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Abstract
Caused by the scarce resources of critical heavy metals which are in high demand, e.g., for lithium-ion batteries, pro-
cesses for the recovery of such materials for recycling are of high interest. Adsorption is an effective method in order to 
selectively separate metal ions from aqueous solutions. Unfortunately, the prerequisites in battery recycling, like acidic 
pH-value and high temperature, are in general impairing the adsorption process. In this study, the competitive dynamic 
adsorption of nickel(II) (Ni(II)) and cobalt(II) (Co(II)) by a silica adsorbent functionalized with amino-polycarboxylate deriva-
tive ligands (designated as HSU331) under recycling process conditions, (pH = 3.5, T = 20 °C, and T = 50 °C, respectively) and 
varying concentrations (Ni(II):Co(II) 1:1 (5.0, and 10 mmol·L−1, respectively), Ni(II):Co(II) 3:1 and 1:3 (3.0 mmol·L−1 and 1.0 
mmol·L−1 vice versa)) were investigated. A displacement desorption of Co(II) in favor of the binding of Ni(II) was observed, 
achieving maximum loadings of 0.95 µmolNi(II)·µmolLigand

−1 (28.3 mgNi(II)·gAdsorbent
−1), and 0.48 µmolCo(II)·µmolLigand

−1 (14.3 
mgCo(II)·gAdsorbent

−1) at T = 20 °C and 1.0 µmolNi(II)·µmolLigand
−1 (29.9 mgNi(II)·gAdsorbent

−1) and 0.18 µmolCo(II)·µmolLigand
−1 (5.38 

mgCo(II)·gAdsorbent
−1) at T = 50 °C, respectively. These results demonstrate a distinctly selective separation of Ni(II) in the 

presence of Co(II) by HSU331, achieving an even higher efficiency at elevated temperatures.

Keywords  Heavy metal separation · Amino-polycarboxylate-functionalized Silica · Continuous adsorption · Diffusion · 
Breakthrough curve

1  Introduction

Separation of nickel (Ni) and cobalt (Co) from process waters is becoming increasingly important especially in battery 
recycling processes. This is caused inter alia by the growing global demand for electrochemical energy storage by lithium 
batteries (LIB) [1]. The most common combinations for LIB are lithium-nickel–cobalt-aluminum-oxide (NCA) and lithium-
nickel-manganese-cobalt-oxide batteries (NMC) [1, 2].

An essential process of battery recycling are hydrometallurgical processes in order to remove Ni and Co, starting with 
acid leach [1, 3, 4]. After leaching, the metal ions exist as Ni(II) and (after subsequent reduction) as Co(II) in the acidic 
aqueous phase [3]. They can be recovered by precipitation, flocculation and solvent extraction [1, 3–8]. In order to 
increase the efficiency of established wastewater treatment processes, selective adsorption could be a suitable additional 
sub-process. Adsorption is characterized in terms of operating cost, selectivity towards specific target components, and 
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efficient separation at low concentrations [9–12]. Concerning the possibilities for separate recovery of Ni(II) and Co(II), 
the application of highly selective adsorbents is required [9–12]. These can be produced by surface modification of the 
adsorbents with target-directed ligands [12–14]. Several studies have already shown the general possibility to bind Ni(II) 
and Co(II) by such adsorbents in batch experiments [10, 11, 14–19]. These discontinuous investigations of the adsorbents 
deliver valuable information about the adsorption equilibria and the microkinetics of the respective adsorption process. 
However, they can also lead to erroneous interpretations, if they are not supplemented by continuous experiments. 
Designing a selective adsorption-based separation process, a thorough assessment of an adsorbent additionally requires 
dynamic adsorption experiments (continuous mode) in order to determine the influence of convection and diffusion 
(macrokinetics) on mass transfer. The latter parameters are of great importance for the control and design of adsorbers 
when implementing the process in real applications [20, 21]. Moreover, the characteristics of the adsorption process 
might differ when comparing the two types of evaluation. In batch mode, the concentration of the target compound 
in the solution decreases over time, whereas in continuous experiments the concentration is steady, which might influ-
ence the adsorption equilibrium and therefore the maximum load of the adsorbents. Another benefit, especially when 
evaluating phenomena of competitive adsorption is, that more detailed information about the singular steps of binding 
and displacement of the target compounds can be generated.

