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Abstract: The development of new, cheaper, and more effective technologies to decrease the amount
of wastewater containing heavy metals and to improve the quality is indispensable. Adsorption
has become one of the alternative treatment methods. A small number of studies focusing on the
batch technique for nickel ion removal by the new generation ion exchangers are described in the
literature. In this paper, the Ni(II) removal from aqueous solutions using the ion exchange resins of
different types was investigated. The experiments were conducted at different HCl and HC1/HNO3
concentrations, and the initial concentration was 100 mg Ni(II) /L. The investigation of the Ni(II)
desorption from the chosen resins were carried out. The Ni(II) removal efficiency and the rate of
removal are shown on the kinetic curves and the rate constants as well as kinetic parameters were
collected and compared. The isotherm parameters were calculated and Fourier-transform infrared
spectroscopy with the attenuated total reflection spectra was performed to determine the nature of
adsorption. The experimental results showed that the Ni(II) percentage removal is high and Lewatit
MonoPlus TP220 could be an alternative for the treatment of nickel(Il) containing wastewaters.

Keywords: nickel removal; adsorption; ion exchangers; water pollution; Lewatit MonoPlus TP220

1. Introduction

Nickel is widely distributed in the environment, and can be found in water, air, soil, or
food because of its natural occurrence in nature and anthropogenic origin (Figure 1). It is
the 24th most abundant metal in the earth’s crust and accounts for about 3% of the earth’s
composition [1,2]. The natural sources of atmospheric nickel include dusts from volcanic
emissions, meteoric dust, weathering of soils and rocks, forest fires, and sea salt spray [3,4].
From 30% to 50% of natural Ni sources are generated by soil particles moved by wind,
blown from eroded areas [5], whereas almost 90% of the global anthropogenic Ni emissions
are generated by oil combustion [6]. About 6-20 ng/m? of nickel is present in ambient air,
whereas air contaminated by anthropogenic sources could include 150 ng/m? of nickel [4].
Solubilization of nickel compounds from soils as well as biological cycles are the main
sources of nickel in water [3]. The content and mobility of nickel in soils depends on its
compound solubility, pH, and soil types [3]. At pH < 6.5, nickel compounds are soluble in
water, whereas at above pH > 6.7, insoluble hydroxides are usually present. Nickel salts
such as chloride, nitrate, and sulfate (salts of strong acids, organic acids) are soluble in
water, whereas metallic nickel, nickel sulfides, and nickel oxides, as well as nickel salts of
weak inorganic acids, are poorly water-soluble [4]. Moreover, the use of pesticides and
fertilizer increases the nickel content in soils and could be a source of heavy metals in food.
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Figure 1. Nickel sources in the environment with division onto natural and anthropogenic origin.

The nickel content in farm soils is in the range from 3 to 1000 mg Ni/kg, soil but in the
soils collected near to metal refineries it could be much higher; in the range from 24,000 to

53,000 mg/kg [3]. The nickel contents in different areas of the environment are presented
in Table 1.

Table 1. Nickel contents in the environment as a result of its natural and anthropogenic emission.

Ni Occurrence

Concentration of Ni References
Baltic water 0.09-1.08 ug/L
river water 0.7 ug/L
water bottled mineral waters 0.71-3.20 ug/L (2]
drinking water fr.om Stal'owa V.Vo¥a 17 ug/L
(an area affected by industrial emissions)
uncontaminated water 300 ng/L
. ambient air 6-20ng/L [3]
ar air (anthropogenic sources) 150 ng/L
farm soils 3-1000 mg/L
soil 0.2-450 mg/kg

soil near metal refineries

. 24,000-53,000 mg/kg
soil dried sludge ]
average content of nickel in Poland 6.5 mg/kg
average content of nickel in the world 13-37 mg/kg
soil affected by industrial emissions from
Stalowa Wola 17.20 mg/kg
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Table 1. Cont.

Ni Occurrence Concentration of Ni References
soil affected by the Bolestaw Mining
and Metallurgical Plant 19.62mg/kg [6]
fertilizer based on dolomite 7.6-396.0 mg/kg
fertilizer
11 types of fertilizer ! 0.4-295.1 mg/kg [7,8]

Where: ! Chloride potassium salt (0.4 mg/kg), Salmag (0.6 mg/kg), Calcium sulfate tetraurea (1.5 mg/kg), Phosphogypsum (4.3 mg/kg),
Triple superphosphate (6.5 mg/kg), Granulate (26 mg/kg), Polifoska B (33 mg/kg), Polifoska 8 (35.1 mg/kg), Polifoska 6 (38 mg/kg),
Polimag 405 (295.1 mg/kg).

Due to its properties, Nickel (Ni) can be utilized in various branches of industry
and applied in many processes, such as electroplating, mineral processing, production
of stainless steel, batteries, metallic alloys, coins, ceramic coloring, and paint [2,9]. The
details of nickel properties, global uses, as well as nickel consumer markets are presented in
Figure 2. As a consequence, huge amounts of nickel-containing wastes, e.g., spent batteries,
catalysts, waste electrical and electronic equipment as well as wastewaters and electrolytes
are generated and leach into the environment [9,10].
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Figure 2. Nickel properties, global uses, and consumer markets.
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Drinking of contaminated water, inhalation of particulates from the atmosphere,
eating of contaminated food, due to the toxic and carcinogenic properties of nickel results
in harmful effects to humans as well as to other living organisms [2]. This metal is capable
of bioaccumulation in the aquatic environment and biomagnifications along the food
chain [9,11,12]. Nickel causes kidney and lung diseases, chronic asthma, cough, pulmonary
fibrosis, gastrointestinal distress (nausea, vomiting, diarrhea), skin dermatitis, nickel-
induced apoptosis, allergy, headaches, cardiovascular diseases, lung and nasal cancer, as
well as epigenetic effects [10-14] (Figure 3). A tolerable daily intake of nickel is equal to
2.8 ug/kg body weight (b.w.) [15]. As is indicate in Figure 3, the maximum contaminant
level (MCL) of heavy metals such as lead (Pb), cadmium (Cd), mercury (Hg), arsenic
(As), chromium (Cr), zinc (Zn) and nickel (Ni) that is allowed in drinking water is in the
range from 0.00003 to 0.8 mg/L (establish by the United States Environmental Protection
Agency, USEPA) [16]. As was suggested by the World Health Organization, the permissible
nickel concentration in drinking water and wastewaters should not exceed 0.02 mg/L and
900 mg/L, respectively [2].

DANGEROUS HEAVY METALS |

BEEEr

MCL (maximum contaminant level):
0.006 mg/L 0.01 mg/L 0.00003 mg/L 0.05mg/L 0.05mg/L 0.8mg/L 0.2mg/L

- Lung and nasal cancer —

a
+

Headaches
Epigenetic effects

Cardiovascular diseases
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Lung problems, chronic
asthma, coughing,

apoptosis, pulmonary fibrosis

. allergy
4 \

Gastrointestinal distress
° (nausea, vomiting,
= I diarrhea)

Kidney damage

Nickel effects on humans

Figure 3. The maximum contaminant level (MCL) of heavy metals that is allowed in drinking water
established by the United States Environmental Protection Agency (USEPA) and the effect of nickel
on the human body.

