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Spent acid streams generated in industry containing high concentrations of heavy metals are potential secondary
sources of raw materials. Chelating resins are excellent candidates to recover valuable metals from complex
mixtures at very low pH conditions. In particular, previous works reported high recoveries of nickel and copper
from real industrial acids (3400 mg Cu®* L™, 8700 mg Ni>* L™! and 24000 mg Fe L) using commercial bis-
picolyamine (BPA)-based resins. In this work, adsorption and desorption using two in-series fixed-bed columns
with BPA resins have been proposed to carry out the selective and independent separation and recovery of nickel
and copper. Under the selected operating conditions, it was possible to recover 90% of the copper and 80% of the
nickel present in the problem solution. A mathematical model based on mass transfer was developed in order to
describe the adsorption and desorption stages. Adsorption chemical reactions were modeled as equilibrium re-
actions, fitting to Langmuir’s and Freundlich’s isotherms for copper and nickel respectively. The chemical re-
actions for both metals in desorption fitted into first order reactions. Finally, the kinetic constants kg.=0.81
Kgdryresin L h! for copper and kge=1.10 Kgdryresin L~ h? for nickel were estimated using the software Aspen

Custom modeler. The predicted values agreed with the experimental data.

1. Introduction

The concept of “Responsible Consumption and Production” (Goal
12) appears in the list of Sustainable Development Goals (SDGs) estab-
lished by the United Nation member states in 2015 as a universal call to
end poverty, protect the planet and ensure that all people enjoy peace
and prosperity by 2030 [1]. This goal, which is based on achieving
sustainable management and efficient use of resources, promotes the
need to replace the current model of linear economy, consisting of “take,
make and dispose”, since it has reached its physical limits, due to the
depletion of primary sources of raw materials and the large volume of
waste generated [2,3]. Therefore, the implementation of circular econ-
omy, defined by the Ellen MacArthur Foundation [4] as a restorative and
regenerative industrial economy model, that aims to ensure that prod-
ucts, components and resources in general maintain their usefulness and
value at all times, is a promising alternative.

Industrial wastes, especially those with high metal content, are sus-
ceptible to be managed from the circular economy point of view, thus
becoming secondary sources of raw materials. These hazardous wastes

may cause severe environmental problems and health disorders and
must be treated before their discharge into the aquatic environment [5].
It is estimated that around 3-10° m® per year of exhausted industrial
baths are produced in Europe, with an average metal content about
40-45 kg m 3 [6-8]. Thus, their comprehensive recycling and reintro-
duction into new lifecycles help to ensure Europés access to key metals,
which implies a building block for a competitive economy [9,10]. In this
regard, spent acid solutions containing high concentrations of acids and
metals are good candidates to be managed following the principles of
circular economy, thus solving simultaneously two problems, the
reduction of heavy metals concentrations below permissible limits and
their recovery for future reuse. The selective recovery of target metals
from complex wastes is complicated since metallic compounds are
usually dissolved together with large amounts of iron at different con-
centration levels [8,9,11]. The management of this type of spent acids
has been analyzed using different technologies such as membrane pro-
cesses [12,13], electrolytic methods [14], solvent extraction [15],
chemical precipitation [16], coagulation-flocculation [17], ion ex-
change [18] or adsorption and bioadsorption [14,19-21]. In particular,
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ion exchange and adsorption have been widely referred to as suitable
technologies for the removal and recovery of heavy metals from in-
dustrial effluents due to several advantages such as high selectivity, fast
reaction kinetics, low cost, easy operation, high efficiency and minimal
generation of sludge [9,22,23]. Despite commercial resins such as
Dowex 1X8, Amberlite IR 400 or Purolite S-957 have been confirmed as
excellent separation agents to remove heavy metals, their efficiency at
extremely low pH values is limited [24,25]. This limitation can be
overcome by using polymeric chelating resins containing functional
groups capable to form stable complexes with metallic ions by a dative
covalent bonding [26]. These kinds of resins are much more selective
than conventional ones, and are used very efficiently in pre-
concentration of metals or recycling processes on an industrial scale,
as they have been specially developed for the separation of transition
metals particularly from complex matrices, where large concentrations
of metal ions are present even at pH values lower than 1.0 [27]. So,
Pérez et al. [28] investigated the recovery of copper from a synthetic
solution that simulates the limonite ore leach, which, besides, contains
nickel, using a continuous process with the chelating resin Dowex XUS
43605, showing that the solution obtained from elution had a copper
concentration values 10 times higher than in the loading. Purolite S930
and S950 were tested by Deepatana et al. [29] for the recovery of nickel
and cobalt from a synthetic solution that simulates pregnant bioleaching
solutions, obtaining favorable adsorption percentages of nickel and co-
balt. A new chelating resin synthesized in the reaction of poly (MVE-alt-
MA) polymer with a Schiff base obtained in condensation of 2-acetylpyr-
idine and 4-aminobenzoic hydrazide showed effective removal of heavy
metal ions, including Cu?*, Cd?*, Cr®*, Ni* and Co®" from real
wastewater samples [30]. Marin and coworkers [31] removed some
metal ions including Ni?* and Cu?* from complex mixtures with the
resins Amberlite IRA 402 and Amberlite XAD7HP chelated with DR23
using synthetic solutions. Duan and coworkers [32] studied the
adsorption mechanism of Ni2* and Cu®* using a PAPDA resin containing
-CONHOH and -COOH from simulated electroplating wastewater,
Finally, Wolowicz and coworkers [33] evaluated the efficiency of a
chelating resin, similar to use in this work, functionalized with bis-
picolylamine groups, for the selective adsorption of metal ions
including Ni** and Cu?' from a synthetic mixture. It is worth
mentioning that most of the works reported in the literature confirm that
the operation pH value is very significant for the performance of
chelating resins.