In this study, we investigated the effect of temperature on the mass transfer and the residence time behavior in the 
column. Further, we examined the separation of Ni(II) and Co(II) from acidic aqueous solution in continuous dynamic 
experiments by silica functionalized with an amino-polycarboxylate derivative. This adsorbent, named HSU331, showed 
high adsorption capacities and a strong selectivity towards Ni(II) in previous batch experiments [22]. Since macrokinetics 
can be influenced by feed concentration as well as temperature, we compared the process varying the concentrations 
of the target substances and process temperature.

We evaluated if the selectivity of the adsorbent HSU331 towards Ni(II) can be confirmed in dynamic operation. Further-
more, the dependency of the breakthrough times on the operating temperature (T = 20 °C, and T = 50 °C, respectively) 
as well as the starting concentrations of the target compounds Co(II) and Ni(II) were investigated in equimolar as well as 
in proportions of 3:1 Co(II):Ni(II). Additionally, parameters such as adsorption capacity and bed volumes (BV) for pilot or 
operational scale-up are presented.

2 � Experimental

For the experimental evaluations a model reactor was designed, the respective flow diagram is shown in Fig. 1. A TU 
peristaltic pump (Medorex, Bovenden, Germany) (2) conveyed the heavy metal solution (green) from the storage tank (1) 
into a Chromabond adsorption column (Macherey–Nagel, Düren, Germany) (3) at a flow rate of v̇ = 1.0 mL·min−1. Samples 
were taken into Safe-Lock Tubes (Eppendorf, Hamburg, Germany) (4). The experimental temperature was regulated by a 
connected circuit (red) in which ultrapure water was heated by a UR-030-SH heater (ATP Messtechnik GmbH, Ettenheim, 

Fig. 1   Flow diagram of the 
adsorption column plant: stor-
age tank (1), dosing pump (2), 
adsorption column with ther-
mometers (3), sampling (4), 
heater (5), diaphragm pump 
(6), tube heat exchanger (7)



Vol.:(0123456789)

Discover Chemical Engineering             (2024) 4:1  | https://doi.org/10.1007/s43938-023-00037-2	 Research

1 3

Germany) (5) and pumped by a NF 100 KT 18 diaphragm pump (KNF Liquiport, Sursee, Switzerland) (6) through a tube 
heat exchanger (7). The temperature was measured at the inlet as well as at the outlet of the column.

In order to generate reproducible fixed beds, the empty columns (3) were initially filled with 1.50 mL of ultrapure 
water, subsequently the adsorbents were filled in (0.57 g dry weight), corresponding to a bed height of 10 mm in the 
absorber column (average column diameter = 12.4 mm).

All described experiments were performed in triplicate at T = 20 °C, and T = 50 °C, respectively. All solutions applied 
were prepared using ultrapure water of type 1 provided by PURELAB Quest UV (Veolia, Celle, Germany).

At first, a test series in order to determine the flow behavior of the carrier solution and the residence time behavior of 
the reactor was done according to [20, 23]. For these investigations the unfunctionalized silica matrix of HSU331 (irregular 
particles, size: 40 – 64 µm, pore diameter: 60 Å) was employed. A 1 M solution of sodium chloride (NaCl) (purity > 99.5%; 
Merck, Darmstadt, Germany) with an electrical conductivity of 83 mS·cm−1 was utilized as a tracer, using the conductiv-
ity of the solution as surrogate parameter for the concentration. A step signal was applied to the system by inserting 
the chromabond column, causing an abrupt change to the tracer concentration at time t = 0 at the inlet. At the outlet, 
solution samples were collected in 0 – 30 s fractions and the conductivity was measured with a Lab 875 conductivity 
meter (SI-Analytics, Weilheim, Germany) in order to determine the step response and thus the residence time behavior 
of the system.

For the dynamic adsorption experiments, HSU331, a silica based adsorbent functionalized with an amino-polycarbox-
ylate ligand, was employed. The functionalization (surface coverage) of the ligand amounts to 524 µmolLigand⋅gAdsorbent

−1, 
the pore diameter is 60 Å and the particle size 40 – 63 µm. The characterization of the adsorbent HSU331 in discontinuous 
batch experiments was previously performed by Kriese et al. [22].

