idaNi + 2H * (1a)

R - idaH, + NH,* 2 R- idaHNH, +H * ab)

R —idaH, + NH; =2 R - idaHNH, (10)

Ion exchange equilibria were described using the explicit model de-
rived earlier [13] from the NICA adsorption model of Kinniburgh et al.
[14]. Consequently, the uptake of a given counter-ion is given by Eq.
(2a) [13], where 2z and gq,,,, are the valence and total amount of the
functional groups, « is the affinity coefficient and h is a parameter re-
lated to binding stoichiometry. Concentration in the resin pores is repre-
sented by c, and at equilibrium it equals the bulk concentration ¢. Am-
monia adsorption on protonated sites (Eq. (1c)) was described by Lang-
muir equation (Eq. (2b)) and Kyy3 = 500 L/mol was used to ensure prac-
tically irreversible adsorption.

A

Nigor Ni
o Ry
[NisO,]°
R-idaH, R-idaNi
S0,
[HSO,]
Htot H+
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|ZR|qmaxhi(Kicp,[)hi

9 = 7 2a
' X [l hcsep @)
SR
9NH; T+ N7, Cp N, (2b)

In Eq. (2), ¢ means the concentration in the solid polymer and the to-
tal uptake is given by Q; = e,¢c,; + (1 —&,)q;, where ¢, is the resin poros-
ity. For simplicity, x; and hy; in Eq. (2a) were put equal to unity and the
affinities of other ions are thus given with respect of H™.

The concentrations in Eq. (2a) refer to cations and in the studied sys-
tems they are not necessarily equal to the stoichiometric concentrations
because of number of complexation and dissociation reactions taking
place in solution (Egs (3a)-(3d)). Using the equilibrium constants dis-
cussed below in Section 3.4 and the mass balances, concentrations of all
species were calculated and the values of free cations were then used in
Eq. (2a).

N2+ 48027 = [Niso,|’ (3a)
HSO,” 2 H* +S02~ (3b)
NH,” 2 NH;+H* (30)
NiZ* +aNHy = [Ni(NH;y) > (3d)

3.2. Mass transport in the resin

The accumulation rate in the solid particles was evaluated using the
linear driving force (LDF) approximation of Nernst-Planck equation re-
ported by Melis et al. [15]. However, the LDF model with constant mass
transfer coefficient k, poorly represents the uptake rate at low loadings
and therefore the formulation of Yao and Tien [16] for k; was adopted.
Moreover, we assume that mass transport in the particles is controlled
by pore diffusion and external film resistance was neglected. Conse-
quently, the accumulation rate is given by Eq. (4), where d; is the av-
erage diameter of the spherical resin particles. The overbar indicates
volume-averaged values. The term on the right-hand side of Eq. (4)

[Ni(NH;),J**

50,2
[NiSO,]°

il

R-idaH,NH, R-idaNi

S0,
[HSO,]

NH;  Heo H*

Fig. 9. Complexation by sulfate (A) and sulfate and ammonia (B) in nickel exchange on iminodiacetate groups (R-ida). Ni,, and H,, indicate the total amount of nickel and protons in the

system.
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refers to the speciation reactions listed in Eq. (3) and Ny is the number
of reactions. Symbols v and r stand for the stoichiometric coefficient and
reaction rate.

do; Gku o ZiDp €, i~Cpd) Ng o
dr ~ ( P’ Zi P’Z,-— j=1Viji
4Dy, ; < L + @
U dx Cpi 2 pz

Assuming that no exclusion effects are present, the concentration at
the pore entrance ¢,; equals the external concentration c;. We also as-
sume that the equilibrium conditions given in Eq. (2) are valid for the
volume-averaged quantities ¢ and Q.

