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A novel silica-based iminodiacetic acid functionalized adsorbent was fabricated and then used to nickel hydrometallurgical
extraction for low-grade nickeliferous laterites. The surface morphology of the adsorbent was characterized by scanning
electron microscopy. The adsorption experiment indicated a maximum nickel load capacity of about 0.45 mmol/g. Analysis
of adsorption thermodynamic and kinetics revealed a spontaneous adsorption process driven by entropy increase, and
limited by film diffusion. Semi-industrial scale column experiments revealed that the NPT in the acidic leach liquor of low-
grade nickeliferous laterites may be efficiently extracted by the iminodiacetic acid functionalized adsorbent, if the F & ions
existing in the acidic leach liquor were previously reduced to be Fe’" by sodium sulfite. This environmentally safe
adsorbent may supplant the traditional solvent extraction process for low-grade nickeliferous laterites. © 2012 American
Institute of Chemical Engineers AIChE J, 58: 3818-3824, 2012
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Introduction electrowinning of nickel. Ammonia—ammonium carbonate
leaching,9 sulfation—roasting—leaching,10 atmospheric acid
leaching,11 and high-pressure acid leachinglz’13 are often
used for the leaching of nickeliferous laterites. In the nickel
extraction step, carboxylic acid (such as Versatic 10)'* and
dithio-phosphinic acid-based extractant (such as Cyanex-
301)!16 are commonly used for acidic leach liquor, whereas
hydroxyoxime-based extractant (such as Lix 84)!7 is only
used for ammoniacal leach liquor.
Because there are substantial amount of ferric ions in the
) Correspondence concerning this ar}icle should be addressed to X. Li at mzlixin@ acidic leach hquor’ carboxylic acid and dithio-phosphinic
sina.cn, and D. Chen at genecarer@sina.com. . .
acid-based extractant are unable to extract nickel unless the
© 2012 American Institute of Chemical Engineers ferric ions were previously removed by chemical

Nickel is a strategic metal widely used for stainless steel,'
electroplating,2 nickel-metal hydride battery,3 catalyst,‘l_7
and so forth. Although 65% of nickel reserved in oxide ores,
70% of nickel products derived from sulfide ores.® Currently,
hydrometallurgical process for low-grade nickeliferous
laterites attract increasing attention, which involves ores
leaching, nickel extraction from aqueous leach liquor, and
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Scheme 1. Synthesis of SB-IDA adsorbent by grafting
chloroacetic acid onto the SPC.

precipitation.'® Furthermore, the organic extractant and sol-
vent are typically toxic, flammable, and have adverse envi-
ronmental impacts, it is essential to develop a more environ-
mentally safe method for hydrometallurgical extraction of
nickel.

An alternative to the solvent extraction processing of the
acidic leach liquor is the use of polymer-based resins as an
extraction medium. However, the elastic polymer-based res-
ins is often subjected to alternate contraction—expansion dur-
ing the adsorption—regeneration cycles, leading to short life-
times and requisites of a dead volume in designing
exchange column. Herein, we turned our attention to func-
tionalized silica beads because the rigid nature of the silica
matrices allows the materials to keep superior stability and
durability even in frequent adsorption-regeneration cycles,
which is particularly well-suited to packed column applica-
tion. We were guided by the fact that ethylenediaminetetra-
acetic acid (EDTA) is a good chelating ligand for nickel. In
this way, we designed and prepared silica-based iminodiace-
tic acid functionalized adsorbent (abbreviated as SB-IDA
adsorbent, containing the functional group which is essen-
tially a half EDTA molecule) for hydrometallurgical extrac-
tion of nickel.

In this article, nickel adsorption performances of SB-IDA
adsorbent in different conditions were investigated and the
adsorption conditions were optimized. Attempts are also
made to evaluate its applicability in nickel hydrometallurgi-
cal extraction by continuous column adsorption-regeneration
runs on a semi-industrial scale.

Materials and Methods
Materials

Raw silica gel was obtained from Qingdao Haiyang, China
(particle size 150-500 um, average pore diameter 15 nm,
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Figure 1. SEM images of SB-IDA adsorbent.
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surface area 250 m?/g). y-Chloropropyl trimethoxysilane
(CPTMOS) was purchased from Nanjing Yudeheng Fine
Chemicals, China. Polyallylamine (PAA, MW 15,000, 15 wt %
aqueous solution) was supplied by Nitto Boseki, Tokyo, Japan.
Chloroacetic acid and solvents were provided by Jinan Jiahua
Chemicals, China. Low-grade nickeliferous laterite ore is
received from Indonesia. All chemicals were used as received
except for the raw silica gel.

