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A series of pyrazole-functional adsorbents is synthesized by sol-gel processing tech-
nology and used to study the extraction characteristics for palladium, platinum, and gold
chlorides from leaching solutions. An organosilicon compound, N-(trimethoxysilylpro-
pyl)-pyrazole, is synthesized as the functional precursor for these adsorbents. Hydrother-
mal treatments for the gelled materials alter pore characteristics without chemical
property changes. To study adsorptive extraction of Pd(Il), Pt(IV), and Au(Ill) chlorides,
the hydrothermally treated adsorbent is used. The experimental results show that this
adsorbent has high Pd(Il) uptake capacity (1.41 mmol/g), strong selectivity for Pd(II)
chloride over Pt(IV) and Au(Ill) chlorides, and no reactivity for Cu(ll) and Fe(Il) in 2.0
M HCI solutions. The material also has sustainable stability over repeated metal loading
and stripping in a short column. In addition to the experimental studies, the adsorption
processes in batch and packed column systems are successfully modeled by using a pore
diffusion model and presented. © 2005 American Institute of Chemical Engineers AIChE J, 51:
2702-2711, 2005
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Introduction

The mining industry requires efficient and advanced extrac-
tion technologies for noble metals because the demand for
these metals continues to increase for various applications,
although the resources are very limited. Special attention on
advanced extraction technologies has also been directed for the
recovery and recycling of such metals from industrial wastes,
such as spent electronic components and catalysts.!

Solvent-extraction processes for noble metal extraction are
economically viable because it is possible to achieve highly
selective separations and effective enrichments.? A variety of
organic chelants have been developed for this purpose.? These
organic chelants have also been immobilized on solid supports
such as polymer resins* and ceramics’ as chelating adsorbents
for the same purpose. Adsorption processes using these types
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of materials are favorable alternatives for the recovery of noble
metals from dilute leaching solutions.

Recently, our research group has introduced a series of
organo-ceramic adsorbents that are synthesized by a sol-gel
processing technique for metal extractions.># These adsorbents
generally have significantly high metal uptake capacities, good
physicochemical stabilities, and well-defined pore geometries
compared to those of other preexisting metal chelating ceram-
ic-based adsorbents.

In this study, pyrazole-functionalized organo-ceramic adsor-
bents (SOL-PzPs) are synthesized and applied for extraction
and separation of palladium (II) [Pd(II)], platinum (IV)
[Pt(IV)], and gold (III) [Au(IID)] chlorides from HCI solutions.
Pyrazole compounds have been considered to be good metal
chelants because of the nucleophilicity of nitrogen atoms, dif-
ferent steric accessibility through appropriate substitution, and
hydrolytic and thermal stability.® Depending on the types of
substituted ligands on the pyrazole moiety and the substitution
positions, pyrazole-functionalized compounds are character-
ized by different behaviors in coordination with metal ions.
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Accordingly, these ligands have been used for metal complex-
ations in many applications.'%-12 In particular, pyrazole-func-
tionalized extractants have a good reactivity and selectivity for
platinum group metals (PGM) over that of other transition
metals.!31> For example, du Preez and coworkers'> reported a
series of pyrazole-based extractants for the separation of pal-
ladium and platinum in HCI solutions. These extractants have
fast extraction kinetics and high selectivity for palladium over
platinum in HCI solutions. Even though pyrazole compounds
have good properties for noble metal extractions, only a few
attempts have been made to incorporate the functionality on
solid supports for noble metals'® and Cu(Il), Zn(II), and
Cd(I).!” Thus, there is strong motivation to develop a pyra-
zole-functional organo-ceramic adsorbent by our sol-gel pro-
cessing scheme. The results from this study show that SOL-
PzPs adsorbents have high potential to be used in noble metal
separations such as high uptake capacity and selectivity for
Pd(II), no reactivity for Cu(II) and Fe(II), and high physico-
chemical stability. Examples of target solution are leachated
from precious metal ores, which have approximate concentra-
tions of the Pt(IV) ~ [1.5 mmol/L], Pd(II) =~ [6.0 mmol/L], and
Au(IIl) =~ [0.01 mmol/L] in chloride solutions in which Cu(II)
and Fe(III) of concentration [5.0 mol/L] and [75 mol/L], re-
spectively, are present.!s:1°

This work describes material synthesis, characterization, and
adsorption modeling. The discussion will cover the synthesis of
a pyrazole functional precursor silane [N-(trimethoxysilylpro-
pyD-pyrazole]; sol—gel processing to fabricate the adsorbents;
effects of posttreatment after gelation on the adsorbent struc-
ture and metal complexation; characteristics of the adsorbent
for the separation of Pd(II), Pt(IV), and Au(Ill) chlorides from
high-concentration HCl solutions (1-5 mol/L); and develop-
ment of adsorption models for batch and packed column con-
tacting systems.

Experimental

Synthesis of Precursor and Adsorbent

The functional precursor silane, N-(trimethoxysilylpropyl)-
pyrazole (PzPs), as shown above, is synthesized by the N-
alkylation reaction using equimolar amounts of 1H-pyrazole
(Lancaster Co.) and 3-chloropropyltrimethoxysilane (Aldrich
Chemical Co.) in the presence of diisopropyl-ethylamine (Al-
drich Chemical Co.) as a proton scavenger as shown in Scheme
1. The purity of PzPs used for adsorbent synthesis is >98%, as
determined by GC/MS analysis.