Ulloa and co-workers [8,9] employed the commercial resin Pur-
omet™ MTS9600 functionalized with bis-picolylamine groups in the
selective separation of nickel and copper over iron from waste acidic
effluents in sulfate media. At pH=2.0, removal percentages of nickel,
copper and iron of ~80%, ~99% and ~10% respectively, were reported.
Using 2.0 M H2SO4 42.8% of nickel was desorbed, while the elution of
copper was negligible. However, 2.0 M NH4OH reported the best results
for copper elution with desorption percentages of 97.6% and a negli-
gible elution of nickel.

The theoretical description of the dynamic behavior of the adsorp-
tion and desorption process in fixed-bed columns is an essential step to
carry out the design and optimization of the process. The rigorous pre-
diction of adsorption and regeneration breakthrough curves requires the
development of mathematical models based on mass transfer, chemical
reaction and thermodynamic equilibrium, capable of simulating the
dynamic behavior of the column, without the need to carry out extensive
experimentation, which tends to be expensive and time-consuming
[34,35]. The microscopic mass transfer models are usually derived
from the Fick’s Law and consider the exchange equilibrium and external
diffusion, internal diffusion, diffusion in the pore, the diffusion model
combined surface and pore, and intraparticle diffusion, among others
[36,37]. Finally, in chemical reaction models, the resistance to mass
transfer is expressed in terms of a chemical reaction or reaction rate
[38].

In this work, adsorption with chelating resins has been selected as
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the most suitable technique to carry out the selective separation and
recovery of copper and nickel present in a real spent acid provided by a
waste management company. The main novelty of this work lies in the
application and accurate mathematical modeling of the adsorption and
regeneration stages in fixed-bed processes applied to the treatment of
real spent acids generated in industrial processes. Therefore, the
research represents a step forward to previous results obtained with
synthetic solutions as previously has been reported. Starting with this
study case and considering the previous results, this work has as a
general objective the experimental and theoretical validation of the
separation-recovery of copper and nickel using fixed-bed columns
charged with the chelating resin Puromet™ MTS9600 operating in a
continuous mode. In order to provide valuable tools for the design and
scaling up of the process, the mathematical modeling of the loading and
regeneration steps in the fixed-bed column was developed by describing
the mass transfer phenomena and the interfacial interaction between
bis-picolylamine groups and the target metals.

2. Experimental section
2.1. Materials section

In the present work, adsorption technology with chelating resins has
been applied to a real spent acid supplied by a local company with the
composition shown in Table 1 where iron, nickel and copper are the
main components. The stream has a density of 1.16 g cm >, a free acidity
of 7% and a pH of ~ 1.0.

The chelating resin used for the recovery of nickel and copper was
Puromet™ MTS9600 functionalized with bis-picolyalmine group (Bis-
PMA). This resin forms coordinate bonds with most of the toxic metal
ions via Lewis acid-base interactions. The main characteristics of the
resin are summarized in Table 2.

The adsorption of metals with chelating resins is strongly dependent
on the pH of the solution. For this reason, in order to adjust the pH of the
effluent to be treated, H,SO4 95-98% and NaOH 5.0 M solutions, both
supplied by Panreac, were employed. H,SO4 was also used in the
desorption step together with NH4OH 30-32% solution, supplied by
Sigma Aldrich. The rinsing of the resin after desorption and protonation
stages was performed with double deionized water (18 MQ cm, MilliQ,
Millipore).

