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ABSTRACT

The adsorption behaviour of copper(II) ions in acidic streams using different

polymeric adsorbents (Lewatit MonoPlus TP 220, Lewatit MonoPlus SR 7,

Lewatit AF 5, Purolite A 830, Purolite S 984, Purolite A 400 TL, Dowex PSR 2,

Dowex PSR 3) was studied, and the results were compared. The adsorbents

were characterized by determination of the point of zero charge and the Fourier

transform infrared spectroscopy method. The kinetic (effects of phases contact

time) and equilibrium (effect of initial Cu(II) concentration) studies were also

carried out. The effects of hydrochloric and nitric(V) acids on adsorption

behaviour of Cu(II) were examined. The FTIR spectra after the Cu(II) adsorption

were also obtained, and the mechanism of Cu(II) sorption was proposed. Of

eight adsorbents, the best one was chosen and applied in further studies (col-

umn adsorption, column and batch desorption, reuse of adsorbent in cycles of

sorption–desorption, selectivity in two-component solutions Pd(II)–Cu(II)).

Cu(II) sorption efficiency was the highest using Lewatit MonoPlus TP 220. Its

sorption is well described by the pseudo-second-order kinetic equation and the

Langmuir isotherm model. Ion exchangers show also high affinity for noble

metals, especially for gold(III): Au(III)[Pd(II)[Pt(IV) (the column test) from

single- and two- or three-component solutions (the batch test).
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GRAPHIC ABSTRACT

Introduction

Copper is metal of unique and beneficial properties

(mechanical, physical and chemical ones), and it is

highly valued in the world today [1]. Copper pos-

sesses excellent thermal and electrical conductivity, is

ductile, in 100% recyclable and can be used many

times without decreasing its quality. Moreover, cop-

per can be combined with other metals forms alloys

of much better properties than individual metals

(about 570 of different copper alloys are known).

Copper has a unique hue makes this metal also so

attractive [1–3].

Copper found wide application in numerous

branches of industry which is difficult to enumerate,

among others such as: air-conditioning and refriger-

ation market, fish cages production, architecture,

building construction market, art, coins, design and

manufacture, electrical system, energy and renew-

ables, agriculture and farming, healthcare, interior

design, pipe systems, transportation, etc. [2–6]. 15%

of copper is consumed in industrial machinery, 5% in

alloy production, 20% in plumbing and roofing and

60% in electrical wires production.

Due to numerous uses of copper, various

wastewaters containing this metal are produced

during the metallurgical treatment of copper con-

centrates, during copper refining, electrolyte regen-

eration steps and from sulphuric acid, zinc and noble

metal plants, etc. Such wastewaters are characterized

by high concentration of acids and they usually

contain not only copper but also other heavy metal

ions such as nickel, cobalt, zinc, lead, iron, etc. [7, 8].

Copper content in such wastewaters is usually lower

than 1000 mg/L, and according to the World Health
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Organization (WHO) the maximum acceptable con-

centration of Cu(II) in water is equal to 1.5 mg/L [9];

therefore, due to the high outflows of such wastew-

aters many valuable as well as toxic metals are

potentially lost and discharged. One sustainable

option to decrease potential environmental pollution

as well as to reuse heavy metal ions is recovery of

valuable metals from polymetallic acidic streams.

Recycling of copper saves resources and also helps

save energy. Many different methods have been

studied for heavy metal ions removal from industrial

waters and wastewaters [10–15]. These treatment

methods can be divided into three categories such as

chemical, physical as well as biological. Physico-

chemical treatment methods (Fig. S1) such as chem-

ical precipitation (hydroxide, sulphide precipitation,

combined methods, chelating precipitation), ion

exchange, adsorption, bioadsorption, coagulation,

flocculation, flotation, membrane filtration [ultrafil-

tration (UF), micellar-enhanced ultrafiltration

(MEUF) and polymer enhanced ultrafiltration

(PEUF), reverse osmosis (RO), nanofiltration (NF),

electrodialysis (ED), polymer inclusion membranes

(PIMs)] and electrochemical treatment are the most

suitable for the removal of heavy metal ions as well

as copper(II) ions from industrial wastewaters

[10–16]. As can be seen from Table S1 all physico-

chemical methods possess advantages and limita-

tions. Chemical precipitation is applied for heavy

metal ions removal from wastewaters of their high

concentration due to its simplicity and inexpensive

capital cost, but this method is ineffective when

heavy metal ions concentration is low. Moreover, this

method is not economical and produced large

amount of sludge. Ion exchange method has been

widely applied for the removal of heavy metal ions,

but ion exchange resins need regeneration after

exhausting by chemical reagents and secondary pol-

lution is produced. Method is not recommended for

large scale due to its high capital cost when a large

amount of wastewaters containing heavy metal ions

of low concentration needs to be treated. On the other

hand, coagulation and flocculation produce sludge of

good sludge settling and dewatering, but due to high

consumption of chemicals and production of sludge

of big volume this method did not play the most

significant role in heavy metal ions removal. The

main advantage of membrane filtration is high effi-

ciency for heavy metal ions removal, but its high cost,

complexity of process, fouling of membrane and low

permeate flux result in its limited application. High

selectivity and metals removal efficiency, low oper-

ating cost, generation of more concentrated sludge,

high overflow rates are the main advantages of

flotation, but this method is characterized by high

initial capital and maintenance costs. Electrochemical

treatment method possesses drawbacks such as cap-

ital cost, high energy consumption, and despite less

production of sludge compared to filtration and

lower consumption of chemicals, this technology has

restricted application for heavy metal ions removal

[10–16]. Adsorption is a technique of well-established

position for copper and other heavy metal ions

removal [10–12, 14]. It is one of the most economical

methods and is characterized by many advantages

compared to the other treatment techniques.

Advantages of this method involve low investment

cost, simplicity and flexibility in design and opera-

tion, produce high-quality treated effluent, wide

range of commercially available adsorbents of good

mechanical and kinetics properties, high efficiency

and selectivity towards heavy metal ions of different

concentrations. The efficiency of this method

depends on the type of adsorbents, and due to the

fact that adsorption could be reversible, the regener-

ation step is possible when the adsorbent is exhaus-

ted. On the other hand, the regeneration step could

result in secondary pollutant production, but quan-

titative desorption ensures reuse of adsorbent results

in cost reduction [10, 12].

Copper is an element essential for proper organ-

isms growth and development. It takes part in

oxidative-reduction processes, where it occurs as a

coenzyme, regulates metabolism and transports

oxygen for cells as well as stimulates the amount and

activity of haemoglobin, etc. On the other hand,

excess or deficiency of copper causes disorders

manifested in various disease syndromes e.g. anae-

mia, growth and fertility restrictions, nervous system

disorders, and cardiovascular diseases. Excess of this

element may cause liver and kidney damage and

even death. The most toxic is copper sulphate(VI) as

well as copper oxides result in chronic poisoning.

Copper compounds act on intact skin, causing

inflammation, itching, ulceration of the mucosa,

conjunctivitis, nasal septum and pharynx, etc. Addi-

tionally, negative effects of copper on humans and

plants are shown in Fig. 1. Higher concentration of

copper ([ 100 lg/dm3) inhibits the growth of green

plants, whereas concentrations in the range from 80
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to 800 lg/dm3 is very dangerous for fish. Self-

cleaning processes is inhibited at concentrations of

copper equal to 10 lg/dm3, and the bitter taste of

water appears at copper concentration above

1000 lg/dm3. Toxicity of cooper is higher in soft

water of higher pH [4, 17–20].

Based on the toxic, ecological and economical

aspects, the aim of this paper was the study of cop-

per(II) removal from acidic streams by different types

Figure 1 Effect of deficiency and excess of copper on human and plants.
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of ion exchangers. Ion exchange method and

adsorption overcome many drawbacks of other

methods applied for polymetallic wastewaters treat-

ment and are able to meet strict discharge require-

ments. In the present study, copper(II) removal from

acidic streams by eight different types of ion

exchangers was investigated. The effects of phases

contact time and acids concentration on copper(II)

efficiency removal were studied. Moreover, both

pHPZC and isotherms were obtained for the ion

exchangers under discussion. For the most efficient

sorbent for copper(II) removal, additional studies

were carried out. The kinetic and equilibrium studies

were modelled using the pseudo-first (PFO), pseudo-

second (PSO) kinetic order as well as the Langmuir

and Freundlich models. Additionally, possibility of

Lewatit MonoPlus TP 220 regeneration and reuse (3

cycles of sorption–desorption) were analysed using

different eluting agents and the static method. For

full characteristics of copper(II) removal by Lewatit

MonoPlus TP 220, both the fixed bed adsorption and

desorption as well as the ion exchange resin reuse by

the column method were presented and compared

with noble metals such as palladium(II), plat-

inum(IV) and gold(III) removal efficiency. The

attenuated total reflectance Fourier transform infra-

red spectroscopy (ATR-FTIR) spectra for Lewatit

MonoPlus TP220 after copper(II) sorption and binary

containing palladium(II) and copper(II) and tertiary

components solutions containing noble metal ions

were also discussed.