SOL-PzPs is synthesized by the two-step condensation
scheme as reported in our earlier publications.>® In the first
step, both the functional precursor silane (PzPs) and the
crosslinking silane [tetraethoxysilane (TEOS); Aldrich Chem-
ical Co.] are independently hydrolyzed and condensed in sep-
arate vessels to produce their oligomers. In the second step, the
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oligomerized silanes are mixed and cocondensed to produce a
gel material. After gelation, the material is divided into halves:
the first half is aged for 24 h at 25°C (SOL-PzPs-B-18) and the
other half is treated hydrothermally (SOL-PzPs-BD-5). In this
hydrothermal process, the gel is boiled in 50% v/v acetone and
water mixture at 60°C for 12 h, and repeatedly boiled in fresh
acetone for 24 h. These gels are dried for an additional 24 h at
80°C and are crushed into particle sizes ranging from 125 to
180 wm for characterization studies, unless otherwise specified.

Characterization

For the characterization study, Pd(II), Pt(IV), and Au(III)
chloride solutions are formulated by dissolving potassium tet-
rachloropalladate (IT) (Alfa Aesar Co.), potassium hexachloro-
platinate (IV) (Aldrich Chemical Co.), and potassium tetrachlo-
roaurate (III) (Aldrich Chemical) in hydrochloric acid solutions
at appropriate concentrations. All other chemicals used in this
study are reagent grade.

The metal concentrations are measured with an atomic ab-
sorption spectrophotometer (Perkin-Elmer Model 2380) and an
ICP-OES (Perkin—Elmer OPTIMA 3300DV). Average pore
sizes and surface areas of the adsorbent are measured by
nitrogen adsorption at 77 K with Micromeritics ASAP 2000.
Carbon and nitrogen contents of synthesized adsorbents are
measured by elemental analysis (Oneida Research Services,
Whitesboro, NY).

The stability of SOL-PzPs-BD-5 is tested in a 0.8-cm ID
column. A 200-mL sample of 4.75 mmol/L Pd(II) chloride
solution at 2.0 mol/L HCI concentration is circulated through
the column packed with 0.5 g of adsorbent for 24 h at 1.0
mL/min flow rate. After the Pd(Il) loading, the column is
washed with 10 mL of water and then stripped with 50 mL of
0.5 mol/L thiourea in 0.1 mol/L HCI solution. The stripped
column is washed with 0.5 mol/L HCI before the next loading.
These loading, stripping, and washing cycles are repeated until
desired criteria are satisfied.

Maximum uptake capacities for Pd(Il), Pt(IV), and Au(III)
chlorides at various HCI concentrations are measured by equil-
ibrating a desired amount of the adsorbent (0.1-0.25 g) with
7-10 mmol/L. of the metal chloride solutions at 25°C. For
equilibrium adsorption isotherms, desired amounts of the ad-
sorbent are equilibrated with the metal chloride solutions at 2.0
mol/L. HCI concentration.

Metal uptake rates of SOL-PzPS-BD-5 are measured for
Pd(II) chloride in a batch recycle reactor consisting of a 1.0-cm
ID column containing 0.20 g of the adsorbent packed between
two layers of 100—120 mesh glass beads. Before contact with
the metal solutions, 200 mL of 2.0 mol/L HCI solution is
circulated at 10 mL/min flow rate for at least 5 h to ensure
complete wetting and protonation of the packed adsorbent.
After that, 500 mL of a feed solution in a reservoir is circulated
at a desired flow rate, and 2-mL aliquots are taken from the
solution reservoir at desired reaction times between 2 and 240
min (nine samples). The change of the solution volume arising
from sampling is not compensated for data analysis because
only 3.6% of the initial volume of the solution is taken for the
analysis of metal concentrations.

Breakthrough experiments are performed with SOL-PzPs-
BD-5 for Pd(II), Pt(IV), and Au(III) chlorides. For each break-
through experiment, 2.0 g of SOL-PzPs-BD-5 are packed in a
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Table 1. Physicochemical Characteristics of SOL-PzPs-B-18 and SOL-PzPs-BD-5

Elemental Analysis

Ligand Density*

Pore Characteristics

Adsorbent C (wt %) N (wt %) (mmol/g) Graay™* (mmol/g) D (°A) SA (m*/g) V, (em’/g)
B-18 239 9.3 3.3 1.40 = 0.01 37 124 0.13
BD-5 22.7 8.8 3.1 1.41 = 0.05 37 437 0.40

*From C and N elemental analyses.
**Palladium uptake capacity at 2.0 mol/L. HCI concentration.

0.8-cm ID column. Each feed solution contains approximately
1.0 mmol/L of one of the metal chlorides at 2.0 mol/L HCl
concentration. The solutions are passed through the column at
1.0 mL/min flow rate and the effluent solutions are collected
fractionally. When the column is saturated, the column is
washed with 10 mL of water and stripped with 0.1 mol/L. HC1
solutions containing 0.5 mol/L thiourea for Pd(IT) and Pt(IV)
and 0.25 mol/L thiourea for Au(IIl) by passing at a flow rate of
1.0 mL/min.