Taking into account nickel deficit due to its large demand by different industrial
sectors, its widespread dispersion and persistence in the environment, and toxic effects on
living organismes, its recycling and reuse is essential from the economic (new sources of
valuable metal) as well as ecological (environment protection, wastes reduction) points of
view. Despite of some technologies proposed for reclamation of solid matrices containing
nickel, e.g., phytoremediation, solvent extraction, immobilization [17,18], etc., the most
effective way to avoid nickel diffusion in the environment is its removal from industrial
effluents using efficient treatment methods [2,19,20]. Nickel is removed by using various
physicochemical methods such as coagulation, flocculation [21], electrocoagulation [22],
co-precipitation [23], reverse osmosis, electrodialysis [24], ultrafiltration, complexation [25],
membrane separation [26], adsorption [27], and ion exchange [28]. These techniques have



Processes 2021, 9, 285

50f24

notable limitations, such as incomplete removal, low efficiency, high operating and capital
costs, sensitivity to operating conditions, generation of by-products, and excess sludge,
which require further treatment; therefore, only few of them are suitable for application
on a large-scale [2,19,20,29-34]. A comparison of treatment methods applied for nickel
removal both with their advantages and disadvantages are presented in Figure 4. Adsorp-
tion, due to its advantageous such as cost-effectiveness, efficiency, easiness of application,
effectiveness, high adsorption capacities of polymeric adsorbents, applicability for low
pollutant concentrations, and non-toxic by products, is already applied in nickel removal
from wastewaters [2,29,30,33-35]. A large amount of adsorbents, both inorganic and or-
ganic, were studied for Ni(II) ion removal from aqueous solutions, such as carbonaceous
materials (coal, lignite, commercial activated carbon, activated carbon from waste mate-
rials), industrial and agricultural wastes (fly ash, sugarcane bagasse, red mud, sludge,
peels, brans, barks, coir pith, tea), polymeric adsorbents (biopolymers, synthetic polymers),
mineral adsorbents (clay, zeolite, siliceous materials) and bio-adsorbents (algae, fungi,
bacteria) [2,33,35-41].
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« cost of sorbent

Advantages:

cost-effectiveness

low time consuming

fast kinetics

highly effective

technologically simple

wide range of adsorbents

wide types of contaminants removal

+ [ lon exchangers ] ]
Advantages:

efficient for effluents of different concentration| Disadvantages:
wide operating pH range
high capacity

good selectivity

does not present any sludge
disposal problems

possible regeneration
recovery of valuable metals

« cost of ion exchanger

* not quantitative regeneration

« regeneration is time-consuming

« easily fouled by organic substances

» physicochemical pre-treatment needed
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* high surface area * rapid saturation

* loss of materials during regeneration
« clogging of the reactors
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+ [ Low cost adsorbent ] .
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- simple design . Ilmltgd to (_:ertaln concentration
« low initial cost * required disposal

* poor capacity
Figure 4. Comparison of nickel containing wastewaters treatment methods.

The aim of this study was the applicability of various adsorbents, with particular con-
sideration of new generation ion exchangers: Purolite S984 (5984), Lewatit MonoPlus TP220
(TP220), Purolite A830 (A830), Lewatit MonoPlus SR7 (SR7), Purolite A400TL (A400TL),
Dowex PSR2 (PSR2), Dowex PSR3 (PSR3) and Lewatit AF5 (AF5) for nickel removal from
acidic solutions (0.1 M—6.0 M HCl and 0.9-0.1 M HC1/0.1-0.9 M HNO3 systems).

The adsorption efficiency of Ni(II) onto selected adsorbents was studied in this paper,
as well as previously published ones [42-45], to choose the most efficient adsorbent for
Ni(Il) removal. The equilibrium studies, calculations with kinetic and isotherm models, des-
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orption studies, FTIR-ATR spectra analysis of TP220 after Ni(II) adsorption, and proposed
mechanism of Ni(II) adsorption are presented in this paper.

Nickel is frequently recovered from nickel-based solid waste (spent batteries, used
catalysts, alloy scraps) as well as from high-Ni content solutions generated during tech-
nological processes. Nickel could be effectively removed from aqueous solutions using
physicochemical techniques, but in the case of solids wastes, such materials must be hy-
drometallurgy treated (leached into a solution and subsequently recovered from it) or
pyrometallurgy treated (thermal treatment). During the leaching procedure, HCl, aqua
regia, HNO3, H,SO4, H504—H;0O; of different concentrations [11] were used; therefore,
the compositions of the solutions under discussion were selected in such a way to reflect
the real wastewaters.

2. Materials and Methods
2.1. Materials

The stock (10,000 mg Ni(II) /L) and working solutions used for kinetic studies (100 mg
Ni(II) /L), isotherm studies (100-10,000 mg Ni(II) /L) and desorption (1 and 2 M HNO;,
HCI, H,SO4, NH4OH, NaOH and NaCl) were prepared using the chemical compounds of
analytical grade purchased from the POCh S.A. company (Gliwice, Poland). The working
solutions used for sorption were prepared by dilution of the stock solutions obtained by
weighing a proper amount of solid NiCl, x 6H,O and dissolving it in 0.1 M HCl and dis-
tilled water. The required volumes of 36-38% HCl as well as 36-38% HCl and 65% HNO3
were also added to obtain the desired acids concentrations (the chloride solutions: 0.1; 1.0;
3.0 and 6.0 M HCl and the chloride—nitrate(V) solutions: 0.1-0.9 M HC1/0.9-0.1 M HNO3).
The presence of nickel complexes in the hydrochloric acid solutions, i.e., the chemical speci-
ation of nickel (HCI-Ni), was modelled using the HYDRA-MEDUSA chemical equilibrium
software for Windows (version: August 2019). In HYDRA (Hydrochemical Equilibrium
Constant Database), the components for presented systems such as nickel species and their
formation constants were obtained, then with MEDUSA (Make Equilibrium Diagrams
Using Sophisticated Algorithms), the diagram for nickel in HCI solutions was obtained.
During preparation of the solutions for isotherm studies similar procedure as in the kinetic
once was applied whereas the desorption solutions were prepared by adding the proper
volume of mineral acid, ammonium hydroxide, sodium hydroxide or sodium chloride
into the volumetric flask and diluted or dissolved by distilled water. The concentration of
eluting agent solutions was 1.0 or 2.0 M. The adsorbents for nickel removal from the acidic
solutions, i.e., S984, TP220, A830, SR7, A400TL, PSR2, PSR3 and AF5, were cleaned by
decantation before use to prevent from mechanical contamination, and then rinsed several
times with distilled water or treated with 1 M hydrochloric acid to convert from the free
base form to the chloride form, and then washed with distilled water. The commercial
adsorbents characteristics are given in Table 2.