Experimental

Sorbate and ion exchange resins
characteristics

Copper(II) working solutions of 100 mg/L concen-

tration were prepared from the stock solutions

(10000 mg/L, CuCl2�2H2O in 0.1 M HCl) by dilution

with HCl or HCl–HNO3 addition to obtain different

acid concentrations. The solutions possess the fol-

lowing composition: 0.1–6.0 M HCl–100 mg Cu(II)/

L; 0.1–0.9 M HCl–0.9–0.1 M HNO3–100 mg Cu(II)/L.

Other multicomponent solutions were prepared in a

similar way using PdCl2, H2PtCl6, HAuCl4 com-

pounds. Salts, acids, bases of analytical grade used in

the studies were purchased from POCH S.A. Gliwice.

The composition (HCl, HCl–HNO3) and concen-

tration of heavy metal ions were selected in such a

way that they reflect real solutions derived from

hydrometallurgical leaching of waste materials con-

taining precious metals and basic ones, e.g. copper

ions. Noble and base metals from waste materials

such as anodic slimes or spent automobile catalyst

can be separated by pyrometallurgical or hydromet-

allurgical as well as mixed processes. Waste materials

(catalyst) are treated (leaching process) using a suit-

able agent or a mixture of agents. These metals can be

brought to the solutions using, e.g. mixture of

nitric(V) acid, sulphuric(VI) acid or hydrochloric acid

(HCl, HNO3 and H2SO4), aqua regia (HCl–HNO3),

mixture of hydrochloric acid and chlorine (HCl–Cl2)

or mixture of hydrochloric acid and sodium chloride

(HCl–NaCl), etc. [21–23]. Hydrometallurgical meth-

ods are also employed to enrich noble metals and to

recover base metals from anodic slimes. Most of the

base metals, e.g. copper, is treated by acids like sul-

phuric(VI) acid, 4 M nitric(V) acid, 4 M hydrochloric

acid, etc. [24, 25].

The ion exchanger under discussion was selected

from commercially available resins supplied by resin

manufacturing companies. After their pre-prepara-

tion according to the standard procedure [26], they

were applied for copper(II) removal from acidic

solutions. These functional resins belong to different

types such as chelating, anionic ion exchangers or

sorbent without functional groups. They are poly-

acrylic, styrene–divinylbenzene or carbonaceous

functional resins with micro- or macroporous struc-

ture. The more detailed characteristics of functional

resins (based on their product data sheets) are pre-

sented in Fig. 2. Ion exchangers were selected on the

basis of their availability, price, physicochemical

properties, type of functional groups as well as due to

the type and composition of the solutions tested.

Metals occur in solutions under discussion usually in

the form of metal-chlorocomplexes or mixed com-

plexes; therefore, the application of weakly and

strongly basic and chelating resins is a promising

way to recovered them. In addition, new generation

of ion exchangers were applied here whose sorption

properties towards copper and precious metal ions

have not been discussed in the literature.
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Sorption studies by the batch test

The batch test was applied in copper(II) removal

from acidic solutions on the functional resins such as

Lewatit MonoPlus TP 220, Lewatit MonoPlus SR 7,

Lewatit AF 5, Purolite A 830, Purolite S 984, Purolite

A 400 TL, Dowex PSR 2, Dowex PSR 3 and amount of

copper(II) sorbed at time t (qt, mg/g), sorption

capacities (qe, mg/g) and percentage removal effi-

ciency (%R) were determined. Not only efficiency of

copper(II) ions removal but also rate of its removal is

a very important factor; therefore, the effects of

phases contact time on copper(II) removal were also

investigated. The procedure of the batch test is as

follows: (1) sorbate and sorbent phases preparation,

(2) both phases contacted in the 100 mL Erlenmeyer

flask at room temperature by shaking 0.5 (± 0.0005) g

of functional resin with 0.05 L of 100 mg Cu(II)/L

solutions (shaking parameters: amplitude 8, agitation

speed 180 stock/min, shaking time was in the range

1–240 min, the mechanical shaker Elphin ?, type 357,

Lubawa, Poland), (3) phases separation by filtration

(filter paper), (4) determination of copper concentra-

tion in solution after the sorption process by the

atomic absorption spectrometry method (AAS)

(spectrometer Varian AA240FS, Australia) using

copper standard solutions and calibration curve, (5)

amount of copper(II) sorbed at time t (qt, mg/g) and

sorption capacity, amount of copper(II) ions sorbed at

equilibrium time (qe, mg/g) as well as percentage

efficiency removal (%R) calculation using the fol-

lowing equations:

• Amount of copper(II) ions sorbed at time t (qt,

mg/g):

qt ¼ C0 � Ctð ÞV=mj ð1Þ

• Amount of copper(II) ions sorption at equilibrium

time, sorption capacity (qe, mg/g):

qe ¼ C0 � Ceð ÞV=mj ð2Þ

where Co is the initial concentration of copper(II)

ions before the sorption process, Ce is the cop-

per(II) ions concentration at equilibrium (mg/L),

V is the volume of solution (0.05 L), mj is the mass

of functional resin (g) [27],

• Percentage removal efficiency of copper(II), (R,

%):

R ¼ C0 � Ceð Þ
C0

� 100% ð3Þ

where Co is the initial copper(II) ions concentra-

tion (mg/L) and Ce is the equilibrium copper(II)

ions concentration (mg/L) [28].

The Cu(II) adsorption on examined sorbents was

performed in triplicate, and the arithmetic mean

values were obtained and presented in figures. The

Figure 2 Characteristics of functional resins used in copper(II)

removal from acidic streams.
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calculated standard deviation did not exceed 5% in

all cases.

The point of zero charge (pHPZC) of sorbents under

discussion was performed according to the solid

addition method using the following parameters

(mass of sorbent—0.5 g; volume of the solution of

different pH—50 mL; agitation speed—180 spm; time

of shaking—24 h) [29].

Equilibrium studies were carried out using the

above described static procedure. The initial cop-

per(II) concentration was in the range 100–10000 mg/

L, and the shaking time was equal to 24 h.

Desorption efficiency using different eluting agents

and reuse studies (three sorption -desorption cycles)

for the most efficient sorbent was determined.

The removal efficiency of copper(II) using ion

exchangers under discussion was also analysed in the

two-component solutions Pd(II)–Cu(II). Moreover,

removal efficiency of noble metals Pd(II), Pt(IV) and

Au(III) from tertiary components solutions on

Lewatit MonoPlus TP 220 was also discussed.

Sorption studies by the column test

Metal ions removal by the batch method was used for

preliminary screening of the systems resulting in

maximum uptake, effectiveness of sorbents determi-

nation, but the practical utility of a sorbent is judged

from the column operation. Therefore, Cu(II) removal

by the column studies was carried out. In the

dynamic studies, Lewatit MonoPlus TP 220 (10 cm3

of swollen ion exchanger) was placed in the glass

column of 1 cm diameter and 25 cm high and con-

tacted continuously with fresh solutions of the initial

solute concentration of 100 mg/L (flow rate was

0.4 cm3/min). The efficiency of column could be

judged by means of the breakthrough curve obtained

by plotting C/C0 (ratio of effluent concentration to

the initial concentration of solution) versus the vol-

ume of the effluent collected from the column. The

volumes of the effluents to reach the breakthrough

point and shape of the breakthrough curve are very

important characteristics for determining the work-

ing ion exchange capacity (Cw), mass (Dm) and bed

(Db) distribution coefficients. These parameters were

calculated based on Eqs. 4–6 presented in Table 1

and compared to the others obtained for noble metal

ions.