In addition to these individual breakthrough experiments, a
multimetal breakthrough experiment is performed by using a
feed solution containing 0.1 mmol/L each of Pd(II), Pt(IV), and
Au(III) chlorides, and 2.5 mmol/L each of copper and iron at
2.0 mol/L HCI concentration. The procedures for metal loading
and stripping are the same as those for individual breakthrough
experiments.

Results and Discussion
Synthesis of SOL-PzPs adsorbents

The organo-ceramic adsorbents, with and without hydrother-
mal treatment, SOL-PzPs-BD-5 and SOL-PzPs-B-18, respec-
tively, have different metal uptake capacities, pore character-
istics, and adsorption properties, even though these materials
are from the same batch. Accordingly, it is of interest to
determine how the hydrothermal treatment alters the material
properties and adsorption characteristics.

As shown in Table 1, both the carbon and the nitrogen
content of SOL-PzPs-B-18 decrease after the hydrothermal
treatment (SOL-PzPs-BD-5). This result indicates that the ad-
sorbent structure may be broken down, the unbounded fraction
of adsorbent is leached, or both of these occur simultaneously
during the treatment. In addition, the increase of pore volume
after the treatment supports the loss of part of the adsorbent.
However, it is observed that the Pd(II) uptake capacities of
SOL-PzPs-B-18 and SOL-PzPs-BD-5 are the same in 2.0
mol/L HCl solutions, regardless of the loss in ligand density.

SOL-PzPs-B-18 and SOL-PzPs-BD-5 also show signifi-
cantly different behaviors in maximum Pd(II) uptake capacity
with respect to HCI concentrations (Figure 1). The Pd(II)
uptake capacity of SOL-PzPs-B-18 is the lowest at 0.1 mol/L
HCI concentration, increases as the HCI concentration is raised
from 0.1 to 2.0 mol/L, and then decreases thereafter. However,
the Pd(II) uptake capacity of SOL-PzPs-BD-5 is the highest
when HCI concentration is <0.1 mol/L. and consistently de-
creases as the HCI concentration increases. The difference in
the uptake capacity at low HCI concentration is possibly caused
by either the chemical modification of pyrazole ligands or the
change of the pore structure through the posttreatment.

To investigate whether it stems from the modified chemical
structure of pyrazole ligands, '>*C-CPMAS spectra (Bruker 300
MHz AMX) are taken for fresh, protonated, and Pd(II) loaded
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adsorbents in 0.1 and 2.0 mol/L HCl solutions (Figure 2). From
the spectra for fresh adsorbents, no evidence of chemical
modifications of the ligands by the posttreatment, such as ring
opening, ligand addition, substitution, and so forth, is found.
From the spectra for protonated adsorbents, no differences in
acid—base behavior are observed. Peaks for the 3rd and 5th
carbons are merged into one peak after a complete protonation
in 2.0 mol/L. HCI solutions, but these are not merged because
of partial protonation at 0.1 mol/L HCI concentrations. When
these adsorbents are saturated with palladium chloride at 2.0
mol/L HCI concentration, the 5th carbon peaks from the spec-
tra appear on the left shoulder of the merged peaks. However,
the spectrum for SOL-PzPs-B-18 after palladium loading from
0.1 mol/L HCI solutions is different from the spectrum for
SOL-PzPs-BD-5 and those spectra for both saturated adsor-
bents at 2.0 mol/LL HCI concentration. This spectral difference
after palladium loading is ascribed to the different loading
capacity. The lower palladium chloride capacity of SOL-PzPs-
B-18 at 0.1 mol/L HCI concentration, we think, originates from
the inaccessibility of coagulated and hindered blocks of pyra-
zole ligands that are generated during the gel formation. These
inaccessible blocks at low HCI concentrations are modified and
rearranged during the posttreatment and become available for
Pd(II) chloride loading as it is observed with SOL-PzPs-BD-5.

From these studies concerning the effects of the posttreat-
ment on the pore structure and adsorption performance of
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Figure 1. Pd(ll) uptake capacities of SOL-PzPs-B-18 and
SOL-PzPs-BD-5 at various hydrochloric acid
concentrations.

Initial Pd(II) concentration ~ 7.5 mmol/L; volume of solu-
tion = 50 mL; weight of adsorbent = 0.125 g; equilibration
time = 24 h.
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organo-ceramic adsorbents, it can be concluded that the post-
treatment does not modify the chemical structure of the func-
tional ligands, but does modify the pore structure to produce
highly porous materials. Consequently, the modified pore
structure provides a better adsorption environment to permit
high utilization of incorporated pyrazole ligands for the Pd(II)
uptake.

Adsorption characterization

SOL-PzPs-BD-5 is used for adsorption of Pd(II), Pt(IV), and
Au(III) chlorides from hydrochloric acid solutions because this
adsorbent has better material properties than those of SOL-
PzPs-B-18. This characterization study includes material sta-
bility, adsorption equilibria, Pd(I) uptake kinetics at different
adsorbent particle sizes and metal concentrations in a batch
recycle reactor, and breakthrough experiments in packed col-
umns.

SOL-PzPs-B-18

Pd(I) Loaded
in 2.0 MHCI

Protonated
in 2.0 M HCI

PA(ID) Loaded
in 0.1 MHCI

Protonated
0.1 MHCI

Fresh

150
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Figure 3. Stability test for SOL-PzPs-BD-5 by repeated
Pd(ll) loading and stripping cycles.

q; is Pd(IT) uptake capacity at ith cycle; g, is the uptake
capacity at Ist cycle (1.37 mmol/g).
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Figure 2. '3C-CPMAS spectra for fresh, protonated, and Pd(ll) loaded in 0.1 and 2.0 mol/L HCI solutions.