Table 2. Characteristics of the adsorbents applied for screening test for Ni(Il) removal [46,47].

Mean Bead Total Water
Name Type Matrix Structure Functional Groups . Capacity = Retention
Size (mm) o
(val/L) (%)
5984 Chelating ion Cross—hnkfed Macroporous Polyamine - 2.7 44-55
exchanger polyacrylic
TP220 Chifstil? igcﬁakly Cross-linked /o o borous ]31ks>;1so(lzc-O lyi?gl 11r-1e, 0.62 22 48-60
polystyrene p pyrey (£0.05) ’

exchanger

methyl)amine
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Table 2. Cont.

Mean Bead Total Water
Name Type Matrix Structure Functional Groups . Capacity  Retention
Size (mm)
(val/L) (%)
A830 Weaklybasic  Crossfinked 0 o\oirons Complex amine 03-12 275 47-53
anion exchanger polyacrylic
. r Quaternary
SR7 S’Frongly basic Cross-linked Macroporous ammonium, 0.57-0.67 0.6 59-64
anion exchanger  polystyrene
type 3
. r Quaternary
A400 S’Frongly basic Cross hnk.ed Microporous ammonium, 0.425-0.85 1.3 48-54
TL anion exchanger polyacrylic
type 1
Strongly basic Cross-linked Quaternary
PSR2 . &Y Microporous ammonium, type, 0.3-1.2 0.65 40-48
anion exchanger  polystyrene ) :
tri-n-butyl amine
. s Quaternary
PSR3 S’Frongly basic Cross-linked Macroporous ammonium, type, 0.3-1.2 0.6 50-65
anion exchanger  polystyrene - .
tri-n-butyl amine
Adsorbent
AF5 without Carbonaceous Microporous - 0.4-0.8 - 48-60

functional group

Prices of ion exchangers are affected by their types, quality, and spherical bead size.
Usually, the price of cation exchange resins (strong and weak acid) ranges from USD 1.4
to USD 7.1 per 1 L, whereas anion exchange resins (strong and weak base) range from
USD 4.6 to USD 7.1 per 1 L. Type 2 resins are generally more expensive than type 1 resins.
The chelating ion exchange resins price range from USD 17.7 to USD 70.7 and above per
1L [48,49].

2.2. Batch Adsorption Studies

In the batch adsorption experiments, the effects of the phase contact times, acid
(HCl, HNO3), and Ni(II) concentrations were investigated as factors determining Ni(II)
adsorption. The volume of the liquid phase was 50 mL, and the mass of adsorbent was
equal to 0.5 £ 0.0005 g. All adsorption experiments were performed at 25 °C using the
laboratory shaker Elpin 358+ (Poland) at 180 rpm (rotations per minute), amplitude 8. After
the separation of Ni(II) solutions from the adsorbent phase by filtration (qualitative medium
filter paper) using Atomic Absorption Spectroscopy (ASA) absorption, a Varian AA240FS
spectrometer with SIPS autosampler (Varian, Australia) was used for determination of the
Ni(II) concentration after sorption (measurement parameters: wavelength 232.0 nm; lamp
current 4 mA; slit width 0.2 nm; and the air/acetylene flow 13.5/2 L/min).

2.2.1. Kinetic Studies

Using the chosen adsorbents, the Ni(II) uptake was examined as a function of time
(1-240 min.) and acid concentrations (0.1 M, 1.0 M, 3.0 M and 6.0 M HCl, as well as 0.1 M
HC1/0.9 M HNO3, 0.2 M HC1/0.8 M HNO;3, 0.5 M HC1/0.5 M HNO;3, 0.8 M HC1/0.2 M
HNO;3, 0.9 M HC1/0.1 M HNO3) in order to explore the rate-controlling mechanism. The
amount of Ni(II) sorbed by the adsorbents at time ¢ was calculated from the equation:

(G- )
qr = - 4 1
where Cy and C; (mg/L)—the Ni(Il) concentration in the solution before and after the
sorption time t, respectively; V (L)—the volume of the Ni(Il) solution; and m (g)—the mass
of the adsorbent.
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The pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffu-
sion (IPD) kinetic models [50,51] were applied for description of the experimental data
as follows:

dqt

= k(e —aqr) 2)

d

% = k2(qe — 1) 3)
gt = k;t'/? (4)

wher g, and g; (mg/g)—the Ni(Il) amounts sorbed at the equilibrium and at any time £; k;
(1/min) and k; (g/mg min)—the rate constants of sorption determined from PFO and PSO
equations, respectively; k; (mg/g min®5)—the intraparticle diffusion rate constant.

2.2.2. Equilibrium Studies

Series of Ni(Il) solutions of the increasing metal ions concentrations from 100 to
10,000 mg Ni(I) /L in 0.1 M HCl were prepared. The equilibration time was established as
24 h. The amounts of Ni(Il) sorbed at equilibrium, denoted as the sorption capacities (g.) of
selected adsorbents, were calculated from the equation:

(Co— Ce)
9Qe = —— 14 ®)
where Cy and C, (mg/L)—the Ni(II) concentrations in the solution before and after the
sorption at equilibrium, respectively; V (L)—the volume of Ni(II) solution; and m (g)—the
mass of the adsorbent.

In order to explain the relationship between the Ni(II) concentration in the solution
and sorbent phase at equilibrium, four isotherm models were chosen to describe the
experimental data, i.e., the Langmuir, Freundlich, Temkin and Dubinin—-Raduskievich
models [52]. The non-linear forms of the above-mentioned models are as follows:

ge = kpC./" ©6)
kLQOCe
— ¢ 7
e 1+ CekL ( )
Ge = glnACg (8)
T
e = QmekDREZ )

where kr (mg!~1/? L1/7/¢) and n—the Freundlich constants related to the adsorption
capability and adsorption intensity, respectively; k; (L/mg)—the constant parameters of
adsorption equilibrium; Qg (mg/g)—the monolayer adsorption capacity; br (J g/mol mg)
—Temkin constant related to the heat of adsorption; A (L/mg)—the Temkin isotherm
equilibrium binding constant; g,,, (mg/g)—the maximum adsorption capacity; kpgr (mol® J?)
—constant related to the adsorption energy; e (J/mol)—the adsorption potential calculated

ase = RTIn [1 + C%} ; R—the gas constant (8.314 ] /mol K); and T (K)—the temperature.

2.2.3. Error Analysis

All adsorption experiments were performed in triplicates. The mean values of the
results were used for data evaluation. The standard deviation did not exceed 3-5% in
all cases. Non-linear methods for the calculation of kinetic and equilibrium adsorption
parameters were applied using the software Microsoft Excel 2013 with Solver add-in.
Based on the values of Marquardt’s percent standard deviation (MPSD), the determination
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coefficient (R?) and the adjusted R-squared (Rgdj) of the best fitted model was proposed.
The above-mentioned parameter can be determined using the following equations [53,54]:

MPSD — i(%exp_qecal)Z (10)
i=1 e exp i
2
R2—1_ Z(qg exp — Ye cal) (11)
Z(Qe exp — Ye mean)2
1-R*)(n—1
Rl =1- [( n_l)((_l )] (12)

where g exp (mg/g)—the amount of Ni(II) sorbed at equilibrium; g, ., (mg/g)—the amount
of Ni(II) sorbed calculated from the non-linear models; ge mean (Mg/g)—the measured by
the means of g cxp values; n—the points number in data sample; and k—the number of
independent regressors.