As adsorptives, Co(II) nitrate hexahydrate (Co(NO3)2·(H2O)6, purity > 98%) obtained from Carl Roth (Karlsruhe, Ger-
many) and Nickel(II) nitrate hexahydrate (Ni(NO3)2·(H2O)6, purity 99%) provided by Merck (Darmstadt, Germany) were 
applied. The pH value of the solutions was adjusted to pH = 3.5 utilizing nitric acid (65 wt%, Suprapur, Merck, Darmstadt, 
Germany).

The investigations were performed applying equimolar solutions of Ni(II):Co(II), comparing initial concentrations 
of c01 = 5.0 mmol·L−1 and c02 = 10 mmol·L−1 and for molar ratios of Ni(II):Co(II) 3:1 and 1:3, respectively. For the latter 
investigations, the concentration of the excess component amounted to 3.0 mmol·L−1, while the concentration of the 
minor component amounted to 1.0 mmol·L−1. Due to the strong influences of temperature (T = 20 °C – T = 90 °C) [24, 
25], concentration of acid [1, 26] and time [1] in the leaching process, it is not yet possible to derive the final concentra-
tions of the respective heavy metals from literature. Consequently, this study is designed as a proof of concept for the 
application of the presented method in leaching and hydrometallurgical process in battery recycling.

At the outlet of the column, solution samples were collected in 1 min fractions. The concentrations of Ni(II) and Co(II) 
in the samples were determined with an Inductively Coupled Plasma Mass Spectrometry (ICP-MS) on an Agilent 7800 
instrument with the Autosampler SPS 4 from Agilent Technologies (Santa Clara, CA, USA) according to Kriese et al. [27].

The observation time of the experiments in all cases started as soon as the solution first came into contact with the 
column. Because of the volume of the adsorbents (1.0 cm3) and the flow rate of the fluid solution (1.0 mL∙min−1) the 
experimental time also refers to the dimensionless bed volumes (BV), which is defined as the volume ratio of the effluent 
to the volume of the adsorption bed. In total, the experimental time was 10.0 min for the determination of the residence 
time behavior, 180 min for the investigation of the competitive adsorption with molar ratios of 1:1 and 3:1 (Ni(II):Co(II)), 
and 360 min for the molar ratio 1:3 (Ni(II):Co(II)), respectively.

3 � Results and Discussion

In the following section, the analysis of the residence time behavior in the adsorbent column and the breakthrough 
profiles of Ni(II) and Co(II) are presented.

3.1 � Residence time behavior

In order to investigate the residence time behavior of the continuous flow reactor, the residence time sum function 
F(t) (Eq. 1), the residence time density function E(t) (Eq. 2) and the average residence time t̅ (Eq. 3) were calculated as 
described below [20, 23] using the measured conductivities ϒ at the outlet of the column.
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The degree of axial mixing was calculated by the axial dispersion coefficient Dax according to Eq. 4 where u is the flow 
velocity, L the length (bed height), and Bo the Bodenstein-number.

The Bodenstein-number characterizes the back-mixing and is determined according to Eq. 5 where � is the bed poros-
ity and Re the Reynolds-number [20, 28]. 

The Reynolds number is a dimensionless ratio number and indicates the flow conditions in the flow tube according 
to Eq. 6.

where the flow velocity u is multiplied by the characteristic length d of the tube divided by the kinematic viscosity ν. 
Furthermore, the particle Reynolds number according to Eq. 7 describes the flow conditions around the particles in the 
packed bed column.

Herein dp describes the average grain diameter of the particle.
In addition to the flow conditions in the column, diffusion processes have a decisive influence on the mass transport to 

the surface of solids. The influence of diffusion on mass transport in the pores of silica can be determined by the effective 
diffusion coefficient of hydrated molecules in aqueous solution. This parameter describes the deviation of pore diffusion 
from free diffusion. For this purpose, the binary diffusion coefficient of hydrated molecules in the liquid phase must be 
determined. Assuming spherical molecules, the binary diffusion coefficient D12 can be described by the Stokes–Einstein 
equation (Eq. 8), where kB is the Boltzmann constant (kB = 1.38 ⋅ 10–23 J⋅K−1), T the Temperature in Kelvin, η the solvent 
viscosity and Ro the solute ratio [29].