Results and discussion

The point of zero charge determination
of the resins under discussion

The point of zero charge (pHPZC) of the sorbents

under discussion was determined using the solid

addition method [29]. The solutions of 0.01 M KNO3

of different pH values were prepared applying 1 M

NaOH and 1 M HCl solutions to adjusted pH, and

then 50 ml of solutions was contacted with

0.5 ± 0.0005 g of sorbent for 24 h. After that, the pH

was measured again (final pH, pHf) using the pH

meter CP-411 (Elmetron, Zabrze) and the plot pHo

(initial pH of the solutions) versus the difference

between the initial (pHo) and the final (pHf) ones was

obtained. pH is a very important factor in metal ions

sorption because it influences on chemical speciation

of the metal ions in solution and, on the other hand,

on the ionization of active sites on the sorbent. Sor-

bent surface charge might play a crucial role in

sorption processes efficiency, and sorbents function-

ality (protonation–deprotonation behaviour) in

aqueous acidic media could be helpful in sorption

mechanism explanation [30]. Point of zero charge

(pHPZC) is the pH at which the sorbent surface charge

is neutral that means that there are equal amounts of

Table 1 Column parameters

obtained for metal ions

sorption on Lewatit MonoPlus

TP 220

Parameters Symbol Equation

Working ion exchange capacity Cw (g/cm3) Cw ¼ ðVp � CoÞ=Vj (4)

Mass distribution coefficient Dm Dm ¼ ðU �Uo � VvÞ=mj (5)

Bed distribution coefficient Dv Dv ¼ Dmdz (6)

Co—initial concentration of metal ions (mg/dm3); Vp—volume of effluent collected to the

breakthrough point (cm3), Vj—volume of ion exchanger bed put into the columns (10 cm3), U—

effluent volume at C = 0.5C/Co (cm3), Uo—dead volume in the column (2 cm3), Vv—void (inter-

particle) ion exchanger bed volume (which amounts to ca. 0.4–4 cm3), mj—dry ion exchanger weight

(g), dz—the ion exchanger bed density
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positive and negative surface sites. These values were

determined from the above-mentioned plot: pH0

versus DpH = pH0 - pHf in the place where such

curves cross the x axis. Table 2 collects the values of

pHPZC of the sorbents under discussion and presents

chosen examples of experimentally obtained plots. In

the case of the SBA resin, the pHPZC is close to 1–1.5,

whereas for the WBA and adsorbent without func-

tional groups this value is higher.

As it was known, copper(II) interaction with the

sorbents under discussion depends on the form in

which metal exists as well as on the surface charge. In

the acidic solutions 0.1–6 M HCl, Cu(II) exists in the

cation form Cu2? as well as in the form of chloro-

complexes of different charges. The copper(II) species

in the HCl system was previously described in [31].

At the solution pH higher than pHPZC, the negatively

charged sorbent surface results in possible interac-

tions with copper positive species (electrostatic

interactions), while at pH lower than pHPZC the

positively charged surface results in electrostatic

interactions with anionic copper species and repul-

sions with copper cations.

Selection of the best ion exchangers
for copper(II) removal

Effects of phases contact time (1 min–4 h) as well as

acids (HCl and HCl–HNO3) concentration and solu-

tions composition on copper(II) removal efficiency

using eight ion exchangers under discussion were

studied previously [31–34] and in this paper accord-

ing to the procedure described in Subchapter ‘‘Sorp-

tion studies by the batch test’’. The results of

adsorption from the solutions of the initial concen-

tration equal to 100 mg Cu(II)/L are presented in

Fig. 3. Figure 3a–d presents the amount of copper(II)

sorbed versus the phases contact time depending of

the HCl concentration (0.1–6.0 M HCl). Due to the

fact that the copper(II) removal efficiency was much

lower from the HCl–HNO3 systems, only chosen

results are presented for this system. Figure 3e shows

Table 2 Point of zero charge of sorbents applied for Cu(II) removal from acidic solutions

Sorbents pHPZC Plots

Lewatit MonoPlus TP 220 2.28

-5

0

5

10

0 2 4 6 8 10 12 14

pH
0 
-p

H
f

pH0

Lewatit SR 7

pHPZC = 1.48

-5

0

5

10

0 2 4 6 8 10 12 14

pH
0 
-p

H
f

pH0

Purolite A 830

pHPZC = 6.05

Purolite S 984 9.01

Lewatit MonoPlus SR 7 1.48

Dowex PSR 3 1.03

Dowex PSR 2 1.00

Purolite A 400 TL 1.00

Purolite A 830 6.05

Lewatit AF 5 7.09
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the results obtained during copper(II) removal from

0.9 M HCl–0.1 M HNO3 solutions in which the qt and

qe values were the highest, whereas Fig. 3f presents

the results obtained from the HCl- HNO3 system for

Lewatit MonoPlus TP 220.

The obtained results lead to the following conclusions:

• Lewatit MonoPlus TP 220 shows the highest

affinity for Cu(II) ions compared to the other ion

exchangers under discussion in all examined HCl

and HCl–HNO3 systems.

• The highest sorption capacity in the dilute acid

solutions as well as quantitative Cu(II) removal

Figure 3 Comparison of the amount of copper(II) sorbed from a–d HCl and e–f HCl–HNO3 systems (chosen example) (experimental

conditions: mass of the ion exchanger: mj = 0.5 ± 0.0005 g, volume of the Cu(II) solution: V = 0.05 L, initial Cu(II) concentration:

Co = 100 mg/L, shaking rate: Vas = 180 spm, amplitude: A = 8, temperature: T = ambient, shaking time: t = 1 min–4 h).
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was obtained for the Lewatit MonoPlus TP 220 ion

exchanger from 0.1, 1.0 M HCl as well as from

0.9 M HCl–0.1 M HNO3 solutions. In this case, the

%R is equal to 100%, whereas for other acid

concentrations the %R is close or slightly lower

than 100% (91–99%). Sorption is not quantitative

in the case of other ion exchangers (Dowex PSR 2,

Dowex PSR 3, Lewatit MonoPlus SR 7, Purolite A

400 TL, Lewatit AF 5, Purolite S 984, Purolit A

Figure 3 continued.
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830). For these ion exchangers, %R is in the range

from 0 to 35% (HCl systems) and from 0 to 15%.

• The effect of phases contact time on the amount of

sorbed Cu(II) ions is clearly marked in the case of

Lewatit MonoPlus TP 220 in the HCl and HCl–

HNO3 systems as well as to a lesser extent for

Purolite A 830 and Purolite S 984 in the systems of

6 M hydrochloric acid concentration. The time

required to achieve the system equilibrium for

Lewatit MonoPlus TP 220 was[ 120 min (HCl

systems) and[ 60 min (HCl–HNO3 systems). For

the other ion exchangers under discussion, the

Cu(II) sorption was not strongly time dependent;

therefore, in contrast to Lewatit MonoPlus TP 220

the qt values do not significantly increase with the

phases contact time increase.

The Cu(II) sorption efficiency depends mainly on

the ion exchange resin types, presence and types of

functional groups, physical and chemical properties

of the ion exchange resin as well as bead size [35].

Diversifying copper(II) ions removal effectiveness

using the ion exchangers under discussion from

acidic streams is caused by several factors: (1) ion

exchangers possess a different matrix—usually they

are polystyrene, polyacrylic cross-linked with

divinylbenzene or carbonaceous matrices (Fig. 2), (2)

the ion exchangers structure is macroporous or

microporous, (3) ion exchangers possess different

functional groups (Fig. 4), (4) the sorption uptake of

Cu(II) ions depends on the acidic conditions which

affect the ion exchangers functionality, (5) different

mechanisms of Cu(II) sorption could proceed.

Strongly basic anion exchange resin, SBA

Weakly basic anion exchange resin, WBA

Chelating ion exchange resin

Sorbent without functional groups

Figure 4 Functional groups of ion exchange resins under discussion.
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Moreover, the difference in copper(II) removal in

solutions of different acids concentrations could be

caused by competition of the chloride ions with the

Cu(II) ions. The behaviour of the anion exchange

resins: weakly (WBA) and strongly basic (SBA) types

in the HCl system are pH and total chloride ions

concentration dependent as well as depend on the

form in which Cu(II) ions exist under acidic condi-

tions. The SBA resins are ionized in a wide pH range

from 0 to 13, whereas the WBA ones are efficient in the

acidic pH region in which the WBA functional groups

are protonated which results in anions removal

[31–33]. Ion exchangers of chelating types show higher

selectivity towards the Cu(II) metal ions and can

remove Cu(II) ions more effectively by means of a

mixed mechanism. In this case combination of ionic

interactions, electrostatic interactions and coordination

could take place. Chelating ion exchange resins of the

functional groups containing one, two or more donor

atoms, e.g. N, S, O, can interact with the Lewis acids

therefore such as Lewis bases; they can form coordi-

nating bonds with the Lewis acids such as the Cu(II)

ions, which results in extremely high selectivity for

Cu(II) [31, 35–38]. Lewatit MonoPlus TP 220 as the ion

exchange resin possesses three nitrogen donor atoms

(two of them are in the aromatic pyridyl groups and

tertiary amine) [39]. Electron-withdrawing effects of

the aromatic group cause that pKa (negative logarithm

of the acid dissociation constant) values are quite low,

resulting in nitrogen atoms deprotonation even at pH

of 1.5. The bis-picolylamine functional groups pKa

values and those in the HCl system indicate that the

behaviour of these functional groups depends on pH

and the chloride ions [7, 31, 38, 39]. Large copper(II)

removal is caused by the following factors: (1) at acidic

pH two pyridyl nitrogen donor atoms are available

and therefore the bidentate complex with Cu(II) can be

formed, (2) Cu(II) possesses greater affinity compared

to other transition metals (first stability constants for

Cu(II) is equal to log Ks = 14.4, whereas for Ni(II)—

log Ks = 8.7, Zn(II)—log Ks = 7.57 etc. [40]), (3) Lewis

acid–base interactions of bis-picolylamine and Cu(II)

without electrostatic interactions take place. As

reported in the literature and was proved in this

paper, the chelating resins with bis-picolylamine are

efficient for Cu(II) removal from acidic solutions

[31, 35, 39]; therefore, such ion exchange resin was

chosen in the additional studies.