External reference for carbon chemical shift: glycine carbonyl at 176 ppm.
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Figure 4. Maximum metal uptake capacities of SOL-
PzPs-BD-5 for Pd(ll) (L), Pt(IV) (<), and Au(lll)
(2) chlorides at various HCI concentrations.

Material stability

Even though the adsorbent has desirable properties such as
high metal uptake capacity and fast metal uptake rate, it is
important that the material has physicochemical stability for
multiple cycles to yield acceptable process economics. Perfor-
mance of adsorbents declines during repeated use because of
oxidation of organic groups, hydrolysis and dissolution of the
silica backbone, and irreversible metal binding. Also, sudden
contact with stripping agents, which are normally strong and
hostile to the adsorbent structure, especially deteriorate the
functionality of adsorbents; thus a stability test is performed by
successive Pd(II) loading and stripping cycles in a column. The
experimental results show that the Pd(Il) uptake capacity of
SOL-PzPs-BD-5 is maintained at nearly 100% of the original
capacity (1.37 mmol/g) for six cycles and decreases to 85%
after 17 cycles (Figure 3). The column fails after that as a result
of an excessive pressure drop, possibly caused by precipitation
of thiourea on the adsorbent and dissolution of silica.” Even
though the column fails after 17 operations, this study shows
that SOL-PzPs-BD-5 has strong operational stability because
the degradation occurs primarily during the regeneration pro-
cesses.

Adsorption in equilibrium
The adsorption reactions of Pd(Il), Pt(IV), and Au(III) chlo-
rides with pyrazole functional groups in hydrochloric acid
solutions can be represented by the proton-pairing reaction
even though the final structures of the complexes of pyrazole—
metal chlorides may not have the proton pairing as represented
by the following consequent reaction steps.
Protonation of Pyrazole Ligands
RN+ H" <> RNH" ()
where RN is the unprotonated pyrazole ligand on the pore
surface of the adsorbent, and RNH ™" is the protonated pyrazole

ligand.
Proton-Pairing Reaction
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MCI,"™™ + (n — m)RNH* < MCI(RNH),-,,  (2)
where MCI,; "™ is PdCL3~, PtCIZ~, or AuCl, and
MCI,(RNH), _,, is the metal complexed pyrazole ligand on
pore surface of the adsorbent.

Release of Proton and Chloride

MCI,(RNH),-,, < MCIL,(RN),-,, + (n = m)H"

+(n—m)Cl” (3)
where MCl,,(RN),,_,, is the surface metal-pyrazole complex
after proton and chloride release.

To investigate whether PdCI2™, PtCI2~, and AuCl, follow
these reaction steps, maximum metal uptake capacities at dif-
ferent HCI concentrations and equilibrium uptake capacities at
different metal concentrations at 2.0 M HCI are measured.

As shown in Figure 4, the maximum uptake capacity for
Pd(II) in the HCI concentration range of 0.1-2.0 M is approx-
imately 1.41 = 0.05 mmol/g, and then it decreases to 0.7
mmol/g at 5 M HCI concentration. The reaction stoichiometry
between PdCI;  and the protonated pyrazole ligands is ex-
pected to be one to two because the metal uptake capacities is
approximately half of the ligand density (3.1 mmol/g) in the
HCI concentration range of 0.1-2.0 M.

The maximum uptake capacity of Au(IIl) chloride shows
that the capacity rapidly decreases from 1.8 mmol/g at 0.1 M
HCI concentration to 1.25 mmol/g at 3.0 M HCI concentration
and stays constant thereafter. It is noticed that the maximum
Au(IIT) uptake capacity cannot be determined by our experi-
mental setup in which small amounts (0.1-0.125 g) of adsor-
bent are contacted with large amounts (100—150 mL) of solu-
tions at high metal concentrations. However, it appears that one
Au(III) chloride ion reacts with one protonated pyrazole ligand
because the maximum uptake capacity for Au(IIl) chloride is
>1.5 mmol/g and also the extrapolation of adsorption isotherm
at 2.0 M HCI concentration for the maximum uptake capacity
approaches 2.5 mmol/g (Figure 5).
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Figure 5. Equilibrium adsorption isotherms of SOL-
PzPs-BD-5 for Pd(ll) (), Pt(IV) (M), and Au(lll)
(A) chlorides at [HCI] = 2.0 mol/L.
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Table 2. Langmuir Isotherm Constant (K) and Effectiveness
Factor (f) for Adsorption Uptake Capacity

Species K f

PdCI;™ 15.56 = 791 0.447 * 0.005
PtCIZ~ 0.56 = 0.17 0.248 +£ 0.033
AuCly 0.36 = 0.04 0.800 * 0.035

For the adsorption of Pt(IV) chloride, the maximum uptake
capacity is <0.7 mmol/g over the entire range of the HCl
concentrations studied. Pt(IV) chloride seems to coordinate
with four pyrazole ligands such as [PtCL,(NR)2"]Cl,, com-
monly reported in the literature.?°

The experimental results for equilibrium uptake capacities of
SOL-PzPs-BD-5 in 2.0 M HCI solutions show that this adsor-
bent has substantially higher Pd(II) uptake capacity than that
for Pt(IV) and Au(Ill) at low metal concentrations (Figure 5).
The adsorbent is almost saturated with about 0.2 mmol/L of
Pd(II) chloride at equilibrium in the solution but is not com-
pletely saturated either by Pt(IV) or Au(IIl) chlorides even at
=3 mmol/L metal concentrations. The differences of equilib-
rium uptake capacities for these three metal chlorides indicate
that this adsorbent has a stronger affinity for Pd(II) chloride
over Pt(IV) and Au(Ill) chlorides and provides a utility for
almost complete separation of palladium over the others.