With the particle porosity εP and the tortuosity factor τ, the effective diffusion coefficient Deff can be estimated using 
Fick’s first law (Eq. 9).

The particle porosity εP can be calculated via the pore volume of the solid material [20]. According to Probst [30], τ = 1.8 
can be assumed as a representative value for silica gels.

The ascertained parameters are summarized in Table 1. The diffusion coefficients for Na+ and Cl− in the dilute solution 
presented in here were taken from Cussler and Boudreau [29, 31] (given at a temperature of T = 25 °C in the range of 10–9 
m2∙s-1) and adjusted according to the temperature applying the Stokes Einstein equation (Eq. 8).

The increased temperature causes a decrease of the fluid viscosity. Thus, the laminar boundary layer around the 
adsorbent particles (Rep), the binary diffusion coefficient D12 and the effective diffusion coefficient Deff of hydrated Na+ 
and Cl− are approximately halved at a temperature of T = 50 °C in comparison to T = 20 °C (see Table 1). The temperature 
has no significant impact on the backmixing (Dax) inside the packed column in axial direction, consequently this can be 
excluded as a cause for the elongated residence times (DaxSilica 20 °C = 2.75·10–8 m2·s−1 and DaxSilica 50 °C = 2.74·10–8 m2·s−1).

(1)F(t) = c(t) ⋅ c−1
0

= �(t) ⋅ �−1
0

(2)E(t) dt = dF(t)

(3)t = ∫
∞

0

t⋅E(t)dt

(4)Dax = (u ⋅ L) ⋅ Bo−1

(5)Bo = 0, 2 ⋅ �−1 + (0, 011 ⋅ Re0,48) ⋅ �−1

(6)Re = u ⋅ d ⋅ v−1

(7)Rep = u ⋅ dp ⋅ v
−1

(8)D12 = (kB ⋅ T ) ⋅ (6 ⋅ � ⋅ � ⋅ Ro)
−1

(9)Deff = �P ⋅ D12 ⋅ �
−1
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The sum functions F(t) are presented in Fig. 2. On the ordinate, the relative conductivity γ·γ0
−1 at the column outlet 

and on the abscissa the experimental time are presented. The NaCl solution broke through after 1.0 min at T = 50 °C, and 
after 1.5 min at T = 20 °C. After 4.0 min at T = 50 °C and after 5.0 min at T = 20 °C, 90% of the initial input conductivity was 
measured at the outlet.

In the column filled with unfunctionalized carrier material the average residence time t̅ amounted to 2.9 min at T = 20 °C 
and 2.6 min at a temperature of T = 50 °C.

This results in an increase of residence time due to the adsorbents with Δt20° = 1.4 min and Δt50° = 1.3 min. Both values 
describe the time during which the adsorbent is in direct contact with the target compounds in the fluid phase. Thus, 
the average contact time decreased with increased temperature, which is generally disadvantageous for adsorption. 
This can be explained by the decrease in viscosity with higher temperature. At a temperature of T = 20 °C, 1 M NaCl has a 
dynamic viscosity of ηNaCl 20 °C = 1.09 mPa·s. In contrast, the viscosity of ηNaCl 50 °C = 0.61 mPa·s at T = 50 °C is almost halved 
[32]. This behavior is also shown by water. Here, the dynamic viscosity decreases ̄ from �

H2O
 20 °C = 1.00 mPa·s. at T = 20 °C 

to �
H2O

 50 °C= 0.55 mPa·s at T = 50 °C [33]. Therefore, we assume that this explanation also applies to the subsequent 
competitive adsorption experiments.

3.2 � Influence of concentration and temperature on the competitive adsorption of Ni(II) and Co(II)

Adsorption describes the binding of a target substance (adsorptive) on the adsorbent surface of solid materials, such as 
silica gel. Energy is released in the form of (adsorption) heat. The adsorption of divalent metal ions (M(II)) on ligands (L) of 
the functionalized surface of an adsorbent proceeds according to the equilibrium reaction described by Eq. 10.