Equilibrium studies

The selection of ion exchangers was also made on the

basis of the equilibrium studies which allow to

determine the maximum sorption capacities for cop-

per(II) ions. The static procedure described in the

Experimental part was applied, and the initial con-

centration of copper(II) solutions was in the range

from 100 to 10000 mg/L. Due to the fact that in this

case the concentration of copper(II) ions was much

higher than 100 mg/L, the phases contact time

extended to 24 h to be sure that the system equilib-

rium was achieved. The curves qe (mg/g) versus Ce

(mg/L) are presented in Fig. 5 (different axis scales

were applied for the results to be better observed).

Figure 5 Effect of the initial copper(II) concentration on sorption

capacity (plot qe vs. Ce) from 0.1 M HCl solutions (experimental

conditions: mj = 0.5 ± 0.0005 g, V = 0.05 L, Co = 100 -

10000 mg/L, Vas = 180 spm, A = 8, T = ambient, t = 24 h).
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Based on the obtained experimental values capac-

ities, the ion exchangers were placed in the following

selectivity series: Lewatit MonoPlus TP 220

(230.2 mg/g) � Dowex PSR 3 (140 mg/g)[Purolite

S 984 (133.5 mg/g) & Purolite A 830 (132 mg/g) &
Dowex PSR 2 (131 mg/g)[Purolite A 400 TL

(123.2 mg/g)[Lewatit SR 7 (118.3 mg/g) & Le-

watit AF 5 (117.8 mg/g). As it was found, Lewatit

MonoPlus TP 220 was the most efficient for copper(II)

ions removal; therefore, for this ion exchanger the

two most commonly used isotherm models such as

Freundlich and Langmuir ones were applied.

Description of these models together with the

graphical presentation of isotherm curves as well as

the values of calculated parameters is shown in

Table 3 [41, 42]. The adsorption parameters were

obtained using the linear regression technique and

were calculated from the slope and intercept of the

plots of log qe versus log Ce (Langmuir isotherm) and

Ce/qe versus Ce (Freundlich isotherm).

Comparing the values of determination coefficients

of both models, the higher values were obtained

using the Langmuir model (R2 = 0.949) than the

Freundlich one. The experimental maximum sorption

capacity calculated from Langmuir model is high

(Q0 = 221.43 mg/g) and close to the experimental

one (230.2 mg/g) indicating favourable sorption and

good fitting of the experimental results with the

Langmuir model (see fitting plot located in Table 3).

The nature of the sorption (favourable, unfavourable,

irreversible) was considered by the shape of the iso-

therm curve and by the dimensionless constant, RL

(RL ¼ 1=ð1 þ bCoÞ). Based on the RL parameter which

was equal to 0.825 and the following conditions: RL-

= 0–1—favourable, RL[ 1—unfavourable, RL = 1—

the linear isotherm, RL = 0—the irreversible can be

concluded that the Cu(II) sorption on Lewatit

MonoPlus TP220 is favourable. The obtained results

are in agreement with the literature ones [10, 43–45]

which also indicate that the Cu(II) sorption on the

other sorbents is well described by the Langmuir

isotherm and/or Freundlich models and the favour-

able sorption is observed, e.g.: Cu(II) sorption on

brushite calcium phosphate—the Langmuir isotherm,

R2 = 0.999, Q0 = 343.64 mg/g [43] or Cu(II) sorption

on marine macro green algae, Halimeda gracilis—the

Langmuir isotherm, R2 = 0.998, Q0 = 38.46 mg/g

[44], etc. As was mentioned by Buracov et al. [45] in

the review paper concerning sorption of heavy metal

ions on conventional and nanostructures materials,

the adsorption of heavy metal ions can be described

by the Langmuir and Freundlich isotherm models

but for heavy metal cations sorption the Freundlich

model has frequently proved superior to the Lang-

muir one. On the other hand, in another review [46],

the cited examples show that the Langmuir isotherm

is more suitable for Cu(II) sorption description. The

analysis of the sorption capacities values presented in

the literature, e.g. review papers [10, 45, 46], shows

that Lewatit MonoPlus TP 220 possesses higher or

much higher capacity compared to that of the other

ion exchangers (this paper), low cost adsorbents [10]

and carbon adsorbents [46].

Sorption of heavy metal ions from two-
or three-component solutions

Heavy metal ions sorption on eight ion exchangers

was performed, and the results were published e.g. in

[31–34, 47–49] and are presented in this paper. As it

was proved Lewatit MonoPlus TP 220 is an efficient

sorbent for noble metal ions removal (Pd(II), Pt(IV)

and Au(III)), particularly for Pd(II) as well as for

Cu(II), Co(II), Ni(II), Zn(II) removal, especially for

Cu(II). Due to this fact sorption was also carried out

from the two-component solutions containing Pd(II)

and Cu(II) (Pd(II)–Cu(II), eight ion exchangers) and

three-component solutions (Pd(II), Pt(IV), Au(III);

Lewatit MonoPlus TP 220).

The results of Cu(II) sorption from two-component

solutions and their comparison to those obtained

from single solutions were analysed and are depicted

in Fig. 6 (chosen examples) and Table 4.

The presented results lead to the following

observation:

• the effectiveness of Cu(II) and Pd(II) ions removal

from the single and two-component solutions is

slightly (Lewatit MonoPlus TP 220) or signifi-

cantly different for the remaining tested ion

exchangers,

• in the case of the ion exchanger Lewatit MonoPlus

TP 220 (Fig. 6a) for which the Pd(II) and Cu(II)

removal efficiency from single solutions is high

(removal efficiency is equal to 100% or slightly

lower, qt values in the range 9.1–10 mg/g) no

significant changes of this efficiency in the two-

component solutions are observed. The competi-

tive effect of these heavy metal ions is not pointed

out, and the coordination mechanism using N
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donor atoms of the bis-picolylamine functional

groups takes place [31],

• in all other cases Pd(II) sorption efficiency or

amount of Pd(II) sorbed from single solutions is

high, quantitative removal from the diluted acidic

solution is observed, and then the values of qt

decrease with the hydrochloric acid increase;

opposite situation is observed in the case of Cu(II)

sorption from single solutions (qt values usually

increase with the hydrochloric acid concentration

increase) [31–34, 47–49]. The diversified effective-

ness of the Cu(II) and Pd(II) removal process is

related to the form in which these metals exist in

the solution under discussion which is dependent

on the acidity of the medium, the total concentra-

tion of the chloride ions and temperature. In

acidic solutions (0.1–6 M HCl), various forms of

Cu(II) and Pd(II) chlorocomplexes can be formed

or they can exist in the form of cations or inert

chlorocomplexes [31, 50–53]:

Figure 6 Comparison of the amount of heavy metal ions (Pd(II) or Cu(II)) sorbed on a Lewatit MonoPlus TP 220 and b Lewatit

MonoPlus SR 7 from acidic solutions (experimental conditions: mj = 0.5 ± 0.0005 g, V = 0.05 L, Co = 100 mg M(II)/L,

Vas = 180 spm, A = 8, T = ambient, t = 24 h).
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• Cu(II): [CuCl4]2-—exists when HCl concentra-

tion is in the range 1–4 mol/L; [Cu2Cl6]2-—

exists when HCl concentration is in the range

5–10 mol/L; decrease in acidity results in

[Cu(H2O)6]2? formation; in the Cl- ions pres-

ence (0.5–1 mol/L)—weaker acidic media the

following reaction takes place: 2[CuCl2] $
[CuCl3]- ? [CuCl]? [31, 50–52],

• Pd(II): [PdCl4]2-—exists when HCl concentra-

tion is higher than 0.1 mol/L [31]; with the

decreasing acidity of the solution, [PdCl4]2-

ions are aquatized to [Pd(H2O)Cl3]-, [Pd(H2-

O)2Cl2] and [Pd(H2O)3Cl]? forms [54].