Based on the reaction scheme proposed (Egs. 1-3), the
adsorption equilibria between this adsorbent and Pd(II), Pt(IV),
and Au(Ill) chlorides can be described by isotherms with
mono-, bi-, and tetra-dentate adsorption mechanisms. How-
ever, the mathematical description for the bi- or tetra-dentate
adsorption is complicated to use for practical purposes. Thus, it
is assumed that Pd(II) and Pt(IV) chlorides form quasi-mono-
dentate complexes with clusters of two and four pyrazole
ligands, respectively, whereas one Au(IIl) chloride ion reacts
with one ligand. The assumption of quasi-monodentate adsorp-
tion mechanism was successfully used to describe the adsorp-
tion of Pd(II) and Pt(IV) chlorides on a functionalized imida-
zole.” The adsorption mechanism (Eq. 2) for Pd(II), Pt(IV), and
Au(III) chlorides can be rewritten based on the assumption as

MCL, """ + (RNH"),,, <> MCL,(RNH),,, “4)

where (RNH), _,, is considered to be a cluster of n — m
number of protonated pyrazole moieties for Pd(II) and Pt(IV)
chlorides or a single protonated pyrazole ligand for Au(IIl)
chloride.

The adsorption equilibrium isotherms for these metal chlo-
rides can be described with a modified Langmuir isotherm

K i iCi
q; = % )
where ¢, is the adsorbed amount of metal i (mmol/g); Q is the
ligand density (3.1 mmol/g); f; is the correction factor for actual
maximum uptake with respect to the ligand density; K; is the
isotherm constant for metal chloride i; C; is the concentration
of metal #; and i is Pd(II), Pt(IV), or Au(III).
These Langmuir-type adsorption isotherms are fitted to ex-
perimental equilibrium data at 2.0 mol/L HCI concentrations to
find the isotherm constants (K;) and the correction parameters
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(f,). With the fitting parameters given in Table 2, the experi-
mental equilibrium data are well represented as shown in
Figure 5. The correction parameters ( f;) are the ratios of actual
maximum uptake capacities with respect to the ligand density.
If the adsorption reactions of Pd(II), Pt(IV), and Au(III) chlo-
rides with pyrazole ligands occur as proposed (Eq. 4), the f
values should be 0.5, 0.25, and 1.0, respectively. However, the
fitted values of f are smaller than these ideal values. These
differences between the ideal values and fitted values are
attributed to high HCI concentrations in solutions at which the
adsorbent interacts not only with these metal chlorides but also
free chlorides. The results from this analysis are used for the
prediction of the adsorption kinetics in batch and packed col-
umns.

Adsorption kinetics in batch

Among the three metal chloride systems, the Pd(II) chloride
system is used to study the adsorption kinetics of SOL-PzPs-
BD-5 because this adsorbent has the strongest selectivity for
Pd(II) chloride over Pt(IV) and Au(IIl) chlorides. The experi-
ments are conducted in a batch recycle reactor. By using this
type of batch reactor, it is possible to study whether the
adsorption kinetics are controlled by pore diffusion or chemical
reaction at minimal film mass-transfer resistance. Preliminary
experiments at various recycle flow rates indicate that the
concentration change of the solution in the vessel is not af-
fected at recycle flow rates > 30 mL/min. Thus, it is assumed
that the reactor is operated in the differential mode, and the
external mass-transfer resistance is minimized at a flow rate of
40 mL/min (121 bed volume/min).

To determine whether chemical reaction or pore diffusion in
the pellet is the adsorption-controlling step, a series of exper-
iments has been conducted at four different adsorbent particle

1.6
& C0=0.238 mmol/L
1.4 B C0=0.469 mmol/L
' A C0=0.940 mmol/L
1.2 ® Co=1.341 mmol/L
1
o 08
0.6
0.4
0.2
0
0 50 100 150 200 250

Contact Time, min.

Figure 6. Evolution of Pd(ll) concentrations in the reser-
voir for various initial concentrations.
Adsorbent weight = 0.2 g (125-180 wm); recycle flow rate =
40 mL/min; C,, = Pd(Il) concentration measured from the

reservoir at given times; solid lines: pore diffusion model (D,,
= 8.33 X 107 % cm?¥s, T = 2.5).
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sizes. The results from these experiments show that the appar-
ent adsorption kinetics is affected by the particle sizes and
indicates that the diffusion of Pd(II) chloride ions in pores
controls the adsorption process. Thus, a pore diffusion model is
developed to predict the adsorption of Pd(II) chloride ions on
SOL-PzPs-BD-5.

Accordingly, the following equations along with initial and
boundary conditions are used to describe the adsorption kinet-
ics in the batch system.