The reaction rate is written in a conventional way and as an exam-
ple, Eq. (5) was used for nickel complexation with the sulfate anion (Eq.
(3a)). Here c° is unit concentration and f is the stability constant of the
[NiSO4]° complex. The rate constant k was adjusted high enough to en-
sure reaction equilibrium at all calculation points. Same expression was
applied to obtain the bulk reaction rate ry;so4 by replacing pore concen-
trations with bulk concentrations. The reaction order of all components
in all reactions was assumed equal to unity.

Foor =k | (22 (&

Niso, = kniso, 0 0
1 (Ep,NiSO4)
Bwiso, 0

3.3. Stirred-tank and fixed-bed models

)

The overall mass balance for a batch system is given by Eq. (6) as-
suming that the resin and liquid volumes Vg and V; remain constant. We
also assume here that the complexation reactions proceed similarly in
bulk and pore solutions.

NR

= N,
dC,- VS th Vs 4 -
ot <VL> 7 ;V,z’/ *\7, gpjzl,viﬂf (6)

Axial concentration profiles in a fixed-bed column were calculated
using a discrete model described in detail elsewhere [13,17]. In this ap-
proach, the partial differential mass balance equation is replaced by the
ordinary differential equation given in Eq. (7). Here, v is interstitial flow
velocity, t is time, ¢, is bed porosity and p; is resin density. N is the num-
ber of stirred tanks in series, Ly, is the length of the bed and k is the index
of the tank (i.e. axial position). At k = 1, the concentrations are equal to
the feed concentrations.

. N(c;p—c;

% tv ( '-’th Lk_l) + (lejb) dgt[k = Z:j]\iRIVIEI'rf i (%) p j]\iR|Vi,/';3

Axial dispersion is not explicitly accounted for in Eq. (7) but the dis-
persion coefficient D,, is approximately related to N as shown in Eq. (8)
[13].

vL,

3.4. Calculations

The differential Egs. (4), (6) and (7) were solved using the methods
described earlier [13]. The Simplex method was used in parameter es-
timation and sets of arithmetic equations were solved by the Newton
method. The initial and boundary conditions for a column experiment
involving both loading and elution steps are as shown in Eq. (9). The
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superscripts “eluent” and “feed” refer to the water eluent and the feed
pulse, tg.q is the length of the feed pulse and function f represents the
equilibrium condition given by Eq. (2). According to the boundary con-
dition, concentrations in the first tank (k = 1) equals the concentrations
of the incoming stream.

t=0: c=¢= Cfluent’ Qi =f(celuent) R
0<tSipeg: ck=1) = ©
Bl @ ck=1) = cent
During the experiments, bed volume changed less than 5% and a
constant value of 0.40 was used for &,. The axial dispersion coefficient,
D,,, was estimated from the correlation of Chung and Wen [18], and the
value of N was adjusted accordingly. The average diameters and porosi-
ties of the resin particles are given in Table 1.
Goodness-of-fit to equilibrium and kinetics data in stirred tank was
evaluated using the average relative deviation (ARD) defined in Eq.
(10), where Ngj, is the number of data points.

1 N
ARD = +—
Ndp;

dj.exp — Yjcale % 100% (10)

9 exp

Dissociation constants of NH,* and HSO,~ were taken from Bates et
al. [19] and Knopf et al. [20], respectively. The pK, or logfyso, value of
the bisulfate anion is 1.97 at 22°C and 2.54 at 80 °C. The stability con-
stant for the first chloro complex of nickel logfy;c (80°C) = —0.15 was
estimated from logs (25°C) = —0.37 and AH, = 8.2kJ/mol [21]. The
value is so small that complexation was considered unimportant and
omitted in calculations. In sulfate solutions, on the contrary, substantial
part of Ni forms a neutral [NiSO,]° complex with a stability constant of
logp (25°C) = 2.32 [22]. Using the reported [22] reaction enthalpy of
5.3kJ/mol, the stability constant at 80 °C is 2.48. It is assumed here that
only outer-sphere 1:1 complex is formed, although some evidence of in-
ner-sphere complexation and formation of 1:2 complexes at high tem-
peratures exists [23]. The cumulative stability constants for the ammine
complexes were taken from Ref. [24]. Only values referring to 25 °C and
zero ionic strength were found and no attempts were made to convert
them to the conditions used here.