2.2.4. FTIR-ATR Analysis

The Fourier-transform infrared spectroscopy with attenuated total reflection (FTIR-
ATR) technique was used for the recorded spectra of adsorbents under discussion using
the Agilent Cary 630 FTIR spectrometer. The above-mentioned spectra were recorded in
the frequency range from 400 to 4000 cm ™! for the adsorbents before and after the Ni(II)
adsorption. The FTIR-ATR technique was used to confirm and identify the presence of
functional groups in the adsorbents used, as well as to provide information about possible
Ni(Il) interactions with the functional groups.

2.2.5. Batch Desorption Experiments

Regeneration of the adsorbent with the highest sorption capacity for Ni(Il) ions was
performed in three sorption-desorption cycles. The sorption-desorption cycles were
performed using the batch technique (laboratory shaker Elpin 358+, Poland) and applying
the following parameters: m = 0.5 & 0.0005 g, V =50 mL, T = 25 °C, amplitude and rotary
of shaking: 8 and 180 rpm, respectively. The solutions of the compositions 100 mg Ni(II)/L
in 0.1-6.0 M HCl and 0.1-0.9 M HC1/0.9-0.1 M HNO3 were used in each sorption step, and
then Ni(II) concentration in the sorbent phase was calculated. Regeneration was carried
out using the samples of adsorbent uploaded with Ni(Il) ions, which were shaken for 2 h
with 50 mL of the eluting solutions such as HNO3, HCl, H,SO4, NH4OH, NaOH, NaCl of
the 1.0 M and 2.0 M concentrations. The amounts of Ni(II) desorbed form the adsorbent
phase were determined in the liquid phase using the AAS measurements. Desorption of
Ni(I) ions as a percentage (D) was calculated using the equation:

D= Mdes o 100% (13)
Myds

where m,,; (mg)—the mass of Ni(II) desorbed; 1,4, (mg)—the mass of Ni(II) adsorbed.

3. Results and Discussion
3.1. Effect of Phase Contact Time and Acids Concentration on Ni(Il) Adsorption

A series of shaking time studies for Ni(II) ions was carried out with 100 mg/L initial
metal concentration at 25 °C and different HCl and HNOj3 acids concentrations (HCI (M):
0.1;1.0; 3.0; 6.0, HCI (M)/HNO3 (M): 0.1/0.9; 0.2/0.8; 0.5/0.5; 0.8/0.2; 0.9/0.1). The effect
of phase contact times ranging from 1 min to 240 min on the Ni(II) adsorption was also
examined. The adsorption of 100 mg/L concentration of Ni(II) onto selected adsorbents for
4 h was studied in this paper and compared to the results obtained previously [42—45] to
choose the most efficient adsorbent for Ni(II) removal. The results are compared in Table 3,
and presented in Figure 5 (chosen examples).
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Table 3. Adsorption capacities obtained during the Ni(II) adsorption, g, (mg/g) for 240 min of phase contact time from the
chloride solutions (where: * references this paper).

HCl (M) HCI (M)/HNO3 (M)
Adsorbent Ref. Ref.
0.1 1.0 3.0 6.0 0.1/0.9  0.2/0.8 0.5/0.5 0.8/0.2 0.9/0.1
5984 4.95 4.83 5.52 4.74 [42] 5.43 4.93 4.75 5.27 6.41 [42]
TP220 6.24 4.93 4.68 4.89 [43] 4.88 4.93 491 5.00 4.95 [43]
A830 4.60 4.85 4.53 5.02 * 4.59 4.49 4.36 4.40 4.53 *
SR7 4.56 4.74 4.87 4.82 * 4.55 4.44 4.25 4.34 4.32 *
A400TL 4.72 4.79 491 4.76 * 4.17 4.40 4.30 3.92 4.02 *
PSR2 3.70 3.29 4.36 414 [44] 4.78 4.75 4.76 4.69 4.78 *
PSR3 4.73 4.82 4.53 3.92 [44] 4.69 4.78 457 4.60 4.64 *
AF5 4.89 4.76 4.73 4.72 [45] 4.83 4.90 4.84 5.00 4.88 [45]
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8 | 8
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Figure 5. Cont.
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Figure 5. Effect of phase contact time on Ni(II) adsorption on (a) A830; (b) SR7; (c) A400TL from the chloride 0.1-6.0 M
HC1-100 mg Ni(II) /L and (d—f) 0.1-0.9 M HC1/0.9-0.1 M HNO3-100 mg Ni(II) /L.

It was observed that, for seven adsorbents (5984, A830, SR7, A400TL, PSR2, PSR3 and
AF5), Ni(Il) ion adsorption did not increase gradually at the beginning of the adsorption,
but the amount of Ni(I) adsorbed at time ¢, as well as the adsorption capacities, reached
similar values in the phase contact time ranging from 1 min to 240 min. On the other
hand, in the case of TP220 ion exchanger (adsorption from the diluted HCl solutions), the
amount of Ni(Il) adsorbed at time t increased with the increasing phase contact time, and
at 60 min of phase contact time, a sharp increase in g; values was observed. The adsorption
capacity towards Ni(Il) was the highest for TP 220 and 0.1 M HCl. Moreover, comparing the
adsorption capacities collected in Table 2 can conclude that TP220 showed the highest Ni(II)
adsorption ability in most cases. At 240 min of phase contact time, the Ni(II) percentage
removal (%R):

(Co—Cr)
Ct

where Cy (mg/L) and C; (mg/L) are the Ni(Il) concentrations in the solution before and
after the sorption at time f, respectively,. This value was the highest for TP220 and equal
to %R = 62.4%, whereas for the other adsorbents these values were in the range from 32.9
to 55.2% for the HCl system. Additionally, the highest adsorption ability towards Ni(Il),
similar to TP220, was exhibited by the 5984 adsorbent from the HC1/HNOj3 systems (the
percentage removal was approximately 50-65%).