2.2. Columns experiments

Fig. 1 shows a scheme of the process configuration used for the re-
covery of copper and nickel from the real spent acid effluent using two
in-series fixed-bed columns. Column 1 is fed with the untreated spent
acid in order to perform the recovery of copper over nickel, since at pH
values below 1.0, the removal of nickel can be considered negligible, as
demonstrated in previous works [8]. Column 2 is fed with the effluent of
column 1 after an in-line pH adjustment to a value of 2.0, thus favoring
nickel adsorption and avoiding iron precipitation (pH>3.0). After the
loading stage, column 1 is regenerated with a 2.0 M NH4OH solution and
column 2 is treated with a 2.0 M H»SO4 solution, thus allowing the se-
lective and independent recovery of both metals as was previously
concluded in previous research [9]. The columns used have an effective
length of 0.19 m and an inner diameter of 0.03 m, thus the bed volume is
1.3-10~* m®. The void of the fixed column was calculated through the
correlation proposed by Ribeiro and coworkers [40], which determines
this parameter as a function of the column diameter and the resin par-
ticle diameter, obtaining a value of eg=0.38 (dimensionless). In order to
avoid the generation of preferential pathways within the fixed-bed, glass
fiber and glass spheres of 4.0 mm diameter are placed at both ends of the
column. To complete the experimental system three tanks are also
required, one for the storage of the feed solution to be treated, with a
total capacity of 5.0 L (Feed Tank), and two of 2 L placed at the outlet of
each column to collect the treated effluent, one called Accumulation
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Table 1
Metals and ions concentrations of sulfuric-basic acid effluent.
[mg L] AP* crt Mn** Ni?* cu*t Zn?* cd** Sn** Sp3* Pb*" Fe?* S0%~
544 380 64 8790 3367 384 <10 <10 306 59 24450 159300
bl using the estimation tool of the Aspen software, following the least
Table 2

Physico-chemical characterization of the chelating resin Puromet™ MTS9600
[39].

Parameter Value

Polymeric structure Macroporous polystyrene cross-linked with

divinylbenzene
Appearance Spheres
Functional group Bispicolylamine
Ionic shape H"
Maximum copper uptake 35¢g Lt
capacity
Maximum nickel uptake 25gL7!
capacity
Particle size 425 - 1000 um
Particle density 750 - 800 g L1

Pore size Macroporous (>50 nm)
NH,OH
— | 20M
A
s
|
Column 1 [Péess Column 2 [
L [ . ' 2
p— Adsorption 55 Fresh resin Adsorption s e
- (T = +adjust Nz SR
—] o H=2.0 o
- e . oy
s A s s
NaOH
Feed Tank 0.5M
pH=1.0

Accumulation
Tank 1
Desorption Cu?*

Accumulation
Tank 2
Desorption Niz*

Fig. 1. Scheme of the adsorption / desorption treatment proposed in this study.

Tank 1 (column 1, copper recovery) and other called Accumulation Tank
2 (column 2, nickel recovery). The feed solution is circulated through
the columns in a downward mode with flowrates between 3.0-10~* and
9.0-10* m® h ! using peristaltic pumps operating in the range between
4 and 105 mL min~! (Fluid density (kg m~%), py=1100; Fluid viscosity
(kg m~! h’l), ug=3.6. Finally, a top to bottom flow configuration was
selected as was recommended in the literature to keep stable flow con-
ditions when low flowrates are employed [41,42]. Samples at different
operation times were taken from the accumulation Tanks 1 and 2 and
were stored until their analysis. The concentration of metal ions in each
sample of the aqueous phase was measured by Microwave Plasma-
Atomic Emission Spectrometry (MP-AES, Agilent, Spain). All experi-
ments were carried out ambient temperature, 20 °C.

After describing the experimental performance of the adsorption and
desorption steps, the theoretical analysis of the separation processes was
carried out using the mathematical model described in Section 3, and
the simulation software Aspen Custom Modeler V.12. The mathematical
model was validated in order to obtain the model parameters that pro-
vide the minimum deviation between experimental and simulated data

squared error criteria, with a maximum of 1150 iterations and a solution
convergence tolerance of 0.0001.

3. Approach to the modeling of adsorption-desorption process

In general, the mathematical model describing the breakthrough
curves in adsorption—-desorption processes should consider the following
general equations: i) mass balances to the target compounds in the fixed-
bed column, ii) the description of the interfacial interaction between the
solid and the target compounds described by either equilibrium or ki-
netic approaches, and iii) a set of equations describing internal and
external mass transfer around the particle.