4. Results and discussion

Because of the system complexity, we first consider in Section 4.1
the Ni/H exchange (Eq. (1a)) and the influence of sulfate complexation
reactions (Egs (3a) and (3b)). Behavior of the whole system comprising
of Egs. (1) and (2) is described in Section 4.2.

4.1. Complexation with the sulfate anion

The influence of sulfate complexation on Ni uptake was studied in
fixed-bed experiments with TP 207 and the nickel break-through curves
were measured for 0.017 mol/L NiCl,, 0.017 mol/L NiSO, and 0.017 M
NiSO, containing also 1.0mol/L of Na,SO,. Sodium rather than ammo-
nium sulfate was used here to prevent precipitation of (NH,),Ni(SO,),.
Although the solubility of the double salt in pure water is moderate
[25], nickel is effectively precipitated in the presence of large excess of
ammonium sulfate. NiCl, was used as a reference case, where nickel is
present mostly as hydrated cation Ni(H,0)2* due to the low stability of
[NiCI]* [21].

The experimental break-through profiles measured at 22 and 80°C
are shown in Fig. 1. The data were correlated with the model described
in Section 3 and the calculated results are given as continuous lines. Es-
timation of the model parameters will be discussed in Section 4.4.

Fig. 1A shows that nickel breakthrough took place almost immedi-
ately at 22°C even when the feed rate was as low as 2.8 BV/h. The
shape of the profiles suggests that nickel breakthrough at ambient tem-
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perature is mainly controlled by slow intra-particle mass transport. At
80°C (Fig. 1B), on the other hand, good uptake capacity was obtained
because the equilibrium properties became dominant. Using the para-
meters discussed in Section 4.4 a relatively good correlation with the
experimental breakthrough curves was obtained.

There is a small difference in the breakthrough curves measured in
chloride and sulfate solutions at 22 °C but at 80°C (Fig. 1B) the Ni up-
take capacities are quite different. Nickel nitrate was also tested and
it gave a breakthrough curve (not shown here) that was identical with
that of NiCl,. At the same nickel feed concentration of 0.017 mol/L, the
chloride and nitrate matrices gave lowest nickel uptake and the highest
was found for NiSO, at high sulfate concentration. As will be discussed
later in Section 4.4, the difference is due to the equilibrium behavior
and practically no difference was found in the nickel uptake rates. The
result is surprising because formation of neutral sulfate complex in the
solution phase should decrease nickel uptake in the resin phase. We also
studied complexation of nickel with the soluble ida ligand at pH 4.0 and
80 °C but no difference was found between the sulfate and chloride solu-
tions. This result indicates that there is no direct influence of the anion
on formation of the nickel-ida complexes.

The explanation may be found in the behavior of the ida groups in
the resin phase. After acid regeneration and washing, the groups are
predominantly in the deprotonated form A shown in Fig. 2. The de-
gree of protonation was confirmed by integration of the profiles of Fig.
1B to obtain the total amount of acid equivalents displaced by loaded
nickel ions. In the sulfate solution, the H/Ni equivalent ratio was 0.97
and the maximum acid outlet concentration was 0.034 equiv/L as ex-
pected for stoichiometric exchange. Substantially higher ratio of 1.09
and a maximum acid outlet concentration of 0.040 equiv/L were found
for the chloride solution. This suggests that part of the ida groups in
this run was in the fully protonated form B releasing 3 protons and
an anion when exchanged to form C (n=3, m=1 in Fig. 2). How-
ever, the non-stoichiometric proton desorption was not accounted for in
the model calculations and same exchange mechanism was assumed for
chloride and sulfate systems. In the presence of Na,SO,, the H/Ni ratio
was 1.08 and, as indicated by the sharp initial peak in the acid profile
in Fig. 1B, this is due to the H/Na exchange taking place in parallel with
the H/Ni exchange.