More details of such sorption behaviour in the

single solutions can be found in the previously pub-

lished papers [31–34, 47–49]. It is known that the

removal efficiency is also strongly dependent on the

functional groups of the ion exchangers that means

types of the ion exchangers. Due to this fact, the

mechanism of sorption is different (see Fig. 7).

• In the binary solutions, Pd(II)–Cu(II) qt values of

Pd(II) usually remain unchangeable or decrease

compared to the single solutions, whereas the qt

values of Cu(II) usually slightly or significantly

increase (except for Lewatit MonoPlus SR 7—in

this case both Pd(II) and Cu(II) ions sorption

efficiency increases). During the simultaneous

sorption of Pd(II) and Cu(II) ions from the weak

and strong acidic solutions, the presence of Pd(II)

results in the Cu(II) removal efficiency increase

that means that the joint action of simultaneously

sorbed Pd(II) and Cu(II) ions results in increased

selectivity of ion exchange resins towards cop-

per(II) ions. Such behaviour may result from the

acidic effect, affecting the ion exchange resin

phase and facilitating the sorption of more

Table 4 Comparison of the amount of heavy metal ions sorbed on the ion exchangers under discussion from single and two-component

solutions

Systems Single solutions Ref. Two-component

solutions

Ref. Single solutions Ref. Two-component

solutions

Ref.

qt (mg/

g) Pd(II)

qt (mg/

g) Cu(II)

qt (mg/

g) Pd(II)

qt (mg/

g) Cu(II)

qt (mg/

g) Pd(II)

qt (mg/

g) Cu(II)

qt (mg/

g) Pd(II)

qt (mg/

g) Cu(II)

Lewatit MonoPlus TP220 Dowex PSR 3

0.1 M HCl 10.0 10.0 [15] 9.7 9.9 This

paper

10.0 0.8 [17] 10.0 4.6 This

paper

1.0 M HCl 10.0 10.0 9.8 10.0 9.7 1.2 9.7 4.5

3.0 M HCl 10.0 9.9 9.9 9.9 7.9 2.3 8.1 4.8

6.0 M HCl 10.0 9.1 9.9 9.5 5.2 2.4 2.1 5.2

Lewatit SR 7 Purolit A 400 TL

0.1 M HCl 10.0 1.1 [32], this

paper

9.9 9.9 This

paper

10.0 4.7 [33] 10.0 4.7 This

paper

1.0 M HCl 9.8 1.0 9.9 10.0 9.8 4.8 9.6 4.6

3.0 M HCl 8.4 1.2 10.0 9.9 9.0 4.9 7.7 4.7

6.0 M HCl 3.7 2.2 9.9 9.4 7.1 4.8 3.9 5.3

Purolite S 984 Lewatit AF 5

0.1 M HCl 10.0 0.0 [16] 10.0 5.1 This

paper

10.0 1.2 [18] 10.0 5.1 [18]

1.0 M HCl 9.8 0.0 9.7 4.8 9.8 1.7 9.6 5.3

3.0 M HCl 8.8 0.0 7.7 5.0 9.3 2.0 8.3 5.3

6.0 M HCl 7.7 1.8 5.6 5.8 8.2 1.9 6.2 5.7

Dowex PSR 2 Purolit A 830

0.1 M HCl 10.0 0.9 [17] 10.0 4.9 This

paper

10.0 1.5 [34] 10.0 4.8 This

paper

1.0 M HCl 9.8 1.1 9.5 4.8 9.8 1.2 9.6 4.8

3.0 M HCl 9.0 1.1 6.5 4.9 8.1 1.2 7.6 4.8

6.0 M HCl 5.0 1.5 1.4 5.1 6.6 3.5 5.9 6.0
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stable anion complexes. Kononova et al. [51] also

examined ion exchangers selectivity towards

heavy metal ions such as Cu(II) and Zn(II) (binary

acidic solutions—HCl solutions). As it was found

Cu(II), sorption efficiency as well as selectivity of

anion exchange resins increases in the presence of

Zn(II) ions in the case of weak acidic solutions and

strong acidic solutions for strongly basic anion

exchanger, which was explained by the acidic

effect and complex mechanism.

Lewatit MonoPlus TP 220 was also applied in

sorption of noble metal ions Pd(II), Pt(IV) and Au(III)

from three-component solutions in which the metal

concentration was in the range from 5 to 100 mg/L.

The results are presented in Fig S2 (Supplementary

Materials). As can be seen from the results in the

system of the same concentrations of all heavy metal

ions, the selectivity series is as follows: Au(III) C

Pt(IV) C Pd(II), but the differences between the qt

values are not so high. The high affinity of Lewatit TP

MonoPlus TP 220 towards gold complexes could be

attributed to high mobility of AuCl4
- through the

resin network and the presence of free electron pairs

on the ligand (ion exchangers possess three nitrogen

donor atoms). The smallest charge density of Au(III)

causes that the functional groups of ion exchanger

resin favoured interaction with gold chlorocomplexes

[55]. Moreover, the qt values increase with the metal

ions concentration increase (the initial metal concen-

tration provides an important driving force). The

percentage removal efficiency (%R) is in the range

from 93.4 to 99.6% for Pt(IV), from 90 to 99.1% for

Pd(II) and from 95.4 to 100% for Au(III). In the case of

an excess of one heavy metal ions during the sorption

on Lewatit MonoPlus TP 220, a slight decrease in qt

values for Pt(IV) with the Pd(II) and Au(III) ions

concentration increase was observed. The %R values

decrease from 99% (100 mg Pt(IV)/L; 5 mg Pd(II)/L;

5 mg Au(III)/L) to 97.2% (100 mg Pt(IV)/L; 80 mg

Pd(II)/L; 80 mg Au(III)/L), whereas in the case of

solutions with an excess of two heavy metal ions

%R values of Pt(IV) slightly increase with the Pd(II)

concentration increase; %R values increase from

97.7% (100 mg Pt(IV)/L; 5 mg Pd(II)/L; 100 mg

Au(III)/L) to 99.1% (100 mg Pt(IV)/L; 80 mg Pd(II)/

L; 100 mg Au(III)/L). The changes of qt and %R val-

ues indicate that the competitive effect between

heavy metal ions of sorption sites could take place

Figure 7 Mechanism of heavy metal ions (Pd(II), Cu(II)) sorption depending on the types of ion exchangers.
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but does not influence significantly the sorption yield

and could be neglected. As it was mentioned in the

paper [31], Lewitit MonoPlus TP 220 ion exchanger

preference towards specific heavy metal ion from the

mixture is not observed. For Pd(II)–Pt(IV)–Au(III)

solutions of the same heavy metal ions concentration

(concentration of each heavy metal ions from 5 to

80 g/L) sorption and desorption cycles (three repe-

titions) used as the eluting agents, the mixture of

thiourea with 0.1 M HCl, sodium hydroxide and

ammonium hydroxide selected by the desorption

efficiency (%D) from the single solutions [31] indi-

cates that using NaOH solutions Pt(IV) desorption

was observed (e.g. %D1 for Pt(IV) was from 39.6% to

66.5% and a decrease in the third desorption step),

whereas that for Pd(II) and Au(III) was equal to 0 or

was very low (% D1, D2, D3 from 0 to 2.8%), which

indicates that Pt(IV) separation could be possible. The

other mentioned above eluting agents give %D1 in

the range: 95.8–32.9% (0.1 M thiourea ? 0.1 M HCl)

and 50.2–14% (3 M NH4OH) for all heavy metal ions

present in the solutions. High desorption efficiency of

gold is related to the displacement principle. Intro-

ducing an anion with higher affinity to resin com-

pared with the adsorbed gold chlorocomplex results

in adsorption equilibrium shifting to the left. The

complex of gold of positive charge with thiourea

starts to form Au[CS(NH2)2]2
?. The resin has weak

affinity to the newly formed species; thus, it is able to

efficiently strip gold from ion exchange resin in the

presence of the weak eluent, e.g. HCl [55]. The

sorption efficiency in the second and third steps

(%S2, %S3) sometimes decreases, but the highest

sorption yield decrease in %S2 and %S3 was

observed for Au(III) (desorption 0.1 M thiourea ?

0.1 M HCl). The %S2, %S3 decrease is related to the

fact that desorption after first cycle is not quantitative

and some heavy metal ions remained on the resins

and the adsorption sites are occupied. The reduction

in sorption ability of gold could be also related to

osmotic shock produced by repeated elution in acidic

media (breakage of the resin beads), but this

hypothesis needs additional analysis. Moreover, the

decomposition of thiourea in acid solutions occurs

which makes the desorption less efficient [56].