Macroscopic Mass Balance Equation

VT(CI;U — ) =wg (6)
3 R
q= f gridr )
0
Pore Diffusion Equation
dg\ doc D, d
( e ac> TR (rz *) ®
Initial and Boundary Conditions
c=0 t=0 0=r=R (9a)
oc_ 0 9b
ar "= (b)
dc
k{c,—c)=D, s r=R (9¢)

Here V is the reservoir volume (0.5 L) where changes in metal
concentrations are measured, w is the mass of adsorbent (0.2
g), q is the average concentration of Pd(Il) over the entire
particle, ¢ is the local equilibrium accumulation at a given time
and radial distance from the center of the adsorbent particle, ¢,
is the concentration of Pd(II) in the reservoir, Cp, is the initial
concentration of Pd(II) in the reservoir, c¢ is the Pd(II) concen-
trations in the adsorbent pore solutions, r is the radial distance
from the adsorbent particle center assuming a spherical geom-
etry, g, is partlcle porosity (0.36), p, is the density of a particle
(1.03 g/em?), and D, is the pore diffusion coefficient assumed
to be independent of metal concentrations.

These equations including the initial and boundary condi-
tions are nondimensionalized, transformed to a set of ordinary
differential equations by taking radial finite differences, and
solved by the technique of method of lines. In this computation,
100 radial grids for a particle are used for precise prediction of
concentration profiles in the pores. Pore diffusion and external
mass-transfer coefficients are calculated by using the following
correlations.

Assuming that the Crittenden?! expression applies

B g,Dy

4 T

(10)
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Figure 7. Evolution of Pd(ll) concentrations in the reservoir
for various particle sizes of SOL-PzPs-BD-5.

Adsorbent weight = 0.2 g; C, = 0.473 mmol/L; recycle flow
rate = 40 mL/min; C,, = Pd(II) concentration measured from the
reservoir at %wen times; solid lines: pore diffusion model (D,, =
8.33 X 10 m/s, T = 2.5).

Ug

kf:JDW (11)

where D,, is the molecular diffusivity of Pd(II) chloride, 7 is
the tortuosity of the adsorbent, i, is the fluid superficial veloc-
ity (0.85 cm/s), Sc is the Schmidt number, and J,, is the
Colburn coefficient evaluated using the correlation given by
Wilson and Geankoplis.??

D,, and T are used as fitting parameters because there are no
reported values of the molecular diffusion coefficient for Pd(II)
chloride in the literature, and 7 is an adsorbent-specific prop-
erty. The optimal values of D,, and 7 in this model are deter-
mined by minimizing the averaged absolute relative error
(AARD), according to the definition shown below, between the
calculated bulk concentrations and experimental data for the
adsorbent particle size range of 125-180 wm. These values are
8.33 X 10 ° cm?*s and 2.5, respectively. The pore diffusion
coefficient (D,,) and external mass-transfer coefficient (k) from
these values and the above relationships (Eqs. 10 and 11) are
1.20 X 107 cm?s and 1.7 X 10~% cm/s, respectively.

The AARD is defined here as

Ch calc Cb exp

12)

1
AARD—m—EE

1 1 Cp, exp

Y
where m is the number of initial concentrations studied, n is the
number of data points collected in an experiment for an initial
concentration, ¢, is experimentally measured bulk concentra-
tion at a given time and for an initial concentrations, and c;, ., is
the computed concentration by the model at the same condition at
which the equivalent experimental data are collected.

This pore diffusion model with the minimal AARD value of

0.09 predicts the experimental data well for this particle size, as
shown in Figure 6. In addition, this pore diffusion model
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Figure 8. Individual breakthrough curves of SOL-PzPs-
BD-5 for Pd (#), Pt (H), and Au (A) at 2.0 M HCI
concentration.

Adsorbent = 2.0 g (125-180 um); bed volume = 2.98 mL;
flow rate = 1.0-1.1 mL/min; feed concentration (C;,) = 1.0
mmol/L; maximum loading = 1.27 mmol Pd/g, 0.28 mmol
Pt/g, and 0.50 mmol Au/g; C.: metal concentrations at
column exit; solid line—-model prediction.

successfully predicts the overall adsorption kinetics for four
different particle size ranges as the predicted results are pre-
sented in Figure 7.

Adsorption in packed column

The adsorption behavior of SOL-PzPs-BD-5 in a packed
column is studied for Pd(II), Pt(IV), and Au(IIl) chlorides by
performing individual breakthrough experiments at 1.0
mmol/L concentration of each of these metal chlorides in 2.0
mol/L HCI solutions.