Because the functional groups mostly are in forms A and C, there
is little or no hindrance for anions to enter the resin matrix during the
exchange process. We therefore propose an indirect mechanism, where
complexation of both nickel and proton with sulfate is the point. The
protons released in the exchange reaction are partly masked by forma-
tion of the bisulfate anion and as a result, the equilibrium shifts in fa-
vor of nickel binding. The same is true, of course, for nickel and de-
pending on the complex stabilities, the net effect on nickel uptake can
be weak as at 22°C or strongly positive as at 80 °C. Moreover, the pos-
itive effect on nickel uptake becomes more pronounced as the sulfate
concentration increases thus explaining qualitatively the behavior ob-
served in 1.0mol/L Na,SO, (Fig. 1). The model parameters for Na*
(logky, = —4.80, hy, = 1.00) were found by trial-and-error fitting in the
breakthrough curves and the same values were also used for NH," in
the next Section.

In summary, the positive influence of sulfate anion on nickel ex-
change can be explained by complexation of the competing ion. This
effect is further illustrated in Fig. 3, where the dashed line was calcu-
lated with the same model parameters as in Fig. 1 but omitting the so-
lution-phase reactions. For comparison, the dashed line represents situ-
ation where only nickel is complexed by sulfate.

The simulated effect is qualitatively similar to that in Fig. 1 but the
difference between the curves is markedly smaller than observed be-
tween the NiCl, and NiSO, curves. It is possible that the influence of
bisulfate formation is further enhanced by Donnan exclusion that is not
incorporated in the present model. If the negative charge of the unpro-
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tonated groups is not fully masked by the nickel cations, the bisulfate
anions are expelled from the vicinity of the sites by electrostatic repul-
sion.

4.2. Complexation with NH,

In the NiSO,-(NH,4),SO,-NH; system, nickel is effectively complexed
with sulfate because of the very high SO,%~/Ni’>* mole ratio. However,
this reaction is competed by complexation with ammonia according to
the stepwise scheme of Eq. (3d). In the absence of ammonia, nickel pre-
cipitates as (NH,),Ni(SO,), double salt, but at neutral or slightly basic
ammoniacal solutions it is stabilized as ammine complexes. The extent
of complexation depends on the concentration of ammonia and there-
fore Eq. (3c) also is important. In the pH range 7.0-7.7 used in this
study, only lower ammine complexes with coordination numbers of 1
and 2 co-exist with the Ni®* and [NiSO,]°. Therefore, we assume for
simplicity that only [Ni(NH3),]®" is present and the stability constant
Pnicnmzyz; = 4.0 [24] was used.

Because of the key role of ammonia, nickel breakthrough depends
markedly on feed pH as shown in Fig. 4. In this case, complexation in
the solution phase is much stronger than in the sulfate case but, on the
other hand, the complexes still carry a positive charge and can be bound
on the resin as a mixed complex or by releasing the ammine ligands.
Bilewicz and Narbutt [7] have shown that decrease in the uptake of
metal ammine complexes can be explained by partial exchange of the
ammine ligands by the ida groups. However, they used Zn?* and am-
monia concentrations exceeding 1mol/L and it is not known, whether
this result can be extrapolated to concentrations used here. Therefore, a
simpler approach was adopted here and the affinity coefficient « of the
[Ni(NH;),]2* cation was adjusted by trial-and-error fitting in the break-
through curves. The value logk [ninuz)2; = —3-80 (Pninaz)z) = 0.8258)
is much smaller than the value estimated for Ni>* and it may also in-
clude contributions from steric effects and ligand exchange. Another
problem in the NiSO,-NH; system was the high ionic strength and its
influence on the stability constants. The values used in Section 4.1 gave
poor correlation and because no data from literature were found, follow-
ing set of parameters was found by trial-and-error; logfn;soq) = 1.00,
loghusos = 1.50, logpus = 8.60. Detailed thermodynamic studies on
(NH,4),S0,4-H,SO, systems have been reported [26] but considering the
complexity of the present system, such rigorous treatment was not at-
tempted.