In this process, the M(II) ions and the ligand L form a chemical complex. With the amount of material nM(II) of the 
adsorbed metal ion in µmolM(II) and the amount of material nLigand of the adsorbents in µmolLigand, which is composed of 
the mass of the adsorbent mAdsorbents and the degree of functionalization F, the adsorption loading q for a single fraction 
of dynamic adsorption was determined according to Eqs. 11 and 12 in µmolM(II)⋅µmolLigand

−1.

(10)L + M(II) ⇌ L −M(II)

Table 1   Average residence time, Reynolds numbers, and diffusion coefficient depending on temperature (20 °C | 50 °C) and column filling 
(1.5 mL ultrapure water | 0.57 g unfunctionalized Silica)

* Re **Rep

column filling T/°C average residence 
time t̅/min

Re, Rep resp. D12Na+/m2·s−1 D12Cl−/m2·s−1 DeffNa+/m2·s−1 DeffCl−/m2·s−1

Water 20 1.49 1.71*
Water 50 1.28 3.09*
Silica 20 2.90 7.09·10–3** 1.17·10–9 1.78·10–9 3.18·10–10 4.81·10–10

Silica 50 2.57 1.29·10–2** 2.37·10–9 3.59·10–9 6.43·10–10 9.74·10–10

Fig. 2   Residence time sum 
function F(t); v̇ = 1.0 mL·min−1, 
feed concentration c0 = 1 M 
NaCl solution onto 1.5 mL 
filled ultrapure water column 
(empty column), and onto a 
column filled with unfunc-
tionalized silica material, 
respectively



Vol:.(1234567890)

Research	 Discover Chemical Engineering             (2024) 4:1  | https://doi.org/10.1007/s43938-023-00037-2

1 3

The breakthrough profiles of the competitive adsorption of Ni(II) and Co(II) onto the packed HSU331 adsorbents at 
T = 20 °C, and T = 50 °C, respectively, are presented in Figs. 3 and 4. On the ordinate, the relative concentration ct·c0

−1 
at the column outlet and on the abscissa the experimental time is presented. Figure 3. shows breakthrough profiles at 
HSU331 at T = 20 °C as well as at T = 50 °C regarding the dual-component solutions Ni(II) and Co(II) with equal concentra-
tions (equimolarity 1:1) of 5.0 (Fig. 3a), and 10 mmol·L−1 (Fig. 3b), respectively. The obtained results according to Eqs. 11 
and 12 are summarized in Table 2. Regarding the adsorption process at a temperature of T = 20 °C, the breakthrough 
times of Ni(II) and Co(II) were identical depending on the feed concentration: at 5.0 mmol·L−1 the breakthrough time 
of Ni(II) as well as of Co(II) was 14 min, at 10 mmol·L−1 it decreased for both substances to 7 min. At the process time of 
each breakthrough, almost 50% of the ligands of the adsorbent HSU331 were loaded. After 32 min at a concentration 
of 5 mmol·L−1, and after 25 min at a feed concentration of 10 mmol·L−1, respectively, about 90% of the ligands of the 
adsorbent HSU331 were occupied and a displacement desorption of Co(II) occurred. Thus, the effluent concentration of 
Co(II) was higher than the feed concentration. Presumably, the Co(II)/HSU331 ligand complexes were dissolved in favor 
of the formation of more stable Ni(II)/HSU331 ligand complexes [17, 22]. A similar behavior in an adsorbent fixed bed was 
found by Inoue et al., who demonstrated high adsorption capacity of functionalized chitosan with amino-polycarboxylic 
acids in continuous experiments targeting Ni(II) and Co(II) [34].

Due to the displacement of Co(II), the selectivity of the ligands towards Ni(II) is evident. This phenomenon can be 
explained by results of prior discontinuous studies regarding the thermodynamic characteristics of the complexation 
reactions. The complexation of Ni(II) by the ligand exhibits negative free enthalpies at T = 20 °C (ΔG = -17.3 kJ·mol−1) as 
well as at T = 50 °C (ΔG = -17.7 kJ·mol−1). The complexation of Co(II) by the ligand on the other hand, shows still negative, 
but higher free enthalpies at T = 20 °C (ΔG = -12.9 kJ·mol−1) as well as at T = 50 °C (ΔG = -14.4 kJ·mol−1). This indicates an 
elevated spontaneous nature of the Ni(II) complexation [22].