The time required to reach system equilibrium was above 240 min for TP220 [43],
whereas in the case of other adsorbents the g; values remained at a similar level at 1 min as
well as at 240 min of phase contact time. As pointed out by Uzun and Guzel [55], the time re-
quired to reach equilibrium (f;) during the Ni(II), Mn(II), Fe(II), Cu(II) adsorption on Merck
2514 activated carbon was equal to 134 h for Ni(Il) (in =1 g, V=50 mL, Cy =200 mg/L,
140 rpm) whereas during the Ni(I) adsorption on raw and modified Filtrasorb-400 by

%R = 100% (14)
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potassium bromate t,; = 120 min (V = 400 mL, 1000 rpm) [56]. Adsorption of Ni(II) or
separation was also carried out on ion exchange, resins e.g., Amberlite IRA-900 and a novel
silica-based anion exchanger, AR-01 (Co(Il), Ni(Il) and Cu(II) from the nitrite solution) [57],
anion exchange Amberjet™ 4200 Cl and cation exchange Amberjet™ 1200 H [58], anion
exchanger D301R [59], and chelating Purolite S950 resin [60], but the time required to
reach the system equilibrium was not determined. Adsorption of Ni(Il) in the presence of
complexing agents on the polyacrylate anion exchangers Amberlite IRA 458, Amberlite
IRA 958 and Amberlite IRA 67 showed that the curve kinetics reached the plateau at the
time greater than 30 min [61]. Effect of acid concentration were not observed in the HCl or
HCl/HNOg; systems. The g; values were similar to those of the adsorption capacities in all
examined aqueous solutions. Adsorption of Co(Il), Ni(Il), and Cu(Il) from the nitrite solu-
tions by anion exchangers was insignificant at the nitrite concentrations below 0.1 M, and
then very slight increase in Ni(II) adsorption with the increasing concentration of nitrate
ions was observed [57]. The experimental results obtained during the Ni(Il) adsorption
on 5984, A830, SR7, A400TL, PSR2, PSR3 and AF5 adsorbents were modelled using the
pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion (IPD)
kinetic models (Equations (2)-(4)). Taking into account the shape of kinetic curves and the
arrangement of the experimental points, it was possible to calculate kinetic parameters
at 0.1 M HCl using TP220 which exhibited the highest %R and adsorption capacity. The
kinetic parameters were calculated and based on error analysis such as Marquardt’s percent
standard deviation, determination coefficient, and adjusted R-squared values; then, the best
fitted model was proposed. The obtained kinetic parameters as well as the errors values are
collected in Table 4, whereas the fitting plots are presented in Figure 6. The mechanism of
Ni(Il) adsorption depends on the structure and functional groups of the adsorbent as well
as on the physicochemical characteristics of the solute and adsorbent. The pseudo-first-
order and pseudo-second-order kinetic models were based on the different assumption:
PFO on the physisorption process, and PSO on the chemisorption process [50,51].

Table 4. Kinetic parameters for the Ni(II) adsorption from the 0.1 M HCI chloride solutions by TP220.

Intraparticle

Parameters Pseudo-First Order Pseudo-Second Order Diffusion Model

Jeexp = 6.24 Mg/ g

e ca1 (Mg/ ) 5.20 5.31 5.52
k1 (1/min) 2.75 - -
k; (g/mg min) - 1.22
k; (mg/g min®5) - - 0.05
MPSD 0.0748 0.0631 -
R? 0.9131 0.9280 0.6869
Rzadj 0.8883 0.9074 0.5974

The PFO kinetic model did not adjust during the whole range of phase contact times,
whereas the PSO could be applied in the whole range of adsorption. From a physico-
chemical point of view, the PFO model was expected when adsorption was limited by
the molecules transport from the solution to the adsorbent (film diffusion) or when this
transport was not the rate-limiting step [62]. The PSO kinetic equation can be used as
an estimation of the adsorption capacity based on the extrapolation of the kinetic data
q¢ (g > 80% ge) [63]. Taking into account the kinetic parameters obtained for PFO and
PSO, it was found that the determination coefficient as well as the adjusted R-squared
values were slightly higher for the PSO model (R? = 0.9280, Rzad]- = 0.9074) than for PFO
(R? =0.9131, Rzad]- =0.8883), whereas the MPSD was lower for the PSO model. Comparing
the gexp values (gexp = 6.24 mg/g) with the calculated g, results (PFO g,y = 5.20 mg/g, PSO
Jexp = 5.31 mg/g), a slightly higher compatibility between gy, and g, was observed in the
case of the PSO model. Taking into account the above-mentioned parameters, the error
analysis, as well as the fitting plot (Figure 5), it can be concluded that neither PFO nor
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PSO kinetic models can be applied for describing Ni(II) adsorption on TP220; however,
the better-fitting was found in the case of the PSO model. Taking into account the IPD
model, which is frequently used to predict the rate controlling step, it was found that the
intraparticle diffusion rate constant was equal to 0.05 mg/g min®®. Comparing the R?
value obtained for IPD, which was equal to 0.6869, to the other values obtained for PFO
and PSO, it was much smaller; therefore, the intraparticle diffusion may not be the only
rate-limiting step—the film diffusion may also be limiting as well. The kinetics of Ni(II)
adsorption on Amberlite IRA 458, Amberlite IRA 958, and Amberlite IRA 67 with the
non-biodegradable complexing agents followed the pseudo second-order rate expression
(R% = 0.999 for PSO, R? = 0.663 (IRA 458), R? = 0.952 (IRA 958), R? = 0.742 (IRA 67) for
PFO, R? = 0.526 (IRA 458), R? = 0.490 (IRA 958), R? = 0.793 (IRA 67) for IPD) [61], similar
to the Ni(II) adsorption on the above-mentioned ion exchangers with a biodegradable
complexing agent, e.g., IDS (sodium salt of N-(1,2-dicarboxyethyl)-D,L-aspartic acid) (R? in
the range from 0.999 to 1.000 for PSO, from 0.592 to 0.822 for PFO as well as from 0.637 to
0.682 for IPD) [40].
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Figure 6. Influence of phase contact time on the Ni(II) uptake (Cy = 100 mg/L) by TP220 with non-linear (NL) fitting of (a)
PFO, (b) PSO and linear fitting of (c) IPD kinetic models to the experimental data.

3.2. Equilibrium Studies

Determination of adsorption capacities (g.) towards a given pollutant such as Ni(II)
ions, is a key step of the adsorption process. Determination of these values makes it
possible to assess the suitability of a given material as a potential adsorbent, which may



Processes 2021, 9, 285

14 of 24

imply its use in industrial installations. The magnitude of these values is influenced not
only by the properties of the adsorbent, such as chemical composition, specific surface area,
type of functional groups, and porosity, but also the properties of the adsorbate and the
nature of the interactions between the adsorbent and the adsorbate at equilibrium. The
dependence of g, vs. C, in the selected investigated systems is presented in Figure 7. The
shape of the presented isotherms corresponds to type II of the [IUPAC adsorption isotherms
classification that reflects adsorption on the macroporous materials, and weak and strong
interactions in the adsorbate-adsorbent are considered.
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Figure 7. Equilibrium sorption isotherms of Ni(II) on (a) TP220, (b) A830, (c¢) SR7, and (d) AF5 adsorbents, and the
fitting of experimental points to the Freundlich, Langmuir, Temkin and Dubinin—-Radushkevich isotherm models using the

non-linear regression.