When operating near pH 7, a good dynamic capacity was obtained
even at a feed rate of 8.3 BV/h. If we assume a purification process,
where the target nickel concentration in the treated ammonium sulfate
solution is 10mg/L, about 30 bed volumes can be treated in one load-
ing/regeneration cycle. As will be shown in the next Section, the regen-
eration step is much shorter than the loading step and therefore high
throughput rate is possible even in a simple batch-wise fixed-bed opera-
tion.

It is well-known that higher metal uptake is obtained if the ida
groups are pre-neutralized. Therefore, one experiment was made with
TP 207 pre-treated with a 3.4 mol/L (NH,),SO,-NHj; solution at pH 9.0.
Quite interestingly, practically no effect on the nickel breakthrough was
observed although the outlet pH remained near 7 throughout the run.
This result can be explained by inspecting the position of the nickel
and acid fronts in Fig. 4. At pH 7.7, the nickel breakthrough point
coincides with the breakthrough of ammonia and therefore the nickel
front moves under nearly neutral conditions. Breakthrough of nickel
and ammonia at pH 7.1 is less well-defined but again the nickel front
mostly moves apart from the acidic zone. Position of the nickel front
is thus mainly determined by the ammonia breakthrough, which de-
pend on the concentration of free NHs. In fact, the only difference in
the calculated curves in Fig. 4 was the total NH; concentration; it was
0.036mol/L at pH 7.1 and 0.076 mol/L at pH 7.7. The overall agree-
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ment between the calculated and experimental values is not very good
but the influence of feed pH on the nickel breakthrough is well ex-
plained by the model.

4.3. Regeneration of the Ni-loaded resin

After the loading step shown in Fig. 4, the resin can be easily re-
turned back to the acid form by treatment with 1.0 mol/L H,SO,. Typi-
cal concentration profiles in the regeneration step are shown in Fig. 5.

Integration of the experimental outlet profiles in Fig. 5 gives the fol-
lowing counter-ion composition of the resin at the end of the loading
step; on the equivalent basis, nickel occupies about 60% of the sites,
ammonium about 30% and the rest of the groups is in the acid form.
The simulated curves shown as continuous lines in Fig. 5 agree only
qualitatively with the experimental profiles and the amount of NH,*
was somewhat overestimated. The poor agreement is probably due to
uncertainty in the model parameters under such greatly varying condi-
tions. As discussed in Section 4.4, the equilibrium parameters were es-
timated from data that covered acid concentrations to about 0.1 mol/
L and nickel concentrations to about 0.02mol/L. During the regener-
ation step, both concentrations were substantially higher and because
of non-linear equilibrium condition (Eq. (2)), the calculated values are
somewhat uncertain.

Preliminary tests with authentic process solutions containing also
other impurity metals showed that the similar regeneration procedure
is sufficient also there. The only exception is Fe** that binds on the ida
resin much stronger than Ni?>* but even iron can be fully removed using
higher acid concentration of 2.0 mol/L.

4.4. Determination of model parameters

The equilibrium and diffusion parameters were determined from the
kinetic measurements using NiSO,, NiCl, and NiSO,-(NH,4),SO, solu-
tions and an initial nickel concentration of 0.017 mol/L. As an exam-
ple, the equilibrium data measured at 80 °C for the sulfate solution and
nickel uptake curves of NiCl, and NiSO, at 22 and 80°C are shown
in Figs. 6 and 7. The best-fit values are given as continuous lines or
as crosses. The estimated parameter values for all systems are listed in
Table 3. As discussed in Section 3.1, the equilibrium parameters were
fixed for H* and the « and h values of Ni?* were determined. Good-
ness of the fit was characterized by the ARD value calculated from Eq.
(9). The pore diffusion coefficients D, were estimated by trial-and-error
from the data of Fig. 7.