3.1. Modeling of copper and nickel adsorption—desorption in fixed-bed

Based on the experimental results reached by Ulloa and co-workers
[8,9], it was concluded that: i) the adsorption equilibriums of copper
and nickel with the resin Puromet™MTS9600 are described by the
Langmuir and Freundlich models, respectively, ii) the dispersion term is
included in the mass balance of the mathematical model due to the low
operating flowrates (manufacturer’s operating range and operation at
high residence times), and iii) diffusion in the liquid film should be
considered as a mass transfer controlling stage due to the low Reynolds
numbers observed in the column. Considering these assumptions, the
process has been modeled as a simplified intraparticle model (LDF),
since it represents the desired concept in a simple and adequate way.
The equations that constitute the mathematical model of adsorption/
desorption of copper and nickel with the Puromet™ MTS9600 resin are
shown below:

- Mass balances in the fixed bed column.

°C;

aC;
- Daxi — =0
i€B o

ot

aC;
ot

304;

€ E+VF

+ (pp(L —€p) +pges )10~

=0 C=0 for t=0
Ci =Cij, for z=0

0Ci
0z

(€]
=0 for z=L

where C; is the adsorbate (Cu®" or Ni>*) concentration in mg L qj is
the amount of adsorbate on the solid (intraparticle cu®t or Ni*") in mg
kg dry resin’l, vr is the velocity in m h’l, Dax.i is the copper or nickel
axial dispersion coefficient in m? h™'. 1073 is a factor used to make
dimensions homogeneous.

- Diffusion in the external liquid film.

External diffusion can be analyzed with Boyd’s equation as follows:

0q:
(pp(l — SB) -+ Pr€B )1073% = ikLAp (Cl — Ci,eq)
q=0 for t=0

@

where pp is the density of the particle in kg m ™3, pg is the density of the
fluid in kg m~3, ky, is the mass transfer coefficient in the liquid film in m
h™!, Ap is the external surface area per unit volume of the particle in m?
m~> and Cieq is the adsorbate concentration in equilibrium with the
solid in mg L1

- Intraparticle diffusion.

Intraparticle mass transport can be associated with diffusional con-
trol (Eq. (3)) or with reaction rate control (Eq. (4)) as a controlling stage:
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dq; _ _
o ks (Qi qLeq) 3)

q=0 for t=0

where kg is the intraparticle mass transfer coefficient (h’l) and Qjeq is
the copper concentration at equilibrium in the solid.

a i n
(pp(1 —&5) + pres )10’3% = kiaCilg — kisq;
=0 C =0 for t=0 C)

q = qi,cq for t= teq

where k; 4 is the forward reaction rate ((mg L~ H=-D/m -1y 4pq ki is
the reverse reaction rate (kg dry resin L’lh’l), n and Kg=k;,/Kk;q the
parameter and the constant of the Freundlich equation (mg kg dry res-
il’lil)(L mg—l)l/n.

- Description of adsorption/desorption equilibrium or kinetics.

The adsorption equilibrium can be described by theoretical Lang-
muir and Freundlich isotherms in Egs. (5) and (6):

quLgCi-,eq
. = _m e7ieq 5
Gieg =7 +KigCieg (5)
Gieq = KniCiL" O]

where qp, is the maximum adsorption capacity of the solid (mg kg dry
resin_l), Cieq is the adsorbate concentration at equilibrium in the
aqueous phase, Ki¢ the constant of the Langmuir equation (L mg ™), Kgr
(mg kg kgarly resin) (L mg’l)l/ " are the Langmuir and Freundlich
adsorption constants related to the bonding energy, respectively, and 1/
n is an empirical Freundlich constant related to the heterogeneous na-
ture of the adsorbent surface from an energetic point of view.

It is considered that, under the desorption operating conditions, the
reaction only occurs in one direction, meaning that the desorbed ions are
not re-adsorbed into the resin, and thus, the reaction can be described by
a first order kinetic, modeled by equation (7).

dq;

(Pp(1 —€5) + ppes )107° i — Kue,i@;

qg=0 for t=0 )

Where ke ; is the reaction rate in kg dry resin L7'hL

3.2. Calculation of model parameters

The axial dispersion coefficient is calculated through the correlation
proposed by Levenspiel [43]:
1.8 Vde

Duj=—— (8)
€

where dp is the particle diameter in m.
The external surface area per unit volume of the particle, Ap is ob-
tained from the following equation:

6

Ap = —
P b

9
The mass transfer coefficient in the liquid phase is calculated through
the correlation proposed by Wilson and Geankopolis, relative to the
Sherwood number (Sh) as a function of the dimensionless numbers of
Reynolds (Re) and Schmidt (Sc) [44]:
sh = 19 peissgeiss (10)
€p
This expression is valid in the ranges 0.0016<Re<55 and
165<Sc<70600, which are within the operating ranges of the system
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[45], being:

ki,

_ Pevedy Sc— _Pr Sh—
dpo.i

53 PrDm,i

Re

an

where i is the viscosity of the fluid in kg m! h’l, Dp,; is the coefficient
of molecular diffusion of copper or nickel, in m h™!, which is calculated
using the Worch equation [36]:

3.595x 10°4T

I M0.53 (12)
F

m,i

where M is the molecular weight in g mol ! and T is the temperature in
K.
The mass transfer coefficient intraparticle or in the solid is calculated
from the following correlation [46]:
5Ap Ds

ksas = 13)
Tp

where Ds is the diffusion coefficient of the solid in m® h™" and r, is the
particle radius in m.