The four most frequently used isotherm models (Freundlich, Langmuir, Temkin, and
Dubinin-Radushkevich) were chosen for description of the Ni(II) sorption on the chelating
(TP220, S984), weakly (A830), and strongly (SR7, PSR2, PSR3, A400TL) basic resins, as
well as activated carbon (AF5). Characteristic parameters of the Freundlich, Langmuir,
Temkin, and Dubinin-Radushkevich isotherm models were calculated using the non-linear
regression and are listed in Table 5.
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Table 5. Parameters of Frendlich, Langmuir, Temkin, and Dubinin-Radushkevich isotherm models calculated for the

adsorption systems.

Adsorbents
Model Parameters

S984 TP220 A830 SR7 A400TL PSR2 PSR3 AF5

< kr 0.0479 2317 0.070 0.0096 0.0260 0.0363 0.0376 0.0169
= 1/n 1.081 0.629 1.031 1.299 1.165 1.118 1.108 1.224
= MPSD 0.272 0.079 0.097 0.905 0.248 0.368 0.212 0.582
3 R? 0.982 0.986 0.987 0.927 0.969 0.881 0.962 0.929
- R, 0.977 0.983 0.984 0.909 0.961 0.852 0.952 0.911

- ky 2.07 x 1076 0.0011 227 x107%  130x 107 1.72x107® 130x 107® 1.91x107® 130 x 107

5 Qo 38,371.1 408.98 38,322.8 38,322.8 40,472.9 38,682.4 38,604.4 38,322.7
& MPSD 0.474 1.002 0.123 3.119 0.944 0.737 0.538 2.153
& R? 0.986 0.901 0.989 0.965 0.978 0.892 0.970 0.947
- RZ,; 0.983 0.877 0.986 0.956 0.972 0.865 0.962 0.934
br 48.05 49.74 41.78 39.72 48.29 46.19 45.56 43.75

= A 0.0061 0.0256 0.0052 0.0048 0.0055 0.0054 0.0053 0.0052
E MPSD 1.921 2.089 1.797 1.672 1.942 1.894 1.837 1.756
& R? 0.900 0.858 0.906 0.926 0.882 0.850 0.908 0.877
RZ,; 0.875 0.823 0.883 0.907 0.852 0.813 0.884 0.846

= Gm 183.86 208.12 121.59 107.8 90.41 141.33 165.63 144.56

L i kpr 0.0048 0.0086 0.0282 0.0263 0.0216 0.0374 0.0458 0.038
gy E 3.237 7.605 4.178 4.359 4.811 3.655 3.304 3.624
g @ MPSD 4.391 4.889 4.266 4.602 4.708 4.533 4.297 4.389
Sk R? 0.773 0.706 0.680 0.689 0.606 0.698 0.767 0.711
~ R? 0.717 0.632 0.600 0.612 0.508 0.623 0.709 0.639

adj

Where: kg (mglfl/n Ll/“/g), kr (L/mg), Qp (mg/g), br (J g/mol mg), A (L/mg), gm (mg/g), kpr (mol? J?), and E (J/mol).

Analyzing the data presented in Table 5 and Figure 7, the smallest MPSD values and
the highest R? and R?;. values—among the applied isotherm models—were calculated
using the Freundlich equation. The model takes into consideration the multilayer adsorp-
tion in the system and proceeds on a heterogeneous surface of unequal energetic active
sites with a different binding energy. The Freundlich model is based on physisorption.
The highest kr value was calculated for the TP220 chelating resin, and was found to be
2.317 mg!~1/" L1/n /o The parameter 1/n describing the intensity of adsorption was 0.629
for the Ni(II)—TP220 system and ranged from 0 to 1, which points to favorable adsorption,
whereas in the case of other systems, this value was greater than 1 (unfavorable adsorption).
The %R values were calculated to be 62.4% in 100 mg Ni(II) /L—0.1 M HCI—TP220 and
confirmed the favorable uptake of Ni(II) ions by TP220.

For the Langmuir adsorption model assuming the monolayer adsorption, the MPSD
values were greater than for the Freundlich model.

Analyzing of the distribution of experimental points in Figure 6, as well the results
of error analysis, it can be stated that the Langmuir model describing the monolayer
adsorption cannot be applied for description of the equilibrium sorption data of Ni(II) on
the different types of resins.

The Temkin isotherm model was firstly applied for hydrogen adsorption onto plat-
inum electrodes in an acidic medium and assumes that the adsorption heat of molecules in
the surface layer declines linearly rather than logarithmically. The by and A values were
in the range of 39.72-49.74 ] g/mol mg and 0.0048-0.0256 L /mg, respectively. However,
the R? (from 0.850 to 0.926) and Ri 4j (from 0.813 to 0.907) values obtained for the Temkin
isotherm model were smaller than for the Freundlich model.

The Dubinin—-Radushkevich isotherm model was proposed for the adsorption process
related to micropore volume filling as opposed to the layer-by-layer adsorption on the
pore [64]. Moreover, the kpr parameter enables estimation of the mean free energy E of
adsorption. This value, on the other hand, allows the assessing of the type of the adsorption.
When the magnitude of E is smaller than 8 kJ/mol, the adsorption process has physical
character, and when E is between 8 k] /mol and 16 kJ /mol, the process is a chemical reaction.
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In the investigated systems, the g,,, parameters indicating the maximum sorption capacities
for the resins and activated carbon were equal to 90.41-208.12 mg/g and 144.56 mg/g,
respectively, and did not match well the experimental data. The mean free energies were in
the range of 3.237-7.605 J/mol, which revealed the physical character of Ni(II) ion binding
by the adsorbents. However, these data cannot properly reflect the Ni(II) ion retention by
the resins, and AF5 as the highest values of MPSD and the lowest values of R? and R2,; j
were obtained for the Dubinin—-Radushkevich model compared with the others.

Based on the obtained equilibrium data, Figure 8 presents a possible mechanism of
Ni(II) retention by the resins of various basicity values of the functional groups in the
acidic medium.
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Figure 8. Mechanism of Ni(II) adsorption on the applied sorbents.