Preparation of SB-IDA adsorbent

Chloropropylated silica gel was first prepared by grafting
CPTMOS onto raw silica gel and then reacted with PAA to
get silica-polyallylamine composites (SPC), as described in
the literature.'® N-Alkylation between chlorine of chloroace-
tic acid and primary amino groups on SPC was then carried
out to produce the designed SB-IDA adsorbent. A typical
synthetic procedure was described as follows. Ten parts of
chloroacetic acid, 10 parts of SPC, and 50 parts of water
were placed into a reactor equipped with a stirrer to start the
grafting reaction. The reaction was carried out at 70°C for
20 h to yield the SB-IDA adsorbent. The synthetic procedure
of SB-IDA adsorbent was presented in Scheme 1.

Surface morphology of SB-IDA adsorbent

The surface morphology of SB-IDA adsorbent was deter-
mined by SEM. SEM was performed on a HITACHI
S3500N microscope at 20 kV. For samples preparation, the
dried adsorbent particles were fixed on a microscope slide
and then were sprayed with a 3-nm thin gold layer.

Adsorption experiments

Batch adsorption tests were conducted in 250-mL glass
flasks. To start the experiments, a desired amount of SB-
IDA adsorbent particles were added to a 100 mL solution
containing known metal ions. The flasks were placed in a in-
cubator shaker and shaken under 200 rpm for 4 h at 298 K
and specified pH to ensure equilibrium of the adsorption pro-
cess. Column adsorption tests were performed on a glass col-
umn (10 mm diameter and 150 mm length) with a bed vol-
ume (BV) of 10 mL. A Master Flex L/S Model 77200-60
pump (Cole-Parmer Instrument Company) was used to
ensure a constant flow rate. The concentration of all metal
ions was measured by atomic adsorption spectroscope (Ther-
mal) before and after adsorption.
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Figure 2. Effect of pH on Ni?* adsorption at 298 K with
an initial Ni2* concentration of 1000 mg/L.

Results and Discussion
Surface morphology of SB-IDA adsorbent

The SEM images of the resultant SB-IDA adsorbent are
shown in Figure 1, indicating a spherical shape of the ad-
sorbent. The images also clearly reveal that the adsorbent
particles have a rough surface with apparent micropores on
it. The large surface area and abundant micropores should be
favorable for the adsorption.

Effect of pH

Figure 2 depicts the effect of pH on Ni** batch adsorption
capacity in aqueous solution at 298 K with an initial Ni** con-
centration of 1000 mg/L. In the pH range of 1.0-5.0, an
increase in pH resulted in a rise in Ni*™ adsorption capacity. A
maximum adsorption capacity of 0.45 mmol/g was observed
at pH of 5.0. As the pH increased further, the Ni?* adsorption
capacity began to drop. The pH-dependence of Ni** adsorp-
tion may be interpreted as follows. Iminodiacetic acid groups
on the adsorbent will deprotonate when increasing the solution
pH which is favorable for chelating Ni** and, thus, for adsorp-
tion. However, at a pH above 5.0 precipitation of Ni(OH),
may occur in the solution or within the adsorbent particles
according to its solubility product. Therefore, a pH of about
5.0 is preferred for adsorption process.

Adsorption isotherms and thermodynamics

Figure 3 shows the equilibrium adsorption isotherms of
SB-IDA adsorbent at different temperatures. The adsorption
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Figure 3. Equilibrium adsorption isotherms of Ni?*

onto the SB-IDA adsorbent at different tem-
peratures.
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Table 1. Freundlich Isotherm Parameters of Ni** onto SB-
IDA Adsorbent at Different Temperatures

T (K) n R?

298 2.3267 0.9933
318 22676 0.9915
338 2.1636 0.9903
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capacity increased as the adsorption temperatures increased.
Adsorption isotherms of Ni?* onto SB-IDA adsorbent at
different temperatures are represented by the Freundlich
equation.