The uptake curves of Fig. 7 clearly demonstrate the effect of tem-
perature on the exchange rate. At 80 °C, the equilibrium was attained in
about 20 min, while at ambient temperature several hours were needed.
In terms of pore diffusion coefficients given in Table 3, the difference
is nearly one order of magnitude and it is sufficient to bring about the
large difference in the position and shape of the breakthrough curves of
Fig. 1.

The influence of the anion was seen only in the equilibrium nickel
uptake at 80°C, while the diffusion rates in sulfate and chloride solu-
tions were identical at 22 °C within the experimental accuracy. Accord-
ing to Fig. 7, the nickel uptake from sulfate solution at 80 °C was nearly
twice as high as at 22°C, while the difference in chloride solution was
much smaller. At ambient temperature the anion had practically no ef-
fect on nickel uptake in agreement with the results of Littlejohn and
Vaughan [5]. They measured nickel uptake in TP 207 from sulfate and
mixed sulfate/chloride solutions at 25 °C and found no significant differ-
ence.

In the ammoniacal ammonium sulfate solution, model parameters
for the ammine complex were also needed. This value together with the
speciation reaction parameters were estimated in Section 4.2 from the
breakthrough data. These values and the diffusion coefficients of Table
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3 gave relatively good agreement with the batch uptake data measured
at 80 °C using the feed solution D at pH 7.7 (Fig. 8). For simplicity, the
diffusion coefficient of nickel was used for all species except H*. The
stoichiometric NH; concentration at t = 0 was 0.076 mol/L. In the end
of the experiment, the resin contained 0.48 and 0.92equiv/L of NH,*
and Ni?*. The simulated values were 0.47 equiv/L for ammonium and
0.91 equiv/L for total nickel.

The parameters obtained in this Section were used in simulation of
the break-through curves shown in Figs. 1, 3, 4 and 5. The agreement
between the calculated and experimental values is in most cases satis-
factory thus corroborating the validity of the parameters.

5. Conclusions

In this paper, we have shown that complexation reactions taking
place in bulk and pore solution significantly affect metal binding in a
chelating ion exchanger. Even weak outer-sphere interactions with the
sulfate anion give rise to a surprisingly large effect on nickel break-
through in an iminodiacetate (ida) resin. The unexpectedly large nickel
uptake observed in sulfate solution at 80°C is explained by enhanced
complexation of the competing ion H* as bisulfate anion. As shown
schematically in Fig. 9A, masking of both Ni?* and H* take place and
at elevated temperatures, the balance becomes favorable for nickel up-
take. Such indirect mechanism may be useful in other ion exchange or
adsorption systems, too.

Formation of ammine complexes in the NiSO,-(NH,4),SO,-NH; system
stabilizes nickel against precipitation at pH values around 7 and high
nickel loading is achieved because no competition by H* is present.
Competition by NH,* is much weaker and high Ni uptake is possible
even at high ammonium sulfate concentrations. In this case, too, com-
plexation affects indirectly by minimizing the influence of competing
processes and the system is illustrated in Fig. 9B. As a result, nickel can
be removed effectively even at high throughput rates provided, that ele-
vated temperatures are used to overcome mass transport limitations. In
this study, exchange with H*, Na* and NH,* was considered but the
same approach can easily be extended to systems, where more compet-
ing cations are present. For example, selectivity of the ida resin for alka-
line earth metals is relatively low and they do not interfere with nickel
recovery. On the other hand, Fe?* and other three-valent metals bind
very strongly and special methods, such as step-wise regeneration, are
needed to separate them from nickel.
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