3.3. Mass balances in the batch stirred tank

For each column-tank system, as seen in Fig. 1, the fixed-bed outlet
concentration is accumulated in a perfect mixed tank to facilitate the
collection of samples and the analysis of copper and nickel
concentrations:

r _d(Vich) _avy

dct
Qi Ci,in - dt dt

dt

Cl+—-vf a4
Where CEin (mg L~1) is the initial concentration in the tank, Ci’ (mg Lh
is the concentration in the tank, Q; is the working flow rate for each
adsorbate (rn3 h’l) and ViT (L) is the volume of the stirred tank (copper
tank, nickel tank, Fig. 1) which is continuously increasing:

dvT
— = Qi
dt 15)
(parat=tyz=L)= C. for t=0

T
C i,in

iout
4. Results and discussion
4.1. Adsorption-desorption kinetics of Ni2t/Cu?* in fixed-bed columns

4.1.1. Experimental results

The adsorption kinetics of nickel and copper were studied in the
continuous process shown in Fig. 1, with the effluent characterized in
Table 1 and the chelating resin characterized in Table 2. This industrial
effluent, without any pH modification, flowed through columns 1 and 2,
as it is shown in Fig. 1. The dimensionless breakthrough curves obtained
for copper, nickel and iron measured in Tank 1, are depicted in Fig. 2. As
reported in previous works [9], when working pH values were below
2.0, the adsorption of nickel and iron is not favored, while copper
removal is very effective. Nickel and iron breakthrough curves show
asymptotic behavior after one hour of operation, with concentration
values leaving column 1 around 8000 mg L~! and 21600 mg L7},
respectively (90-100% of the inlet concentration, depending on whether
a new resin or a regenerated one is used). In the case of copper, the
measured concentration is negligible during the first two operating
hours. At this point, the concentration measured in the accumulation
Tank 1 starts rising, due to the saturation of the column 1. Copper
concentration increases until reaching the asymptotic behavior after
twenty hours of treatment, with values around 2100 mg L~ (80% of the
feed concentration). The concentration of copper inside the column 1
reached a constant value of 45000 mg Cu?" per kg of dry resin after five
hours of treatment. This value agrees with the equilibrium value
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Fig. 2. Dimensionless adsorption breakthrough curves for a) copper, b) nickel and c) iron in Tank 1.

calculated by Ulloa and co-workers for the system copper-Puromet
MTS9600 [9], which predicts a load inside the column of around
48000 mg Cu?* per kg of dry resin for concentrations in the liquid phase
in the range of 2600 mg L.

After treatment in column 1, the effluent is contacted with an excess
of fresh resin in order to remove the remaining amount of copper, and
the pH is adjusted to a value of 2.0 with NaOH 5.0 M, in order to set up
the optimized conditions to perform the selective recovery of nickel to
its way through column 2. Fig. 3 shows the dimensionless breakthrough
curves for nickel and iron obtained in Tank 2, where it is assumed that
copper inflowing this column 2 is negligible.

Under these operating conditions, the separation of nickel is favored,
while the removal of iron is negligible, as observed in Fig. 3. Iron

a) 1.0
oo o2° %4
A A A
0.8 /A}’A/&
° PAY
Z 0.6 1 ®
~
Z 04
.2
0 @Exp 1 (exp.) ==Exp 1 (sim.)
AExp 2 (exp.) Exp 2 (sim.)
0-0 T T T T
0 4 8 12 16 20

Time (hours)

dimensionless concentration shows an asymptotic behavior after the
first hour of operation, with a measured output concentration of 18300
mg L1, which represents 85% of the input concentration. For nickel, the
asymptotic behavior is reached after eight hours of treatment, time
lower than the time required in the case of copper in column 1. It is also
noted that, in contrast with copper, the accumulation Tank 2 nickel
concentration increases since the beginning of the treatment, due to the
faster saturation of the column 2. These factors support the evidence
that, although the chelating resin has a high affinity for nickel, it pref-
erentially adsorbs copper even under the most unfavorable conditions.
The concentration of nickel inside the column 2 can be considered
constant after five operating hours, with a value of 32000 mg Ni2" per
kg of dry resin. This value also agrees with the equilibrium value

b) 1.2
1.0 .o o® 0g®0g%0 44
0.8 B e . VNN
~ 0.6
g
— 04
®Exp1l
0.2 AExp2
0-0 T T T T
0 4 8 12 16 20