1
Inge = Inkg + —Inc, €))
n

where ¢, is the equilibrium adsorption capacity, c. represents
the solute concentration at equilibrium, kg and n are the
Freundlich constants to be determined. The Freundlich model
was found to represent all the Ni*" adsorption isotherms
reasonably, as indicated by its high relative coefficient values
(larger than 0.99, as listed in Table 1).

If liquid-phase adsorption follows the Freundlich model,
thermodynamic parameters for the adsorption process such
as free energy change (AG), enthalpy change (AH), and en-
tropy change (AS) can be calculated with the following
equationslg’20

AG = —nRT 2)
AH

lnLe:—lnko-i-ﬁ )

AG = AH — TAS 4)

where 7 is the Freundlich constant, R is the gas constant (8.314
kJ/moleK), T is the absolute temperature (K), and kq is a
constant. The free energy change is calculated by Eq. 2 and the
enthalpy change is deduced from the slope of van’t Hoff plots
(Inc. vs. 1/T). Then, the entropic contribution can be
subsequently determined according to Eq. 4. Figure 4 shows
the van’t Hoff plots with calculated thermodynamic para-
meters. The negative AG (—5.76 KJ/mol when T is 298 K)
value indicates feasibility and spontaneous nature of adsorp-
tion process. Furthermore, the positive values of AH (1.62 KJ/
mol) and AS (26.77 J/mol-K) reveal an endothermic process
driven by entropy increase. A reasonable explanation for these
thermodynamic parameters may be given as follows. As nickel
ions generally exist in Ni(HZO)é+ in the aqueous solution, the
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Figure 4. Van’t Hoff plots (InC, vs. 1/T) for the adsorption.
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Figure 5. Adsorption kinetic curve of SB-IDA adsorbent
at 298 K and pH 5.0 with an initial Ni concen-
tration of 1000 mg/L.

adsorption process means the dissociation of hydrated nickel
ions followed by the chelating of the bare nickel ions onto the
SB-IDA adsorbent matrix. It can be believed that during the
adsorption process, the water molecules of Ni(HzO)§+ were
dissociated to be individual and more disordered ones leading
increased randomness.

Adsorption and desorption kinetics

Figure 5 presents the plot of Ni** batch adsorption
capacity vs. contact time for SB-IDA adsorbent with an ini-
tial Ni concentration of 1000 mg/L. An equilibrium load
capacity of 0.45 mmol/g was observed at about 2 h, indicat-
ing a sufficiently rapid adsorption kinetics.

In general, the adsorption process can be interpreted by a
series of steps: (a) mass transfer of solute from the liquid to
the particle surface across the boundary layer, (b) diffusion
of solute within the pores and deposition on the surface of
the particles, and (c) chemical reaction of the solute with the
functional groups attached to the matrix.”"** One of the
steps usually exhibits much greater resistance than the other
two, and this step is considered as the rate-limiting step of
the adsorption process. To determine which step (film diffu-
sion, intraparticle diffusion, or chemical reaction) played a
dominant role and to obtain the corresponding rate constants,
the kinetic data presented in Figure 5 were further processed.
The following three models, each assuming a different rate-
limiting step in the adsorption process, were used to fit the
experimental data:*

Film diffusion model

In(1 — F) = —k¢t ©)
Intraparticle diffusion model

g = kyt'/2 ©)

7=0. 9984
k=3.793X10™
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Figure 6. Plots of adsorption kinetic curve at 298 K fit-
ting with (a) film diffusion model, (b) intrapar-
ticle diffusion model, and (c) chemical reac-
tion model.

Chemical reaction model

1—(1=F)"* =k )

where kg, kp, and k, are the rate constants for film diffusion,
intraparticle diffusion, and chemical reaction, respectively;
and F (gq/q.) is the fractional attainment of the equilibrium.
The fitting results with Eqs. 5—7 are presented in Figure 6.

Table 2. A Comparison of the Physical Characteristics and Nickel Adsorption Capacities of SB-IDA Adsorbent and Amberlite

IRC-718
Adsorption Capacities (mmol/g)*
Entry Appearance Particle Size (um) Density (g/mL) Batch Test Flow Test"
SB-IDA Light yellow particles 150-500 0.50 0.45 0.43
IRC-718 Opaque beige beads 300-1180* 0.68* 0.73 0.38

*Determined experimentally at 298 K.
Determined at a flow rate of 6 BV/h.
*Data from manufacturer.
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Table 3. Adsorption Capacity of Ni** in the Perturbance of Different Perturbing Ions at 298 K and pH 5.0, with an Initial
Concentration of 1000 mg/L for Nickel and All Perturbing Ions

Perturbing Ions WPI Cu?t Zn*"

Co2t+ Mn2+ Fe2t Ca2t Mg?"