Copper(II) sorption by Lewatit MonoPlus
TP 220 using the batch method: kinetic
studies

The kinetic investigations are very important due to

possible prediction of the rate at which toxic copper

metal ions are removed from aqueous, acidic solu-

tions and are helpful for understanding the mecha-

nism of Cu(II) sorption reactions. Kinetic sorption

experiments were performed to establish the effect of

phase contact time on the sorption of copper(II) ions

on Lewatit MonoPlus TP 220. The pseudo-first-order

(PFO) and pseudo-second-order (PSO) kinetic equa-

tions were used to describe the kinetic curves whose

characteristics are presented in Fig. 8. The plots of

log(qe - qt) versus t (PFO model) and the plots t/qt

versus t (PSO model) were obtained and are pre-

sented in Fig. 3S. As can be seen, PFO equation fails

at the data matching stage; instead of a straight line, a

bent curve is obtained. The applicability of these

models (error analysis to evaluate the best fitted

model for Cu(II) sorption) was assessed based on the

normalized standard deviation Dq(%), Chi-square

test (v2) and the coefficient of determination R2. The

best-fit model is the one which possesses the lowest

value of Dq%, v2 and the highest values of R2 which is

closer to unity. The normalized standard deviation

(Dq%) and Chi square (v2) parameters were calcu-

lated using the following mathematical expressions

[54]:

Dq% ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

½ðqt;exp � qt;calÞ=qt;exp�2

n� 1

s

� 100 ð7Þ

v2 ¼
X ðqt;exp � qt;calÞ2

qt;cal
ð8Þ

where qt,exp and qt,cal are the experimental and cal-

culated (predicted) amounts of Cu(II) sorbed, and n is

the number of data points.

The results of kinetic models with their parameters,

determination coefficient, normalized standard

deviation values and the fitting plots of predicted and

experimental qt values are given in Table 5 for PSO

and in Table S2 for PFO. As can be seen from Table 5

and Table S2, the kinetic rate of PFO k1 decreases with

the hydrochloric acid concentration increase, whereas

in the case of PSO model these values first increase

with the hydrochloric acid increase up to 1 M and

then decrease. The initial sorption rate h changes with

the hydrochloric acid concentration similar to k2
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values, at first increases up to 1 M and then decrea-

ses. Changes of k1 and k2 parameters with

hydrochloric acid concentration increase are related

to the fact that at the beginning of the sorption due to

a high number of empty active sites the adsorption is

fast in the dilute solutions and the h parameter

increase. Then with the increase in HCl concentration

the total concentration of ions in the solution also

increases, whereas the number of adsorption sites

decreases resulting in that the solution is more

crowded and the speed of diffusion decreases. After

that, the initial sorption rate and k2 values decrease.

Shape of kinetic curves indicates that the time

required to reach system equilibrium is short. This

fact suggests that rather surface adsorption takes

place than the surface diffusion of adsorbed particles

into the pores of the adsorbent, but additional anal-

ysis and applications of so-called Boyd plot (qt vs. t1/

2) which has physical sense only for low surface

coverings for qt\ qe/3 is needed to prove this

hypothesis [55]. The pseudo-second-order kinetic

model has much higher determination coefficient

values (R2[ 0.999) compared to the values obtained

using the PFO model (R2[ 0.902). Moreover, the

sorption capacity value obtained experimentally for

different hydrochloric acid concentrations, qe,exp was

in a good agreement with the calculated one, qe,cal

obtained by the PSO model e.g. qe,exp = 9.98 mg/g,

qe,cal = 10.38 mg/g (0.1 M HCl, PSO), qe,cal-

= 5.58 mg/g (0.1 M HCl, PFO) or qe,exp = 9.95 mg/g,

qe,cal = 10.14 mg/g (1 M HCl, PSO), qe,cal = 3.39 mg/

g (1 M HCl, PFO) and was much higher than that

obtained from PFO model. The smaller values of

calculated qt in the case of PFO could result from

random experimental errors and properties of the

linear representation used. The impact of random

experimental errors is crucial in the case of PFO

equations, whereas that in the case of PSO is negli-

gible, which results in limitation in PFO applicability.

Taking into account the linear representation of PFO

model—log(qe - qt) the difference between qe and qt

during the adsorption progress decreases, whereas

the value of log(qe - qt) increases. The impact of

random errors will increase proportionally to the

Figure 8 Pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic model characteristics applied for Cu(II) sorbed on Lewatit

MonoPlus TP 220.
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Table 5 Comparison of the kinetic parameters and the fitting plots obtained from the PSO models for Cu(II) removal on Lewatit

MonoPlus TP 220

Systems qe,exp
(mg/g)

Pseudo-second-order kinetic equation

PSO

q2
(mg/g)

k2
(g/mg min)

h

(mg/g min)

R2 Dq
(%)

v2

0.1 M HCl 9.98 10.38 0.012 1.34 0.999 12.53 0.22

1 M HCl 9.95 10.14 0.026 2.64 1.000 6.59 0.16

3 M HCl 9.87 10.06 0.023 2.32 1.000 4.78 0.09

6 M HCl 9.12 9.36 0.014 1.22 1.000 8.23 0.21

Fitting
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inverse (qe - qt) results that the good fitting of PFO

with the experimental point close to the equilibrium

could not be observed [55]. Based on the error anal-

ysis of PFO and PSO models that means the nor-

malized standard deviation Dq(%) and Chi-square

test (v2), these parameters are lower in the case of

PSO model, Dq was in the range from 4.78 to 12.53%

(0.1 M HCl, PSO) and in the range from 43.19 to

57.56% (0.1 M HCl, PFO), whereas the v2 values were

in the range from 0.09 to 0.22 (0.1 M HCl, PSO) and in

the range from 13.01 to 48.18 (0.1 M HCl, PFO). Thus,

it can be concluded that the Cu(II) ions sorption on

Lewatit MonoPlus TP 220 follows the pseudo-second-

order kinetics. A similar conclusion was also

obtained by other researchers who applied different

types of sorbents for Cu(II) removal, e.g. Dada et al.

[57] who examined sorption of Cu(II) onto a novel

manganese nano-adsorbent, Faghihian et al. [58] who

examined sorption of Cu(II) onto silica aerogel

modified with amino propyl triethoxysilane, Samadi

et al. [59] who examined sorption of Cu(II) onto the

chelating resins CSMA-M, CSMA-MO and CSMA-

MB, Cho et al. [60] who examined a novel chi-

tosan/clay/magnetite composite for adsorption of

Cu(II) and As(V) ions, Ngah et al. [61] who examined

sorption of Cu(II) ions by three types of chitosan–

zeolite composites, etc.

Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR)
analysis for Lewatit MonoPlus TP 220
applied for copper(II) sorption

ATR-FTIR spectra of Lewatit MonoPlus TP 220 before

and after copper(II) sorption were recorded to con-

firm the presence of functional groups of ion

exchange resin and to provide some information

about Cu(II) sorption mechanism. The spectra of non-

loaded Lewatit MonoPlus TP 220 and after Cu(II)

sorption process (loaded ion exchange resin) are

presented in Fig. 9.

From the presented ATR-FT-IR spectra, the peaks

related to the resin matrix and their functional groups

can be distinguished. As was observed in the higher-

frequency region at 3350–3450 cm-1, the broad and

intense peak was assigned to the stretching vibrations

of the –OH group (maximum of peak can be found at

3346.1 cm-1 (%T 88.59)—before sorption and at

Figure 9 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra for Lewatit MonoPlus TP 220 and after the Cu(II)

sorption process.
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3353.56 cm-1 (%T 87)—after Cu(II) sorption. More-

over, stretching vibrations of the N–H groups, sym-

metric and asymmetric stretching bonds of –CH2

groups (before sorption—ms –CH2 2840–2850 cm-1,

mas –CH2 2905–2930 cm-1, after sorption shifted to the

higher-frequency region—ms –CH2 2850-2870 cm-1,

mas –CH2 2915–2925 cm-1) and the peak related to

cross-linked polystyrene (before sorption—at

1585–1595 cm-1 and after sorption—

1598–1612 cm-1) can be found. Additionally, the

peak related to the vibrations of C=N of pyridine

groups as well as the asymmetric scissoring vibra-

tions of the methylene groups das at 1425–1455 cm-1

(after sorption at 1438–1450 cm-1), adsorption peaks

of C–H at 750–770 cm-1 (after sorption at

760–770 cm-1) and peaks related to the amine groups

at 950–1250 cm-1 are present. The spectra showed

also stretching vibrations of C=C and C=N charac-

teristic of the functional groups at the wavelength

1650–1400 cm-1 and the bands from the stretching

vibrations of the C–N groups in aliphatic and aro-

matic amines. After copper sorption, a significant

drop of some band intensity and their shift to the

higher-frequency region were found, particularly in

the region 950–1250 cm-1, 1400–1500 cm-1,

1550–1650 cm-1 in the case of band corresponding to

the stretching vibrations of the O–H and N–H groups

and stretching vibrations of the C–N groups present

in aromatic and aliphatic amines. Such changes could

be due to the coordination bands formation with

Cu(II) ions sorbed on the ion exchanger (coordinating

mechanism) [7, 31, 62].