Similarly, two breakthrough times for Ni(II) and Co(II) were observed in the experiments at T = 50 °C. The breakthrough 
of Co(II) took place after the same retention times (14 min at 5.0 mmol·L−1 and 7 min at 10 mmol·L−1) as in the experiments 

(11)nLigand = mAdsorbents ⋅ F

(12)q = nM(II) ⋅ n
−1
Ligand

Fig. 3   Breakthrough profiles 
of Ni(II) and Co(II) onto 0.57 g 
HSU331, v̇ = 1 mL·min−1 and 
pH = 3.5. a Feed concentra-
tion c0 = 5 mMNi(II) | 5 mMCo(II), 
T = 20 °C and T = 50 °C. b 
Feed concentration c0 = 10 
mMNi(II) | 10 mMCo(II), T = 20 °C 
and T = 50 °C
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at T = 20 °C but the curve shows a much steeper slope, especially at the feed concentration of 10 mmol·L−1, caused by a 
higher adsorption rate. At this time, 50% of the ligands of the adsorbent HSU331 were loaded. After 27 min at a concen-
tration of 5 mmol·L−1, and after 14 min at a feed concentration of 10 mmol·L−1, respectively, about 90% of the ligands 
of the adsorbent HSU331 were occupied. Analogous to the results of the experiments at T = 20 °C, Co(II) bonded weaker 
and a displacement desorption occurred, presumably because of the different complex stabilities. In literature, higher 
complex stabilities for Ni(II) than for Co(II) are explained by higher ligand field stabilization energy (LFSE) for Ni(II) in 
coordination with oxygen or nitrogenous ligands [35]. This results in different equilibrium constants KML between Ni(II) 
and Co(II) (lg KML(Ni(II)/HSU331) = 3.32 and lg KML(Co(II)/HSU331) = 1.68, according to Kriese et al. [22] in competitive 
adsorption). Consequently, the outlet concentration of Co(II) exceeded the feed concentration (ct · c0

−1 > 1). After 85 min 
at a concentration of 5 mmol·L−1, and after 40 min at feed concentration of 10 mmol·L−1, respectively, the outlet concen-
tration of Ni(II) reached 90% of the feed concentration.

Overall, the loading of Ni(II) and Co(II) in the equimolar solution with a concentration of 5 mmol·L−1 was lower 
because the adsorptiv to ligand ratio, and the concentration gradient, respectively, was lower than in the experiments 
with increased heavy metal concentration of 10 mmol·L−1. Due to the structural formula of the ligand, more than one 

Fig. 4   Breakthrough profiles 
of Ni(II) and Co(II) onto 0.57 g 
HSU331, v̇ = 1 mL·min−1 and 
pH = 3.5. a Feed concentra-
tion c0 = 3 mMNi(II) | 1 mMCo(II), 
T = 20 °C and T = 50 °C. b Feed 
concentration c0 = 1 mMNi(II) 
| 3 mMCo(II), T = 20 °C and 
T = 50 °C

Table 2   Results of the 
breakthrough behavior onto 
0.57 g HSU331, v̇ = 1 mL·min−1 
and pH = 3.5, for feed 
concentration c0 = 5 mMNi(II) | 
5 mMCo(II), and c0 = 10 mMNi(II) 
| 10 mMCo(II), T = 20 °C and 
T = 50 °C

c0M(II)/mmol·L−1 Adsorptive T/°C nM(II)/µmolM(II) q/
µmolM(II)·µmolLigand

−1

5 Ni(II) 20 187 0.61
Co(II) 69.7 0.23
Ni(II) 50 232 0.78
Co(II) 56.6 0.19

10 Ni(II) 20 285 0.95
Co(II) 144 0.48
Ni(II) 50 306 1.02
Co(II) 51.7 0.17
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Ni(II) per ligand can be bond at an increased concentration of 10 mmolNi(II)·L
−1. Kriese et al. [22] showed in competi-

tive discontinuous batch adsorption experiments with an equimolar concentration of 5.6 mmol·L−1 Ni(II) and Co(II) a 
max loading q* of 0.54 µmolNi(II)·µmolLigand