Q (mmol/g) 0.45 0.25 0.38

0.43 0.43 0.43 0.44 0.45

WPI: without perturbing ions

Clearly, the film diffusion model leads to much better
regression coefficients (0.9984) than the other two models,
indicating that the adsorption process is limited by film
diffusion.

A comparison of adsorption capacities between SB-IDA
adsorbent and Amberlite IRC-718

As hydrometallurgical extraction of nickel is operated in
column, the adsorption performance of the adsorption mate-
rials under dynamic (flow) condition should be more impor-
tant than under static (batch) condition. Herein, additional
flow studies were performed to determine the nickel capacity
of SB-IDA adsorbent in repeated adsorption/desorption
cycles at room-temperature. For comparison, experiments
were also conducted on a typical iminodiacetic acid func-
tionalized cross-linked polystyrene resin, Amberlite IRC-
718, which is commercially available from Rohm and Haas.
The physical characteristics and nickel adsorption capacities
of SB-IDA adsorbent and Amberlite IRC-718 were shown in
Table 2. IRC-718 exhibits a higher nickel adsorption
capacity in batch tests, which may be due to its more avail-
able adsorption sites. SB-IDA adsorbent, however, has a
greater capacity in flow tests. This result is not surprising
and may suggest that, in flow tests, the aqueous nickel ion
solution is forced through adsorption materials and the nickel
ions take longer to come into contact with the chelating
groups on the hydrophobic polystyrene resin matrix, com-
pared with the hydrophilic SB-IDA matrix, and thus, less of
the nickel ions can effectively reach the available binding
sites of IRC-718 than those of SB-IDA during flow tests.

Nickel adsorption performance in the presence of
perturbing ions

It is important to know the adsorption performance for
Ni** in the presence of naturally occurring cations such as

Figure 7. A set of three packed columns for Ni hydro-
metallurgical extraction of low-grade nickelif-
erous laterites.
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Cu®", Zn*", Co®", Mn?*, Ca®", Mg?", and iron. It is known
that iron generally exists in ferric ion and it will involve two
adverse factors: (a) strong adsorption of ferric ions onto the
adsorbent. The electrostatic attraction between —CH,COO™
and Fe*" is stronger than that between —CH,COO™ and
divalent cations, so that the SB-IDA adsorbent will prefer to
adsorb Fe’" and, thus, lose the ability to adsorb Ni*". (b)
Precipitation of Fe(OH); within the SB-IDA adsorbent par-
ticles will easily occur due to the low solubility products of
Fe(OH);, which leads to a foul adsorbent. As the two
adverse factors cause deterioration in adsorption performance
of Ni2+, sodium sulfite was used to reduce ferric ions into
ferrous ions before adsorption so as to avoid the adverse
influence of ferric ions.

Herein, the influence of Cu®", Zn®>*, Co>", Mn>*, Ca*t,
Mg>", and Fe’" on batch adsorption capacity of Ni*" was
estimated, respectively, the initial concentrations of nickel
and all the perturbing ions were 1000 mg/L. The results
shown in Table 3 revealed that the influence of perturbing
ions on nickel adsorption capacity followed the order: Cu*"
> Zn*" > Co®t > Mn*t > Fe?" > Ca’" > Mg”". It was
also seen that ferrous ions has a negligible influence on the
adsorption capacity of Ni? .

Semi-industrial scale column experiments in Ni
hydrometallurgical extraction of low-grade nickeliferous
laterites

The leaching of low-grade nickeliferous laterite was
achieved with sulfuric acid at atmospheric pressure. Then,
sodium sulfite was added to the acidic leach liquor to reduce
ferric ions into ferrous ions. After careful filtration, the pH
value of the acidic leach liquor was adjusted to 5.0 for best
adsorption of Ni*". The semi-industrial scale column experi-
ments of the acidic leach liquor were conducted as follows:
a set of three packed columns provide a continuous adsorp-
tion-regeneration operation (see, Figure 7). Two of the col-
umns are connected in series, and the third column serves as
a spare. The hydrometallurgical extraction of nickel takes
place in the two connected columns, whereas the other one
is being purged/regenerated or otherwise for repair or routine
maintenance. All treatment streams are introduced in a coun-
terflow way (i.e., the solution was continuously pumped in
from the bottom of column and discharged after treatment
from the top of column), so that the streams can be in
adequate and intimate contact with SB-IDA adsorbent. In
this operation, each column is packed with 100 L SB-IDA
adsorbent. The operating flow rate was optimized to be 6
BV/h.