Time (hours)

Fig. 3. Dimensionless adsorption breakthrough curves for a) nickel and b) iron in Tank 2.
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calculated by Ulloa and co-workers [9], which is expected to be 34000
mg Ni2* per kg of dry resin for concentrations in the liquid phase inside
the column 2 around 9000 mg L~". The results obtained from the nickel
adsorption process indicate that, under the selected operating condi-
tions, the saturation of the column 2 happens too fast. This might be due
to the elevated ratio between the load of nickel in the input stream and
the load of resin inside the column 2. Increasing the length of the col-
umn, and thus, the amount of resin that it contains, may result in a better
nickel adsorption performance. Published studies about the simulta-
neous recovery of nickel and copper, from synthetic multicomponent
mixtures, obtained similar adsorption breakthrough curves. Perez and
coworkers [28] removed some metal ions, including Ni%* and Cu2+,
from synthetic solutions, which simulate the waste product from the
hydrometallurgical processing of nickel laterite ores using Dowex XUS
43605 chelating resin with HPPA functional group. The adsorption
breakthrough curve of copper and nickel has a similar shape to the one
obtained in this study, with copper reaching the saturation point later
than nickel and with a lower slope curve. Viniza and coworkers [47],
using the Dowex M-4195 resin functionalized with bis(2-
pyridylmethyl) amine groups, and Riley and coworkers [48] using the
Dowex M4195 resin functionalized with bis-picolylamine groups at low
pH values, obtaining adsorption breakthrough curves that suggest that
the adsorption of copper is favored over the adsorption of nickel.

Although a small amount of nickel and iron is adsorbed in column 1
and a small amount of iron is adsorbed in column 2, those quantities can
be considered negligible in comparison with the values of copper and
nickel loaded inside each column. The desorption process is then carried
out in order to recover copper and nickel selectively from their respec-
tive columns. The selection of the desorption agents for copper-Puromet
MTS9600 and nickel-Puromet MTS9600 systems and the optimal oper-
ating conditions was performed by Ulloa and co-workers in previous
work [9]. Based on the conclusions of this work, the regeneration of
column 1 was carried out with a solution of NH4OH 2.0 M with a
flowrate between 3.0-107%-9.0-10* m® h ™, collecting the effluent in an
accumulation Tank 1, in which the evolution of copper concentration
was measured. Column 2 was treated with a solution of H;SO4 2.0 M,
with flowrates between 3.0-107%-5.0-107* m® h™! and the effluent was
collected in a separate accumulation Tank 2 in order to measure the
evolution of the output nickel concentration. The desorption break-
through curves for copper and nickel obtained in their respective tanks
during the experiments are shown in Fig. 4.

Fig. 4 shows that the desorption process of copper and nickel have
similar behavior. For both columns the desorption process exhibited
faster kinetics than the adsorption one, reaching an asymptotic behavior
after four operating hours. The high concentration increase at the
beginning of the desorption, associated with an elevated amount of
copper and nickel leaving the columns, shows that under the selected
conditions the desorption of both metals is favored. The peak
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concentration in the tank is reached after one hour of treatment. After
this point, the concentration decreases as the effluents leaving the col-
umns have a lower metal load. The concentration of copper and nickel
inside the column reaches constant values after two operating hours
(5000 mg Cu* per kg of dry resin and 6000 mg Ni%* per kg of dry resin),
which means that 90% of copper and about 80% of nickel have been
released during the desorption stage. In order to valorize the copper and
nickel streams obtained after desorption, nowadays, it is being evalu-
ated to apply an electrodeposition process, in order to obtain metallic
nickel and copper from these solutions, as shown in previous studies
such as Carrillo-Abad and coworkers performed electrodeposition of
divalent metal ions present in low pH solutions obtaining promising
results [49], and Al-Murshedi and coworkers evaluated the electrode-
position of nickel and copper ions dissolved in different media with
positive results [50]. Taking to account the literature, electrodeposition
can be as a suitable strategy for the further valorization of the metals
recovered during the proposed adsorption-desorption process. Finally,
since the hazardous character of the initial solution was associated with
the presence of nickel, and this nickel is almost completely removed
during the adsorption in column 2, it is considered that the effluent
leaving the system can be managed as a non-hazardous waste in an or-
dinary landfill, considerably decreasing its management costs and
environmental impact or it can be employed as a secondary source of
iron, i.e. development of coagulation agents [51,52].