The experimental results show that the breakthroughs occur
in sequence of Pt(IV), Au(IIl) and Pd(II), as shown in Figure 8.
Two consecutive breakthroughs occur for the platinum chloride
system after 25 bed volumes (0.07 L) for which C/C,, remains
at 0.1 until 180 bed volumes (0.54 L) at which the main
breakthrough occurs. A similar phenomenon is also observed
for the feed concentration of 1.53 mmol/L at 2.0 mol/L HCl
concentration, in which case C/C, remains at 0.085 before the
second breakthrough occurs. The constant leaching of platinum
chloride before the main breakthrough indicates that there are
other stable chloroplatinum complexes in the solution that are
not reactive to pyrazole ligands. Even though spectral studies
for this effluent platinum solution have not been performed,
likely species are mono-dissociated hydrogenhexachloroplati-
nate (HPtClg) or hydrolyzed chloroplatinum complexes, as
reported by Nachtigall et al. in their ion chromatography
study.?? The breakthrough of Au(III) chloride is less sharp than
that of either Pd(II) chloride or Pt(IV) chloride. This broader
breakthrough is most likely a result of the longer concentration
transition through the column that will be discussed later in the
numerical analysis section. A sharp breakthrough of Pd(II)
chloride occurs after 900 bed volumes (2.68 L). Substantially
large gaps between these breakthroughs show the possibility of
complete separation of these noble metal chlorides at moderate
concentrations. In addition, the loaded metals can successfully
be eluted by using fewer than 15 bed volumes of 0.25-0.5
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mol/L thiourea in 0.1 M solutions with high percentage recov-
ery (95-100%).

To predict the breakthrough curve of Pd(II) chloride in the
column, the pore diffusion model (Eq. 8) with initial and
boundary conditions (Eqs. 9a—9c), parameter correlations, and
the Langmuir isotherm (Eq. 5) are coupled and solved with the
mass balance equation for the column.

Column Mass Balance Equation:

acb acb 66_1 B
uSaZ-&-sat-i-pbat—O (13)
g 3k
9 " Re, (cp = c|r=p) (14)
c, =0 z=0 and =0 (15a)
Cp = Cip z=0 and t>0 (15b)

Here ¢ is the packed column void fraction (¢ = 0.33), p,, is the
bulk density of the bed (p, = 0.69 g/cm?), R is the average
particle radius (1.55 X 102 cm), ¢|,_g is the metal concen-
tration at particle outer surface, and c;, is the metal concentra-
tion in feed solutions.

The method of lines is used to solve both sets of equations
simultaneously. In this method, the number of radial grids of a
particle and axial grids of the column in the computation are 51
and 125, respectively. Details of the computational technique
can be found elsewhere.?*

This pore diffusion model represents the experimental break-
through curve for its slope and the breakthrough capacity (C/C,
= 1.0) well by using the diffusivity (D,,) of Pd(II) chloride and
the tortuosity (7) of the adsorbent from the batch kinetics
modeling (Figure 8). The calculated capacities for Pd(II) chlo-
ride are 1.27, 1.30, and 1.30 mmol/g by the breakthrough
experiment, by the pore diffusion model, and by the adsorption
isotherm (Eq. 5), respectively.

Further, this model is applied to predict the breakthrough
curves of Pt(IV) and Au(IIl) chlorides by assuming the molec-
ular diffusivities of these metal chlorides are the same as Pd(II)
chloride (D,, = 8.33 X 10~ cm?/s) with the same tortuosity
(7 = 2.5) of adsorbent. Even though the molecular diffusivities
of these metals are expected to be different, this prediction test
is valuable to investigate the reason for the differences in
slopes of breakthrough curves of these metal chlorides.

As noticed from the experimental results, the breakthrough
of Au(III) chloride is less sharp than those of Pd(II) and Pt(IV)
chlorides. However, the broader breakthrough is not likely
because of slower diffusion of Au(Ill) chloride in the pore,
given that the breakthrough of Pt(IV) chloride is sharper than
that of Au(Ill) chloride, even though Pt(IV) chloride has a
larger metal complex radius than that of Au(IIl) chloride. In
addition, the pore diffusion model with the same molecular
diffusion coefficient can predict breakthrough curves as shown
in Figure 8. Therefore, the broader breakthrough is most likely
explained by a longer concentration transition through the
column that results from less favorable adsorption equilibrium
between pyrazole ligands and Au(IIl) chloride ions. To see
how the equilibrium properties—maximum uptake capacities
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Figure 9. Computed concentration profiles of Pd(ll),
Pt(IV), and Au(lll) chlorides in packed column
at various percentages of breakthrough load-
ing capacity of each metal chloride.

C,,: feed solution concentration (1.0 mmol/L); C,: concentra-
tion of metal chloride in bulk solution; solid line: Pd(II);
dotted line: Pt(IV); and dashed line: Au(III).

and isotherm constants—affect the shape of the concentration
profile, the concentrations of Pd(II), Pt(IV), and Au(III) chlo-
rides through the column are computed by using the pore
diffusion model at various percentages of the breakthrough
loading capacities. Figure 9 shows that the concentration pro-
files are similar to each other at the beginning of column
operation (that is, after 1.0% of loading). However, transitions
of concentration profiles of Pt(IV) and Au(IIl) chlorides be-
come longer, whereas the profile of Pd(II) chloride maintains
the same original shape as the column operation is continued.
At the near saturation condition (90% of loading), the transition
of concentration profile of Au(IIl) chloride is the longest.

1.4
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Figure 10. Multimetal breakthrough curves in the col-
umn of SOL-PzPs-BD-5 (bed volume = 2.98
mL) in 2.0 mol/L HCI solution.