−1 and 0.07 µmolCo(II)·µmolLigand
−1 at 20 °C, and 0.51 µmolNi(II)·µmolLigand

−1 and 
0.01 µmolCo(II)·µmolLigand

−1 at 50 °C, respectively. Similar maximum loadings q* were obtained at an initial concentration 
of 11 mmol·L−1: 0.59 µmolNi(II)·µmolLigand

−1 and 0.05 µmolCo(II)·µmolLigand
−1 at 20 °C, and 0.64 µmolNi(II)·µmolLigand

−1 and 
0.09 µmolCo(II)·µmolLigand

−1 at 50 °C, respectively.
In dynamic adsorption experiments, higher loadings than in batch experiments are possible, since metal solution is 

constantly added to the adsorbent at the initial concentration and thus the concentration gradient is always very high 
[36–38]. Consequently, the adsorptive to ligand ratio is higher than in the equilibrium batch experiments. At both tem-
peratures, a displacement desorption of Co(II) was observed, but at a temperature of T = 50 °C the phenomenon was 
more pronounced.

The results show that at equal concentrations of Ni(II) and Co(II), the temperature had a minor influence on the loading 
of Ni(II). However, a significantly lower loading of Co(II) was obtained at a temperature of T = 50 °C onto HSU331. It can 
be assumed that the faster displacement desorption of Co(II) observed in our study was caused by a higher diffusion 
rate and consequently enhanced mass transfer in the pores of the adsorbent at T = 50 °C.

The experiments described so far were concerned with the simultaneous separation of Ni(II) and Co(II) present in equal 
concentrations in the feed solution. In the following section, the results of the separation process utilizing unequal molar 
ratios of the target compounds are presented. The breakthrough profiles on HSU331 at T = 20 °C and T = 50 °C are depicted 
in Fig. 4 regarding the molar ratios of 3:1 (3.0 mmol·L−1 Ni(II), and 1.0 mmol·L−1 Co(II)) (Fig. 4a), and 1:3 (1.0 mmol·L−1 
Ni(II) and 3.0 mmol·L−1 Co(II)) (Fig. 4b), respectively. The obtained results according to Eq. 11 and Eq. 12 are summarized 
in Table 3.

The slope of the breakthrough curve of Co(II) at a molar ratio 3:1 at T = 20 °C starts to rise slightly after 20 min (28% of 
the ligands occupied). After 64 min (72% of the ligands occupied) the concentration at the adsorber outlet reached the 
inlet concentration of the feed solution. Since that moment, again the less stable Co(II)/HSU331 ligand complexes were 
resolved in favor of the formation of more stable Ni(II)/HSU331 ligand complexes, which is consistent with the results 
from the previous experiments. Ni(II) broke through simultaneously with Co(II) and the separation process was similar 
to the experiments with equal concentrations, but the breakthrough curve of Ni(II) was much flatter due to the lower 
concentration, which means that higher bed volumes were achieved. The outlet concentration of Ni(II) reached 90% of 
the inlet concentration after 110 min. At a molar ratio of 1:3, the surplus component Co(II) broke through after 31 min. 
After 75 min, Co(II) reached the inlet concentration. The same phenomena regarding Co(II) as in the previous experiments 
were observed. The minor component Ni(II) broke through after 110 min. The outlet concentration of Ni(II) reached 90% 
of the feed concentration after 310 min.

At T = 50 °C, at a molar ratio of 3:1, the steep increase of the Co(II) concentration started later, after 40 min (almost 50% 
of the ligands of the adsorbent HSU331 occupied), compared to T = 20 °C. The concentration of Ni(II) was also higher at 
T = 50 °C. A displacement desorption of Co(II) already took place after 56 min (80% of the ligands occupied). The released 
concentration of Co(II) reached the doubled amount of the input concentration.