4.1.2. Simulation analysis

The mathematical model described in section 3 of this work is
implemented and validated using the experimental results depicted and
discussed in section 4.1.1. For this purpose, the models were solved
using the commercial software package Aspen Custom Modeler V.12
(AspenTech).

The adsorption of copper in column 1 can be described with Eq. (1)
to (4), while the equilibrium follows a Langmuir model represented by
equation (5). The dimensionless numbers, parameters and mass transfer
coefficients needed to apply the model are calculated using Eq. (8) to
(13). Finally, the behavior of the accumulation Tank 1 is modeled with
Eq. (14) and (15). For nickel, the adsorption process in the column 2 can
be described by the same set of equations as copper, but, in this case, the
adsorption equilibrium is described by means of a Freundlich Isotherm
(Eq. (6)). Langmuir‘s and Freundlich’s parameters required to describe
the adsorption thermodynamics of copper and nickel were determined
in a previous work, respectively [8]. For nickel, the behavior of the
accumulation Tank 2 is modeled with Eq. (14) and (15). Table 3 shows
the values of the main parameters used to describe the adsorption pro-
cess for both metals.

The mathematical model used for the simulation of the adsorption
process can also be used to simulate the desorption of copper and nickel,
but considering several assumptions. As it was discussed in section
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Fig. 4. Desorption breakthrough curves for a) copper in Tank 1 and b) nickel in Tank 2.



A. Bringas et al.

Table 3
Model parameters for adsorption process for both metals.
Parameter Copper Nickel
Dayx (mh™2) 1.16-103 1231073
Dp (mh™Y) 4.20-107° 4.38.107°
ks(mh™h) 1.18107!
ky (mh™) 9.39-107* 3.23.107*
Kig (L mg™) [8] 9.10-1072 +
Qm (Mg Kgary resin) [8] 5.00-1073
48309 + 2657
Kpy (mg Kg dry resin ™! (L mg~)/™) 645 + 38
1/n(-) [8] 4361071 +
2.60-1072

4.1.1., the desorption of both metals is faster than their adsorption. This
difference can be associated with a difference in the microscopic phe-
nomena involved in adsorption and desorption stages. In the case of
desorption, it is assumed that the release of both metals from the resin
can be described as a first order kinetic model, described by equation
(7). The values of the kinetic constants for both metals were estimated
from the experimental results using Aspen Custom Modeler with a
minimal squared error criterion. The rest of the parameters required to
solve the model were calculated using the same equations as those used
to describe the adsorption, but adjusting the operating conditions where
appropriate. Table 4 shows the values of the main parameters used to
describe the desorption process for both metals.

The models were validated using the experimental data previously
reported in Section 4.1.1. Fig. 2 a) and 3 a) show the fitting between the
simulated values of copper and nickel in their respective accumulation
tanks and the corresponding experimental results. Fig. 4 shows the fit
between experimental and simulated data for the desorption of both
copper and nickel.

The deviation between both data sets is quantified by the parity
graphs shown in Fig. 5 and the R-squared parameter (R?) defined as
follows.

2
Rz —1_ Z (Cexp,i B Csimj) (16)

5 (Copi = Cop)”

It is concluded that, for the adsorption, 82% of simulated copper
concentrations in the accumulation tank fall within the range
[CulpxpE20%[Culgxp, with values of R? between 0.96 and 0.97. On the
other hand, 90% of the simulated data of nickel concentrations fall
within the range [Ni]gxp+20%[Ni]gxp, with values of R? between 0.98
and 0.99. In the case of desorption, 75% of simulated copper concen-
trations in the accumulation tank fall within the range [Culgxp£20%
[Culgxp, with values of R? about 0.91. On the other hand, 60% of the
simulated data of nickel concentrations fall within the range
[Nilgxp£20%[Nilgxp, with R? values around 0.90.

From these results, it is concluded that, in general, the model allows a
more accurate representation of the adsorption process, but, considering
the complex nature of the treated solutions and the involved processes, it
is thought that the proposed model permits a satisfactory description of
the system. Thus, it is therefore possible to use this model for future
predictions and for the scaling up of the process.