In order to assess and explain the adsorption capacity of the adsorbents, it is neces-
sary to consider the complexes that can be formed in the hydrochloric acid solutions, as
well as the nature and physical properties of the adsorbents under discussion. Based on
the literature, spectrophotometric and anion-exchange measurements [43,61,65,66] in the
hydrochloric acid system nickel ions form complexes with the chloride and hydroxide ions.
Most of nickel exist as Ni%* up to 5 M HCI [66,67], but in aqueous solutions at chloride
concentrations up to 0.66 M, the formation of nickel complexes such as NiCl* and NiCl,
starts (Ni?* + Cl~ = NiCl*, equilibrium constant reported by the Russian Academy of
Science, K = 2.1265; Ni** + 2Cl~ = NiClpoq K = 5.9237) [55]. The NiCl* concentration
gradually increased with the increasing concentration of HCl, whereas the concentration
of Ni?* decreased (Figure 9) [66]. With the hydrochloric acid concentration increase, the
absorption spectrum general shift to longer wavelengths and octahedral complexes such
as [NiCl x 5H,O]* and [NiCl, x 4H,0] can be formed (substitution of water molecules by
the chloride ions in the first coordination sphere of the [Ni x 6H,0]%* ion). The formation
of anionic nickel(IT) chloro-complexes [NiCl4]?~ in the concentrated HCl solutions is not
clearly stated [55]. The nickel ion reacts also with the hydroxide ion to form the complexes
of the following composition: NiOH*, Ni(OH)2.q, Ni(OH)3", NiOH>*, and Nis(OH)4**,
but at the high concentration of HCI the hydroxide ion concentration is so low that the
formation of nickel hydroxide complexes can be neglected. The mass and charge balance
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equations obtained for the strong HCI solution by Lee and Nam [67] were the following:
[Clltotar = 2[NiCly Jtota1 + [HCHtota1 = [CI] + [NiCI*] + 2[NiClpaq]; [Niltotar = [NiCla Jrota1 =
[Ni#*] + [NiCI*] + [NiCly,q] and [H*] = [HCl];otar.

—_—

q Ni [Ni2+]TOT= 1.7mM  NiCl,
0.8 Ni2* L
s 0.8
o .
- L
o 0.6
B §0.6"
o 04 s
o 0.4
= 0.2 NiCl: i
[ bt B ey 02+
_’_—l’( -
0 oL NN
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Figure 9. Distribution of nickel species in the HCI solution (a) with NiCl, of 1.0 molality, (b) with Ni2* of 1.7 mM
concentration depending on the total concentration of C1~ ions.

Moreover, Table 6 makes a comparison of the sorptive properties of investigated
materials with the data published in the literature possible.

Table 6. Equilibrium parameters of Ni(II) sorption on various adsorbents based on the literature review.

Sorbent Isotherm Model Equilibrium Parameters Ref.
kr=0.36-0.98L/g,
Activated carbons from the doum seed Freundlich T = room temperature, pH =7, [36]
ad.=5g/L
Expanded graphite decorated with . ge = 0.0065 mg/g,
manganese oxide nanoparticles Langmuir T=25°C,ad. =05g/L, [37]
. e ge=123mg/g,
Lewat.1t TP207 (ghelatmg 1m1nod.1acet1c _ T=25°C,ad. =027 g/L, [38]
acid groups in PS-DVB matrix) -
pH=6
WSP700: g, =25.1 mg/g
Biochars produced from the wheat straw WSP550: g, = 12.6 mg/g
pellets (WSP550, WSP700) and rice husk . RH700: 4. =10.15mg/g
(RH550, RH700) Freundlich RH550: g, = 6.87 mg/g 391
at 550 and 700 °C T=20°C,ad. =0.1g/20mL,

pH=5

Amberlite IRA 458 (quaternary ammonium
groups in the PA-DVB matrix)
Amberlite IRA 958 (quaternary ammonium . B
groups in the PA-DVB matrix) Langmuir T _qﬁoz);oégfnmg é %ure [40]
Amberlite IRA 67 (tertiary amine groups in ad __0 5 0 /50 ml:li H = ’4_ g
the PA-DVB matrix) d-=Uog PHL =

ge=1672mg/g
ge=13.22mg/g

kr=4614L/g,
Modified carboxymethyl cellulose hydrogel Freundlich T=30°C,ad. =100 mg/L, [41]
pH=5

Where: T—temperature; a.d.—the adsorbent dose; PS-DVD—polystyrene-divinylbenzene; PA-DVB—poly-acrylate-divinylbenzene.
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3.3. FTIR-ATR Analysis of Pure and Loaded TP220 by Ni(1I)

The Fourier-transform infrared spectra with the ATR mode (FTIR-ATR) for TP220
before and after the Ni(I) adsorption are shown in Figure 10. The obtained FTIR-ATR
spectra of TP220 before the adsorption (pure, without metal ions) show the characteristic
bands for the bis(picolylamine) functional groups as well as for the polystyrene matrix
which was previously described in the paper by Wotowicz and Hubicki [43], Kotodyriska
et al. [68], Zagorodni et al. [69], Lazar et al. [70], Ghosh et al. [71], and Traboulsi et al. [72].
The spectra confirm the ion exchange resin structure as well as the composition. In the
higher frequency region, big, broad bands between 3700 cm~! and 3100 cm ™! with the
maximum located at about 3421 cm~! were observed, reflecting the stretching vibrations
of the -OH group (residual hydration water), but this peak is not the structural part of the
resin. The peak assigned to the asymmetric stretching vibrations of -C-H of the benzene
ring at 3048 cm~! and the bands assigned to the asymmetric and symmetric stretching
vibrations of the -CH, group at 2800-3000 cm ! confirmed the polystyrene structure of
TP220. The peaks characteristic of the styrene-divinylbenzene backbone were described
in detail in ref 72. There were found to be the stretching vibrations of -C—H of benzene
rings (3083, 3059, 3025, 3001 cm 1), asymmetric stretching vibrations of -CH; and -CHj3
in -CH3-N (2915 cm™1), symmetric stretching vibrations of -CH; and -CHj in -CH3-N
(2849 cm 1), stretching vibrations of -C=C- of benzene rings, deformation vibrations of
—~CH,-N*(CH3)s ... OH™ (1602, 1582 cm™!), stretching vibrations of -C=C- of benzene
rings, -C-H asymmetric deformation vibrations of CHj (1493 cm 1), C-H deformation
vibrations of -CH; and -CHj, -C=C- stretching vibrations, scissoring vibrations of -CH,
(1452 cm 1), C-H deformation vibrations of the aliphatic group >CH- (1372 cm '), -C-H
plane deformation vibrations of benzene rings (1151, 1155, 1068, 1028 cm’l), as well as
C-H out-of-plane deformation vibrations of monosubstituted benzene rings (905, 840,
755 cm 1) [72].

Peaks characteristic of bis-picolylamine (bis(2-pyridyl-methyl)amine) functional groups
are also present, such as skeletal vibrations of pyridine, in-plane and out-of-plane C-C-H
deformations in pyridine rings, stretching vibrations of C=N and C-N bonds, as well as
stretching vibrations of aliphatic amino groups, (1590, 1471, 1437, 995-699 cm 1) [43,49,69].
After the adsorption of Ni(II) on TP220, it was found that some of the bands reduced its
intensity and the maxima of some peaks were moved to the major wave length. Such
changes are observed in the region in which the functional groups were confirmed (C=N
and C-N bond, pyridine, and aliphatic amine) indicating that the functional groups play a
part in the mechanism of sorption and a coordinate bond with metals is formed [49].