Table 3   Results of the 
breakthrough behavior onto 
0.57 g HSU331, v̇ = 1 mL·min−1 
and pH = 3.5, for feed 
concentration c0 = 3 mMNi(II) | 1 
mMCo(II), and c0 = 1 mMNi(II) | 3 
mMCo(II), T = 20 °C and T = 50 °C

c0M(II)/mmol·L−1 Adsorptive T/°C nM(II) /µmolM(II) q/
µmolM(II)·µmolLigand

−1

3 Ni(II) 20 238 0.80
1 Co(II) 34.9 0.12
3 Ni(II) 50 276 0.92
1 Co(II) 24.1 0.08
1 Ni(II) 20 110 0.37
3 Co(II) 106 0.35
1 Ni(II) 50 181 0.60
3 Co(II) 85.8 0.29
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After the beginning of the displacement desorption, consistently higher standard deviations of the measured Co(II) 
concentrations were observed (see Fig. 4a), which might be caused by a less homogeneous distribution of Co(II) inside 
the adsorbent pores under the given conditions (Ni(II):Co(II) 3:1).

The breakthrough curve of Ni(II) increased slowly after 60 min and 90% of the feed concentration were reached after 
110 min. At a molar ratio of 1:3, Co(II) broke through at the same time as at a temperature of T = 20 °C, after 31 min the 
breakthrough curve rose steeply until it reached the input concentration after 75 min. Ni(II) was retained longer and 
broke through after 125 min.

The influence of the temperature on the breakthrough behavior is evident. The temperature had no influence on the 
loading height, but on the loading rate, which was significantly higher at T = 50 °C (see Figs. 3 and 4). The adsorption of 
Ni(II) and Co(II) took place simultaneously, until all ligands of the adsorbent HSU331 were occupied. Like in the previ-
ous experiments, the less stable Co(II)/HSU331 ligand complexes dissolved in favor of the formation of the more stable 
Ni(II)/HSU331 ligand complexes. The results demonstrate, that a small amount of Ni(II) in the presence of a large excess 
of Co(II) was successfully separated by dynamic adsorption onto HSU331, especially at T = 50 °C.

4 � Conclusion

Applying the adsorbent HSU331 in continuous adsorption experiments at conditions which correspond to battery recy-
cling processes (pH = 3.5, T = 20 °C, and T = 50 °C, respectively), high separation efficiencies of Ni(II) versus Co(II) were 
achieved (0.95 µmolNi(II)·µmolLigand

−1 at T = 20 °C and 1.02 µmolNi(II)·µmolLigand
−1 at T = 50 °C, 0.48 µmolCo(II)·µmolLigand

−1 
at T = 20 °C and 0.18 µmolCo(II)·µmolLigand

−1 at T = 50 °C). This confirms similar results regarding HSU331 previously 
obtained in discontinuous studies [22] (0.54 µmolNi(II)·µmolLigand

−1 at T = 20 °C and 0.51 µmolNi(II)·µmolLigand
−1 at T = 50 °C, 

0.07 µmolNi(II)·µmolLigand
−1 at T = 20 °C and 0.01 µmolNi(II)·µmolLigand

−1 at T = 50 °C). The selective separation of small 
amounts of Ni(II) in presence of a large excess of Co(II) was also successfully achieved by dynamic adsorption onto 
HSU331 (0.37 µmolNi(II)·µmolLigand

−1 at T = 20 °C and 0.60 µmolNi(II)·µmolLigand
−1 at T = 50 °C, 0.35 µmolCo(II)·µmolLigand

−1 at 
T = 20 °C and 0.29 µmolCo(II)·µmolLigand

−1 at T = 50 °C).
The selectivity mechanism was identified as displacement of the less stable Co(II)/HSU331 ligand complexes by Ni(II)/

HSU331 ligand complexes. Similar phenomena were observed by Inoue et al. [34] when investigating functionalized 
chitosan with amino-polycarboxylic acids in continuous experiments targeting Ni(II) and Co(II).

Elevated temperature, and the resulting decreases of the residence time, respectively, had no influence on the loading 
height, but on the loading rate, which increased significantly at T = 50 °C.

The high loadings attained in all experiments demonstrate a high degree of utilization and thus a long service life of 
the adsorbent fixed bed. Consequently, so far, the adsorbent HSU331 seems suitable for application in industrial battery 
recycling process.
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