Table 4

Model parameters for desorption.
Parameter Copper Nickel
Dax (m h™32) 5.78:107° 11102
D (mh™) 4.20-10°° 4.38.10°°
ks(mh™) 3.75107! 6.05-10 2
kqe (kg dry resin L™'h™") 0.81 1.10
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5. Simulation analysis
5.1. Influence of column sizing on the adsorption kinetics

The mathematical model developed in section 2 and validated in
section 4.1 is a useful tool to predict the behavior of the system under
different operating scales and conditions. As it was mentioned above,
one of the major problems of the separation is the rapid saturation of
column 2 during nickel adsorption, due to the small amount of resin
used in the experiments. Although the experimental results are useful for
the model validation, the adsorption of nickel has been simulated using
different amounts of resin inside the column in order to evaluate the
influence of process sizing on the evolution of the breakthrough
adsorption curves. All simulations were performed considering a nickel
input concentration of 7975 mg L ™! and a constant flow rate of 3.4-10~*
m® h™! and resin loads varying in the range between 0.1 kg and 1.5 kg.
Fig. 6 shows the nickel breakthrough at the exit of the column 2.

As can be observed in Fig. 6, as the column size increases (greater
amount of resin available for the adsorption), the effective operating
time before reaching the saturation of the column is longer. When the
amount of resin inside the column is 0.4 Kg, the shape of the break-
through curve for nickel is similar to the one obtained for copper at the
outlet of column one containing 0.1 kg of resin (Fig. 7). These results are
consistent with the differences in the initial values of concentration of
nickel and copper in the spent solution where the initial molar ratio
Ni**/Cu?" is 3.60.

By simulating a resin mass ratio between column 2 and column 1 of
4.0, slightly higher than the molar ratio between nickel and copper at
the input, it is observed that the saturation of column 2 (nickel) is faster
than that of column 1 (copper), which causes the increase of the nickel
output concentration at shorter operation times. These results are
consistent with the conclusions reached in previous works, which indi-
cate that the adsorption of copper is favored even under the most not
favorable operating conditions.

5.2. Influence of resin deactivation on the adsorption kinetics

In general, adsorption processes might be affected by the deactiva-
tion of the resin for several reasons such as chemical modification
caused by contact with the feed solution, dragging by the fluid flow,
partial efficiency of the regeneration steps, etc. In this way, the mathe-
matical model has been employed to evaluate the adsorption kinetics
when several cycles of adsorption—desorption were performed and the
resin loses efficiency during the operation. In particular, Fig. 8 shows
different adsorption breakthrough curves of copper obtained at the exit
of the fixed-bed column (out) containing 0.1 kg of fresh resin and
assuming that after each adsorption—desorption cycle the initial load of
copper on the resin surface increases 15%. All simulations were per-
formed with copper inlet concentration of 2397 mg L™! and a constant
flowrate of 3.4-10~* m® h™. The results obtained are shown in Fig. 8.

From the results depicted in Fig. 8, it is concluded that the increase in
the initial concentration of copper in the resin, strongly affects the kinetics
of adsorption. In the first cycle using fresh resin, the concentration of
copper starts rising after 4 h of operation; on the other hand, in the fourth
cycle that employs a resin with an initial concentration of copper of
around 22000 mg per Kg of dry resin, the step in the breakthrough curve
is detected after the first hour of operation. This prediction will be useful
in future stages of the scaling up of the process in order to select the
optimum operating conditions for the adsorption and desorption cycles.

6. Conclusions

This work reports on the selective recovery of nickel and copper
from a spent acid solution provided by a local waste management
company, whose main components are copper (34000 mg L™1), nickel
(8700 mg L’l) and iron (24000 mg L’l). For this, it was analyzed the
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Fig. 6. Nickel simulated rupture curves loaded with different amounts of resin
(output from column 2).

selective adsorption and desorption of both metals using the chelating
resin Puromet MTS9600 in a continuous operating mode. From the
experimental results, it is concluded that, under the selected operating
conditions, it is possible to recover 90% of copper and 80% of nickel
present in the problem solution. The selected resin shows a better af-
finity for copper, leading to a better performance in the adsorption
stage, although the desorption process shows a similar behavior for
both metals.

The mathematical model proposed to describe the adsorp-
tion—desorption process consists of a system of differential and algebraic
equations corresponding to the mass balances of copper and nickel in the

1.0
0.8 4
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=
=
2 0.4 -
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0.2 A !
== [Cu] 0.1Kg resin
!
0-0 Il T T T
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Fig. 7. Influence of column sizing on nickel and copper adsorption kinetics.

ion exchange columns and the accumulation tanks as well as the mass
transfer equations through the liquid and solid phases inside the column
and the adsorption—desorption reactions. In the case of adsorption, the
chemical reactions were modeled as equilibrium reactions, fitting to
Langmuir’s and Freundlich’s isotherms for copper and nickel respec-
tively. In the case of desorption, the chemical reactions for both metals
fit into first order reactions, whose kinetic constants were estimated
using the commercial software Aspen Custom modeler, obtaining a
value of k4e=0.81 Kgdryresin L' h7! for copper and kge=1.10 Kgdryresin
L7! h! for nickel. Predicted values agreed satisfactory well to the
experimental data.
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