Copper(II) desorption from Lewatit
MonoPlus TP 220 and ion exchange resin
reuse: batch method

Three sorption/desorption cycles of Cu(II) on/from

Lewatit MonoPlus TP 220 using the batch method

were carried out in order to check the desorption

possibilities of Cu(II) ions from the loaded ion

exchanger and its reused possibility. Different eluting

agents were applied such as acids: HNO3, HCl,

H2SO4, base: NaOH and ammonium hydroxide:

NH4OH of concentration equal to 1 and 2 M. The

eluting agents were selected based on the literature

data concerning the desorption studies of copper(II)

from different sorbents and ion exchangers taking

into account its efficiency, types and concentration.

(More information can be found in Supplementary

Materials.) The other experimental conditions were

following: mass of the sorbent applied for sorption

and desorption studies, mj = 0.5 ± 0.0005 g, volume

of the solutions containing Cu(II)/L (S1, S2, S3) and

volume of the eluting agents applied for desorption

(D1, D2, D3) V = 0.05 L, initial concentration of cop-

per Co = 100 mg Cu(II)/L—sorption studies, initial

concentration of eluting agents, Co = 1 or 2 M—

desorption studies, agitation speed, Vas = 180 spm,

amplitude, A = 8, time of sorption and desorption,

t = 2 h, temperature, T = room temperature.

Desorption studies using various types of eluents

(Fig. 10) have shown that copper ions can be des-

orbed with different efficiencies. The use of mineral

acids for removal of Cu(II) ions from the Lewatit

MonoPlus TP 220 ion exchanger does not give satis-

factory results (the effectiveness of desorption with

acids was in the range from 0.34–10.46% (D1) and

increases with the increasing acid concentration, e.g.

from 2.96%—1 M HNO3 to 9.43%—2 M HNO3 or

from 4.11%—1 M H2SO4 to 10.53%—2 M H2SO4

(D1)). Slightly better results were obtained using

NaOH solutions (9.84%—1 M NaOH, 14.24%—2 M

NaOH). The most effective eluting agent was 2 M

NH4OH, for which the desorption efficiency was

54.38%—1 M NH4OH and 76.41%—2 M NH4OH.

The obtained percentage desorption efficiency in the

first cycle (%D1) causes that NaOH and NH4OH

were selected for the second and third sorption/

desorption studies whose yields are presented in

Fig. 10 b. In %D2 and %D3, the amount of Cu(II)

remaining on the ion exchanger after the previous

step was taken into account, e.g. the amount of Cu(II)

remaining on Lewatit MonoPlus TP 220 in the D1

step was included in %D2 calculations, whereas in

%D3 calculations the amount of Cu(II) remaining on

the ion exchanger after D1 and D2 was included. The

most appropriate eluting agent for copper(II) des-

orption from the ion exchange resin under discussion

was ammonium hydroxide of 2 M concentrations

resulting in 76.92% of Cu(II) desorption in the first

cycle, 69.5% in the second and 45.9% in the third

cycle. Despite not quantitative Cu(II) desorption, the

ion exchanger could be reused again in the next cycle

and still exhibit good sorption properties. After 3

cycles of sorption–desorption (static method), the ion

exchange resin shows high sorption capacity in the

3rd cycle and is still as high as in cycle 1.
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Sorption and desorption test for copper(II)
on/from Lewatit MonoPlus TP 220 using
the column studies

The goal of the column test is to quantify important

parameters which are required to design industrial

scale fixed bed adsorption columns. The sorption

studies of metals by the column method were carried

out from the chloride solutions ((Cu(II), Pd(II), Pt(IV),

Au(III)) and chloride–nitrate(V) ones (Pd(II), Pt(IV),

Au(III)) in order to obtain the breakthrough curves

and calculate sorption parameters. In the case of

copper(II) ions after the sorption process (S1), the

desorption was performed (D1) and then the next

two similar cycles. Some examples of the break-

through curves are presented in Figs. 11, 12 and 13,

whereas the obtained parameters are collected in

Table 6.

The breakthrough curve is one of the most impor-

tant results of a dynamic studies under gravitated

flow conditions on a fixed bed—Lewatit MonoPlus

TP 220. This curve shows relationships between

changes of concentration (C/C0) versus time and

results from different kinetic and thermodynamic

effects. As shown in Figs. 11, 12 and 13, the break-

through curves are characterized by midpoint,

steepness and shape. The mentioned curves are not

ideal, not symmetrical and not possess typical ‘‘S’’

shape. The sorption capacity, selectivity, the mass

transfer of adsorptive molecules into the adsorbent

particles, the sorption rate and inlet concentration

play a key role during the dynamic sorption process

and influence the position and shape of the break-

through curve considerably. The position and shapes

of breakthrough curve contain information about

different scales involved in dynamic sorption and

1 - 1 M HNO3, 2 - 2 M HNO3, 3 - 1 M HCl, 4 - 2 M HCl, 5 - 1 M NH4OH, 6 - 2 M NH4OH; 
7 - 1 M NaOH, 8 - 2 M NaOH, 9 - 1 M H2SO4, 10 - 2 M H2SO4

(a)

(b)

Figure 10 Sorption/

desorption studies of Cu(II)

from Lewatit MonoPlus TP

220 a first cycle of sorption/

desorption (S1/D1) and b its

reuse possibilities—second

and third sorption/desorption

cycles.
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macro-, meso- and microscopic parameters influ-

ences: (a) macroscopic (shape and size of adsorber),

(b) mesoscopic (bed porosity and nature of fixed bed,

shape and size of particles), (c) microscopic (surface

chemistry, textural properties and accessibility).

The volume of solution collected to the break-

through point decreases with the HCl concentration

increase, and then Lewatit MonoPlus TP 220 is char-

acterized by a smaller working exchange capacity

(presented curves moved to the left side and are closer

to point (0,0)). The exceptionally large shift of the

breakthrough curve is observed in the case of Au(III)

when the concentration of HCl changes from 0.1 to

1 M. In this case the working capacity reduction is

36% (Cr changes from 0.164 g/cm3 to 0.105 g/cm3),

whereas in the case of Cu(II) is 2.86%, Pd(II) 22% and

Pt(IV) 22.2%. The highest sorption capacities are

observed in the dilute acidic solution (0.1 M HCl), and

the selectivity series is as follows: Au(III) (0.164 g/

cm3) � Pd(II) (0.104 g/cm3)[Pt(IV) (0.099 g/cm3)-

� Cu(II) (0.0175 g/cm3). In the case of HCl–HNO3

systems, the values of Cr usually grow with the HCl

concentration increase and HNO3 concentration

decrease, e.g. from 0.004 g/cm3 (0.1 M HCl–0.9 M

HNO3; Au(III)) to 0.102 g/cm3 (0.9 M HCl–0.1 M

HNO3; Au(III)). The sorption capacity has significant

impact on the position of the breakthrough curve. By

increasing the sorption capacity (see e.g. Fig. 11 and

breakthrough curve for Au(III)), the breakthrough

curve is shifted to longer breakthrough times (curve

moved to the right) because more Au(III) ions will be

held back by Lewatit MonoPlus TP 220. On the other

Figure 11 Breakthrough curves obtained during the Cu(II)

sorption from 0.1 and 6 mol/L HCl solutions in the first, second

and third cycles, during the metal sorption from 0.1 mol/L HCl

solutions on Lewatit MonoPlus TP 220.

Figure 13 Breakthrough curves obtained during Pt(IV) sorption

from HCl–HNO3 systems on Lewatit MonoPlus TP 220.

Figure 12 Breakthrough curves obtained during the metal

(Cu(II), Pd(II), Pt(IV), Au(III)) sorption from 0.1 and 6 mol/L

HCl solutions on Lewatit MonoPlus TP 220.
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hand, the observed steep shape of breakthrough curve

indicates that sorption kinetics is fast (spontaneous

breakthrough occurs are not observed) (for faster

kinetics the breakthrough curve becomes steeper).

Short local equilibrium times are formed due to fast

mass transfer results in smaller enlargement of the

concentration front (compensation by other effects can

be also observed). Additionally the asymmetric shape

of breakthrough curve can be caused by the thermo-

dynamic effect, by axial dispersion as well as hetero-

geneity of adsorbents [63, 64].