The composition of acidic leach liquor of Indonesia low-
grade nickeliferous laterite is shown in Table 4 (feed solu-
tion). Figure 8 revealed that Ni** can be efficiently extracted
within about 20 BV per run before a significant break-
through occurred (it is determined that the concentration of
the specified ions remaining in effluent after column adsorp-
tion exceeds 1.0 mg/L), whereas Fe>", Mn®", and Mg*"
were almost not adsorbed. On completion of the fixed-bed

December 2012 Vol. 58, No. 12 AIChE Journal



Table 4. Concentration Comparisons of Each Metal Ion in Feed and Strip Solution During an Adsorption—-Regeneration Run

Concentration of Metal Tons (mg/ L)

Solution NiZ+ Cu?t Fe?* Co** Mn?* Pb>" Zn>* Mg>" Ca>t
Feed 687.2 5.37 16,448 27.24 223.91 0.012 4.14 251.94 1.30
Strip 25,479 20.93 66.93 65.09 7.08 0.013 0.84 9.26 0.23

adsorption, the exhausted resin was regenerated first rinsing
with 5 BV H,SO, solution of pH 5.0 for a chase of the re-
sidual background ions, followed by stripping the bound
Ni>* with H,SO, solution of 100 g/L, and then, washing to
pH 5.0 with water for reuse. It is also seen from Table 4
that Ni** was concentrated to a high level of 25479 mg/L
in strip solution from 687.2 mg/L in feed solution, whereas
Fe>™ and other metal ions were limited in a very low con-
centration. The results of more than continuous 500 adsorp-
tion—regeneration runs indicated that the adsorbent presented
constantly adsorption capacity for Ni**, and more than 98%
of Ni*" in the feed solution can be extracted to be high pu-
rity Ni*" solutions.

It was reported®® that high-quality crystalline nickel was
deposited in cathode when the electrolyte for electrowinning
containing 60 g/L of Ni*", 100 mg/L of Cu*", 500 mg/L of
Fe**, and 500 mg/L of Co®" with operation temperature of
30°C and current density of 400 A/m?, and the current effi-
ciency reached as high as 97%. Therefore, if the strip solu-
tion from the semi-industrial scale column experiments was
concentrated to a half volume, it would be suitable for the
final nickel electrowinning. The result suggests a potential
industrial application of the adsorption for nickel recovery
from low-grade nickeliferous laterite.

Conclusions

It is a challenging task to develop an environmental-
friendly process for nickel extraction from low-grade nickel-
iferous laterites in the presence of substantial amount of
iron. To deal with the task, SB-IDA was fabricated and the
adsorption conditions for nickel extraction were optimized.
Adsorption experiments showed that SB-IDA adsorbent
reached a maximum adsorption capacity of 0.45 mmol/g for
Ni** at pH 5.0. Adsorption thermodynamic and kinetics
analysis revealed a spontaneous adsorption process driven by
entropy increase, and limited by film diffusion.
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Figure 8. Adsorption breakthrough curves of nickel
and other metal ions of the acidic leach lig-
uor under a continuous column operation.
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Then, SB-IDA adsorbent was used to process the acidic
leach liquor of low-grade nickeliferous laterites. As Fe’"
will foul the SB-IDA adsorbent, whereas Fe*" has a negligi-
ble influence on the adsorption capacity of Ni**, the Fe**
ions existing in the acidic leach liquor were previously
reduced to be Fe?' by sodium sulfite. The semi-industrial
scale column experiments for the acidic leach liquor indi-
cated that more than 98% Ni*" in leach liquor can be
extracted to be high purity Ni** solutions only containing
slight amount of iron and other metal ions. The result ena-
bles an industrial application for hydrometallurgical nickel
extraction from low-grade nickeliferous laterites.
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