Flow rate = 1.0-1.1 mL/min; feed solution composition:
[PA(ID)], [Pt(IV)], and [Au(II])]: each 0.1 mmol/L; [Cu(II)]
and [Fe(ID)]: each 2.5 mmol/L; maximum loading = 0.77
mmol Pd/g, 0.00 mmol Pt/g, and 0.03 mmol Au/g.
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Multicomponent breakthrough

In addition to individual breakthrough studies, a multimetal
breakthrough experiment is performed to demonstrate the ca-
pability of SOL-PzPs-BD-5 to extract noble metals from highly
concentrated transition metal solutions (Figure 10). The break-
throughs of iron [Fe(I)] and copper [Cu(I)] from the SOL-
PzPs-BD-5 column occur immediately after starting the exper-
iment. These immediate breakthroughs indicate that this
adsorbent has no reactivity for copper and iron, which are
major constituents in noble metal leaching solutions. The
breakthroughs of Au(IIl) and Pt(IV) chlorides occur simulta-
neously, and then these metals are displaced by the continual
adsorption of Pd(II) chloride, which is observed as the dimen-
sionless concentrations (C/C,) of Au(Ill) and Pt(IV) exceed
1.0, whereas that of Pd(II) is approximately zero. The displace-
ment of Au(Ill) and Pt(IV) chlorides by Pd(Il) chloride are
approximately 44 and 100% (within 300 and 6000 bed vol-
umes), respectively. Thus, only 0.03 mmol/gm of Au(III) is left
in the column, whereas 0.77 mmol/g of Pd(II) is loaded after
completion of the experiment. Pd(I) uptake capacity of 0.77
mmol/g is approximately the equilibrium loading for the feed
concentration. Thus, it is clearly demonstrated that this adsor-
bent has the strongest affinity for Pd(Il) chloride. Further, the
adsorption of Pd(II) chloride is not affected by the adsorption
of other metals. It is also seen that the affinity for Au(III)
chloride is somewhat greater than that for Pt(IV) chloride from
the slower displacement of Au(IIl) chloride than Pt(IV) chlo-
ride and complete displacement of Au(IIl) chloride by Pd(II)
chloride does not occur during this adsorption cycle.

After complete saturation of the column, ten bed volumes of
0.5 M thiourea in 0.1 M HCI solution are used to elute the
loaded metals. The loaded gold and palladium are recovered
with 92 and 100% efficiency, respectively (Figure 11). Only
trace amounts of platinum are detected in the eluted solution.

This multimetal breakthrough and elution experiments demon-
strate that SOL-PzPs-BD-5 has great potential to extract noble
metals from other concentrated metal solutions and to selectively

—o- Pd(ll)
—=— Au(lll)
-4 Pi(1V)

0 _ .
0 2 4 6 8 10 12
Bed Volume

Figure 11. Elution of noble metals from the loaded col-
umn of SOL-PzPs-BD-5 (bed volume = 2.98
mL).
Flow rate = 1.0—1.1 mL/min; stripping agent = 0.5 mol/L
thiourea in 0.1 mol/L HCL; recovery: Pd(Il) = 100%;
Au(II) = 92%.
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separate palladium from mixture solutions with platinum and gold
chlorides at relatively high HCI concentrations (~2.0 M).

Conclusions

The organo-ceramic adsorbents functionalized with pyrazole
ligands SOL-PzPs-B-18 and SOL-PzPs-BD-5 are synthesized
by sol-gel processing technology for the separation of noble
metals at high HCI concentrations. It is shown from this study
that an appropriate hydrothermal treatment after gelation can
alter pore structures of organo-ceramic adsorbents to give
well-developed mesopores and consequently improve adsorp-
tion characteristics without sacrificing metal-uptake capacities.
An operational stability test for SOL-PzPs-BD-5 shows that
this adsorbent has long-term stability over the repeated loading
and regeneration in a packed column.

The batch experimental studies for adsorption kinetics show
that this adsorbent has rapid adsorption kinetics for Pd(II)
chloride uptake. The developed pore diffusion model success-
fully predicts this rapid adsorption kinetics with the optimized
molecular diffusion coefficient (D,,) of Pd(II) chloride and the
tortuosity (7) of adsorbent of values 8.33 X 10~ % cm?/s and 2.5,
respectively. In addition, this model is further developed to
predict the breakthrough curve of Pd(II) chloride in a packed
column, and the predictions of experimental data are satisfac-
tory. This breakthrough model can also predict the break-
throughs of Pt(IV) and Au(IIl) chlorides with the same molec-
ular diffusivity of Pd(II) chloride and the tortuosity of the
adsorbent, which suggests that the diffusion coefficients for
these metal chlorides are not significantly different. It is also
shown that the differences in slopes of these breakthrough
curves are attributed to adsorption equilibrium properties from
the computation of transition concentration profiles.

The applicability of SOL-PzPs-BD-5 adsorbent to a hydro-
metallurgical separation of noble metals is also demonstrated
by performing the multimetal breakthrough experiment with a
simulated feed solution. This experiment shows that the adsor-
bent has no reactivity for copper and iron ions and strong
selectivity for Pd(I) chloride over Pt(IV) and Au(IIl) chlo-
rides. It is also demonstrated from the stripping experiment that
the selectively loaded Pd(Il) is quantitatively recovered by
using an acidic thiourea solution.

All these characterization studies show that this adsorbent
has a high potential for application in the separation and
recovery of noble metals from leaching solutions of ores, spent
catalysts, and disposed microelectronic components. Further
investigation is ongoing to selectively recover platinum and
gold in copper- and iron-enriched HCI solutions by using other
functional ligands. Thus, complete extraction and separation of
palladium, platinum, and gold can be achieved with sequential
fixed-bed operations.
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