The bed and weight distribution coefficients in the

chloride solutions decrease significantly with the HCl

concentration increase as a results of competitive

effect, whereas in the chloride–nitrate(V) solutions

these parameters do not show clear trend in the

changes with those of HCl and HNO3 concentrations.

After three cycles of sorption–desorption, the S1–D1–

S2–D2–S3–D3 (Cu(II) sorption by Lewatit MonoPlus TP

220 from 0.1, 1, 3 and 6 M HCl) was observed that the

working ion exchange capacities, the weight and bed

distribution coefficients decrease in the second and third

cycles, e.g. Cr (g/cm3) obtained during the Cu(II) sorp-

tion from 0.1 M HCl solutions was 0.0175 (S1), 0.0161

(S2) and 0.0133 (S3), respectively. The desorption curves

(Cu(II) desorption using 2 M NH4OH) in all cases are

characterized by a high desorption peak at the begin-

ning (sharp increase in Cu(II) ions in the solutions after

desorption), then the concentration of Cu(II) in solution

after desorption slowly decreases, and tailing of the peak

is observed. The maximum of peaks is observed after

using 25–35 ml of desorbing solutions in all cases (Cu(II)

sorption from 0.1, 1, 3, and 6 M HCl), and the height of

the peaks decreases with the HCl concentration

increase, e.g. the Cu(II) concentration decreases from

8136.4 mg/L (sorption from 0.1 M HCl) through

7459.0 mg/L (sorption from 1 M HCl), 6222.7 mg/L

(sorption from 3 M HCl) to 1033.9 mg/L (sorption from

6 M HCl). Passing through the column even about 3 L

(2985 to 3335 ml, 2555–3775 ml) or about 2 L

(1660–2280 ml) of the desorbing solution (2 M NH4OH)

due to the tailing of the peak gives in the solution a trace

concentration of Cu(II) ions of 0.39–0.9 mg/L (desorp-

tion cycle 1, D1), 0.08–1.4 mg/L (desorption cycle 2, D2)

or 1.65–1.96 mg/L (desorption cycle 3, D3). The des-

orption process could be observed visually because the

solution after the desorption process changed its colour

from colourless to heavily navy blue (desorption peak

achieved the maximum, Cu(II) concentration in the

eluate was the highest), and then the colour of the

eluate decreased its intensity (increasingly paler blue),

until colourless (trace concentration of Cu(II)). As the

Table 6 Column tests parameters using Lewatit MonoPlus TP 220

System Cr (g/cm
3) Dm Dv

Cu(II)

S1 S2 S3 S1 S2 S3 S1 S2 S3

0.1 M HCl 0.0175 0.0161 0.0133 827.1 693.6 652.6 257.8 216.2 203.4

1 M HCl 0.0170 0.0139 0.0101 768.0 659.0 578.8 239.4 205.4 180.4

3 M HCl 0.0130 0.0109 0.0095 652.6 540.3 431.2 203.4 168.4 134.4

6 M HCl 0.0045 0.0005 0.0002 269.2 200.2 158.5 83.9 62.4 49.4

System Cr (g/cm
3) Dm Dv

S1 S1 S1

Pd(II) Pt(IV) Au(III) Pd(II) Pt(IV) Au(III) Pd(II) Pt(IV) Au(III)

0.1 M HCl 0.104 0.099 0.164 4056.5 4560.8 1862.7 1264.4 1421.6 3697.6

1 M HCl 0.080 0.077 0.105 3332.1 3896.1 5949.6 1038.6 1014.4 1854.5

3 M HCl 0.076 0.065 0.079 3032.1 3078.3 4071.9 945.1 959.5 1269.2

6 M HCl 0.053 0.022 0.068 1923.6 2407.4 3632.7 599.6 750.4 1132.3

0.1 M HCl–0.9 M HNO3 0.070 0.029 0.004 3335.3 2735.3 736.0 1039.6 852.6 229.4

0.2 M HCl–0.8 M HNO3 0.069 0.043 0.042 3328.2 2823.9 6793.1 1037.4 880.2 2117.4

0.5 M HCl–0.5 M HNO3 0.068 0.056 0.044 2943.2 2804.6 4890.6 917.4 874.2 1524.4

0.8 M HCl–0.2 M HNO3 0.075 0.072 0.044 3013.2 3237.7 5002.9 939.2 1009.2 1559.4

0.9 M HCl–0.1 M HNO3 0.079 0.070 0.102 2992.6 332.4 3731.8 932.8 1057.4 1163.2

J Mater Sci (2020) 55:13687–13715 13711



results show, Lewatit MonoPlus TP 220 is character-

ized very good sorption properties for noble metals,

especially for Au(III) and among base metals, e.g.

Cu(II), Co(II), Zn(II), Ni(II) good sorption properties for

Cu(II). Lewatit MonoPlus TP 220 possesses still high

sorption ability for Cu(II) even after 3 cycles of sorp-

tion–desorption [reduction of capacity is small and

equal to 8% (Cw from S1 to S2) and 17.4% (Cw from S2

to S3) (0.1 M HCl)]. In the case of sorption from 1 M

HCl solutions Cr capacity reduction from S1 to S2 and

from S2 to S3 was 18.2% and 27.3%, whereas from 3 M

HCl solutions it was 16.2% and 12.8%. Only in the

more concentrated solutions of HCl (6 M HCl) the

Cr reduction was very high and equal to 88.9% and

60%. As found by Yahorava et al. [65] during the Co(II)

and Cu(II) sorption on the Fiban sorbents, Fiban AK-

22(3) lost its capacity within only 10 cycles of adsorp-

tion and elution, whereas Fiban X-1 retained capacity

over 20 cycles of adsorption and desorption and in this

case the desorption from Fiban X-1 was quantitative.

Desorption efficiency of Cu(II) from SCAM-1 (cellulose

sorbent, surface area = 189.12 m2/g) was 62.1–100%

using a HCl or NaOH solution, whereas using 2 M HCl

almost 100% of the Cu(II) was removed. The sorbent

SCAM-1 is a promising adsorbent for copper removal

from copper-bearing wastewaters because after 10

replications of adsorption and desorption cycles

adsorption capacity is still on a similar level whereas

after 20 or 30 cycles the capacity values reduction was

only 2.6% and 7.2% [66].

Conclusions

Eight sorbents were applied for copper(II) ions sorption

from the chloride and chloride–nitrate(V) solutions.

Sorption studies indicate that Lewatit MonoPlus TP 220

shows the highest affinity for Cu(II) ions compared to

the other ion exchangers under discussion in all exam-

ined HCl and HCl–HNO3 systems and was selected for

future studies. Moreover, the kinetic studies show that

the amount of Cu(II) sorbed on Lewatit MonoPlus TP

220 depends on the time of agitation and the ion

exchanger is characterized by moderately fast kinetics,

the time required to reach equilibrium was higher than

120 min (HCl systems) and higher than 60 min (HCl–

HNO3 systems). Additionally, the sorption of Cu(II) on

Lewatit MonoPlus TP 220 could be described by the

pseudo-second-order kinetic equation (Dq =

4.78–12.53%, v2 = 0.09–0.22). High sorption ability for

copper(II) was also confirmed by the equilibrium

studies [sorption capacity of Lewatit MonoPlus TP 220

towards Cu(II) = 230.2 mg/g and was much higher for

the other sorbents (sorption capacities from 140 to

117.8 mg/g)]. The maximum sorption capacity calcu-

lated from the Langmuir model (Q0 = 221.43 mg/g)

was close to the experimental one indicating favourable

sorption and good fitting of experimental results. The

FTIR studies confirmed the coordinated binding

mechanism during the Cu(II) sorption on Lewatit

MonoPlus TP 220 and on all examined sorbents is anion

exchange, coordinate, electrostatic interaction or mixed.

Selectivity of ion exchange resins towards copper(II)

ions during the simultaneous sorption of Pd(II) and

Cu(II) ions from the acidic solutions increases in the

presence of Pd(II) increase. Lewatit MonoPlus TP 220

shows also a high sorption ability for noble metals from

single and three-component solutions, particularly for

Au(III)—column test). Desorption of Cu(II) from

Lewatit MonoPlus TP 220 was the highest using 2 M

NH4OH (it was not quantitative), but the additional

sorption–desorption tests show that this ion exchanger

is a promising candidate for Cu(II) removal from the

model and real acidic streams.
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[36] Hubicki Z, Kołodyńska D (2012) Selective removal of heavy

metal ions from waters and waste waters using ion exchange

methods, Chapter 8. In: Kilislioğlu A (ed) Ion exchange
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