3.4. Desorption of Ni(1I)

From the economic point of view, the high adsorption in a short time towards pol-
lutions as well as the sorbent desorption possibility and its reuse are important factors
influencing the total cost of adsorption removal. As was pointed out by Zong et al. [49],
the price of Dowex M4195 as well as TP220 is 134.6 USD/kg, therefore their regeneration
and reuse could reduce the cost. Therefore, the desorption possibility and TP220 reuse
were analyzed. As described in the experimental section, 50 mL of the eluting agents
(HNOs, HCI, H,SO4, NH,OH, NaOH, NaCl) of the 1.0 M and 2.0 M concentrations were
applied in the desorption test. The loaded anion exchange resin (sorption from 0.1 M
HCI—100 mg Ni(II) /L, t = 4 h) was contacted with the above-mentioned solutions for 2 h
and then the percentage desorption of Ni(Il) was calculated based on Equation (13). Three
cycles of sorption-desorption were made, and the percentage of sorption after the first
(%S1), second (%S2), and third (%S3), as well as the percentage of desorption after the
first (%D1), second (%D2), and third (%D3) cycles were calculated. In %D2 and %D3, the
amounts of not-desorbed Ni(II) were taken into account during calculations. The results of
Ni(II) sorption and desorption after the first cycles are depicted in Figure 11a. It was found
that the eluting agents are characterized by diverse behavior towards loaded Ni(Il). The
%D1 was the smallest in the case of the ammonium hydroxide, sodium hydroxide, and
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sodium chloride solutions. In this case, the %D1 was close to 2-4%. With the NH,OH and
NaOH concentration increase, the %D1 was the highest but still very low, i.e., %D1 = 2.06%
for 1 M NH4OH and %D1 = 4.23% for 2 M NH,OH.
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Figure 10. FTIR spectra for TP220 before and after the adsorption of Ni(II).

Much higher desorption yield was obtained using the acids such hydrochloric, ni-
tric(V), and sulfuric(VI) onces acids. In all cases, the desorption yield after the first cycle
was close to 22-23%; therefore, acids were selected for desorption in the second and third
cycles (Figure 11b). It was found that the ability of TP220 in the second and third cycles
was slightly reduced, which resulted from the incomplete regeneration of anion exchange
resins, but the adsorption was still high. Moreover, in the second and third desorption
cycles, the desorption yield decreased, i.e., %D1 = 23.8%, %D2 = 6.7%, %D3 = 4.5% for
2 M HNOj3. The small desorption yield and its decrease with the increasing number of
cycles indicated strong interactions between the Ni(Il) and functional groups of TP220, and
proved the coordinate mechanism of adsorption.
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Figure 11. Comparison of %sorption (%S) and %desorption (%D) for Ni(II) on/from TP220 (a) in the first cycle and (b) in
three cycles of sorption-desorption for the best eluting agents.

4. Conclusions

The adsorbents of different matrices, structures and functional groups, such as 5984,
TP220, A830, SR7, A400TL, PSR2, PSR3 and AF5, were selected for Ni(Il) removal from
the acidic solutions of different composition such as HCl, HCI/HNOj; systems. It was
found that Lewatit MonoPlus TP220 shows the highest adsorption ability towards Ni(II)
(%R = 62.4%) compared to the other adsorbent; %R was in the range from 32.9% to 55.2%
for the 0.1 M HCI system. In the HCI/HNOj systems, TP220 as well as 5984 exhibited the
highest percentage removal (48.8% for TP220, 54.3% for 5984, 0.1 M HC1/0.9 M HNO3). The
adsorption mechanism of Ni(II) on the adsorbents was examined, studying the kinetic and
isotherm models. The pseudo-first-order, pseudo-second-order, and intraparticle diffusion
kinetic models as well as the Langmuir, Freundlich, Temkin, Dubinin—-Radushkevich
isotherm models were applied to provide the best fit to the data. Taking into account the
correlation coefficient and error analysis, the PSO model showed the best parameters but
the fitting was not satisfactory. Intraparticle diffusion, as well as film diffusion, could be
the rate limiting steps. Moreover, the Freundlich model confirmed favorable uptake of
Ni(II) ions by TP220. The desorption studies (%D1 = 22-23%) similar to the FTIR-ATR
analysis of TP220 before and after the Ni(II) adsorption demonstrated that TP220 interacts
with Ni(Il), the interactions are strong, the coordinate mechanism takes place, and the
functional groups are involved in the Ni(Il) removal. TP220 as a new generation anion
exchanger is characterized by high adsorption ability of Ni(II) from acidic solutions and
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may be considered as a good candidate for wastewater treatment from nickel-containing
wastes. The preliminary research presented in this paper may become the basis for the
development of an effective method of nickel ion removal on an industrial scale. However,
additional tests in a column system regarding the kinetics of the process, desorption (100
cycles of sorption—desorption), and the mechanical strength of the ion exchanger, as well as
a thorough economic analysis of the process, are required. It is also necessary to investigate
the selectivity of the TP220 exchanger towards heavy metals contained in real wastewaters.
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Abbreviations

MCL (mg/L) maximum contaminant level

HYDRA Hydrochemical Equilibrium Constant Database

MEDUSA Make Equilibrium Diagrams Using Sophisticated Algorithms
gt (mg/g) the amount of Ni(II) sorbed by the adsorbents at time ¢

ge (mg/g) the amount of Ni(II) sorbed at the equilibrium

Cp (mg/L) the Ni(II) concentration in the solution before sorption

Ct (mg/L) the Ni(II) concentration in the solution after sorption

Ce (mg/L) the Ni(II) concentrations in the solution after sorption at equilibrium
t (min) the phase contact time

V (L) the volume of the Ni(II) solution

m(g) the mass of the adsorbent

PFO the pseudo-first-order kinetic model

k1 (1/min) the rate constant of sorption determined from PFO equation
PSO the pseudo-second-order kinetic model

ky (g/mg min) the rate constant of sorption determined from PSO equation
IPD the intraparticle diffusion kinetic model

k; (mg/g min®) the intraparticle diffusion rate constant

kF (mglfl/n Ll/n/g)
n

the Freundlich constant related to the adsorption capability
the Freundlich constant related to adsorption intensity

kr (L/mg) the constant parameter of adsorption equilibrium
Qo (mg/g) the monolayer adsorption capacity

br (J g/mol mg) Temkin constant related to the heat of adsorption
A (L/mg) the Temkin isotherm equilibrium binding constant
gm (Mg/g) the maximum adsorption capacity

kpr (mol? J?) the constant related to the adsorption energy

€ (J/mol) the adsorption potential

R (J/mol K) the gas constant

T (K) the temperature

MPSD Marquardt’s percent standard deviation

R? the determination coefficient

R? 4j the adjusted R-squared
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Jeexp (Mg/g)  the experimental amount of Ni(Il) sorbed at equilibrium

Je cal (Mg/g) the amount of Ni(II) sorbed calculated from the non-linear models
Je mean (Mg/g) the measured by the means of g ¢xp values
n the number of points in the data sample
k the number of independent regressors
FTIR-ATR the Fourier-transform infrared spectroscopy with the
attenuated total reflection
D (%) the percentage values of Ni(II) desorbed from adsorbent
Myeg (IME) the mass of Ni(II) desorbed
M,gs (ME) the mass of Ni(II) adsorbed.
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