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Abstract

The environmental pollution by toxic Co(I) ions had a negative impact on living organisms and water resources. The amor-
phous Zr-Ca-Mg and Ti-Ca-Mg phosphates with varied Zr and Ti content with the mesoporous structure (Aggpr=19-232
m?/g, Ve, =0.075-0.370 cm*/g, Dy, =6.2-10.9 nm) were synthesized. The effect of adsorbent chemical composition, the
presence of competing ions (0.1-1.0 M NaCl and 0.01-0.1 M CaCl, backgrounds), and pH (3.0-7.0) of aqueous solution on
adsorption removal of Co(Il) ions by Zr-Ca-Mg and Ti-Ca-Mg phosphates was studied. The highest adsorption capacity of
Zr-Ca-Mg-1 and Ti-Ca-Mg-1 samples reached 253.3 and 212.8 mg/g. The prepared adsorbents demonstrated high efficiency
at pH in the range of 3.0-7.0 and the presence of 0.1-1.0 M NaCl and seawater with a salinity of 35.0 g/L backgrounds. The
chemisorption and ion-exchange mechanisms of Co(II) ions removal for Zr-Ca-Mg and Ti-Ca-Mg phosphates were proposed.
The adsorption isotherms were well fitted with Sips and Langmuir models that proved the heterogeneous nature of adsorption
sites as well as assumed the monolayer adsorption that occurs at specific homogeneous sites within the adsorbent without
any interaction between the adsorbed substances. The kinetic data was well described by the pseudo-second-order model that
is suitable for chemisorption processes as liming adsorption stage. The presented results shown the prospects of developed
adsorbents for the investigation of real wastewater treatment from heavy metal ions and liquid radioactive waste purification.

Keywords Zr-Ca-Mg phosphates - Ti-Ca-Mg phosphates - Co(II) ions adsorption - Isotherms and kinetic modeling - Water
treatment

Introduction

The intensive growth and development of global industrial
production are accompanied by the continuous search and
development of more efficient materials and technologies
to solve environmental problems related to the protection
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Cobalt is recognized by the European Commission as a
“Critical Raw Material” due to its irreplaceable functional-
ity in many types of modern technology, combined with its
current high-risk status associated with its supply. Despite
such importance, there remain major knowledge gaps with
regard to the geochemistry, mineralogy, and microbiology
of cobalt-bearing environments, particularly those associ-
ated with ore deposits and subsequent mining operations.
In such environments, high concentrations of Co(II) (up
to 34.400 mg/L in mine water, 14.165 mg/kg in tailings,
21.134 mg/kg in soils, and 18.434 mg/kg in stream sedi-
ments) have been documented (Ziwa et al. 2021).

Cobalt compounds are widely used in metallurgical pro-
cesses, are part of lithium-ion batteries and metal oxide
catalysts, which leads to an increased content in industrial
wastewater, and are also often found in groundwater (Wu
et al. 2015; Islam et al. 2018). In addition, long-lived radio-
isotopes ®°Co and *®Co are an invariable component of liquid
radioactive waste from nuclear power plants and radiation
medicine (Kobayashi and Suzuki 2013).

Various methods are used for metal ions removal from
aqueous solutions: chemical precipitation (Chen et al. 2018),
ion exchange, adsorption (Singh et al. 2018; Mudhoo et al.
2021; Joseph et al. 2019), membrane filtration (El Batouti
et al. 2021), reverse osmosis, electrochemical methods
(Ghernaout and Elboughdiri 2020), extraction (Qasem et al.
2021), and biological treatment (Hasan et al. 2020). How-
ever, the adsorption method is mainly being investigated
for the Co(II) ions removal. An important feature of Co(II)
ions is their high susceptibility to hydrolysis and polymeri-
zation in aqueous solutions, the formation of strong com-
plexes with natural humic and fulvic acids. At the same time,
depending on the concentration of Co(Il) ions and the pH
of the medium, hydrated Co** ions, mono- and polynuclear
hydroxo complexes of various compositions, colloidal parti-
cles of cobalt hydroxide are present in solutions (Kishi et al.,
1998). It has a significant impact on the effectiveness of the
methods used for wastewater and natural water treatment. In
connection with the above, the removal of Co(II) ions from
aqueous solutions is a complex problem.

Natural and synthetic adsorbents (Islam et al. 2018; Singh
et al. 2018; Mudhoo et al. 2021; Joseph et al. 2019; Khalid
et al. 2016) are widely used for the removal of heavy metal
ions from aqueous media and soil remediation. A special
position among inorganic adsorbents is occupied by hardly
soluble phosphates of two- and four-valent metals. Thus,
calcium-magnesium phosphates (Lyczko et al. 2014; Ivanets
et al. 2017; Ivanets et al. 2019a, b) and zirconium and tita-
nium phosphates (Veliscek-Carolan et al. 2017; Pan et al.
2022; Pica 2021; Maslova et al. 2020; Maslova et al. 2021)
are characterized by an increased affinity for a large num-
ber of polyvalent metal ions (Pb**, Cd**, Co**, Zn**, Cu*™,
Cs*, Sr** etc.) and exhibit a wide variety of adsorption
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mechanisms. During the adsorption of 3d-metal cations,
less soluble phosphate compounds are formed. The bond
strength of the adsorbed cation with the adsorbent is the
most important characteristic for their practical application
since 3d-metal ions have low MPC, and even small desorp-
tion from the surface of the adsorbent can lead to secondary
contamination.

One of the directions of developing more efficient materi-
als and technologies for extracting heavy metals from solu-
tions is developing research in the field of synthesis of com-
posite adsorption materials, including phosphate. Composite
materials, as a rule, consist of two or more components with
different physical and chemical properties, due to which the
composite material surpasses the individual components of
the composite in specific properties and has a wider range
of properties and applications (Ekka et al. 2018; Ali et al.
2019; Butt et al. 2020).

Previously, we developed simple methods for the syn-
thesis of composite adsorbents based on Zr-Ca-Mg and Ti-
Ca-Mg phosphates from widely available and widespread
natural raw materials of dolomite (Ivanets et al. 2019b,
2021; Maslova et al. 2020). Their high efficiency in the
adsorption of long-lived 908y, 137Cs, 0Co radionuclides from
model solutions of complex composition, which determine
the main dose load of liquid radioactive waste, was shown.
Herewith, composite phosphates are superior in efficiency
to individual calcium-magnesium phosphates and individual
zirconium and titanium phosphates. In addition, individual
phosphates cannot adsorb all three radionuclides, which
makes it possible to expand the scope of these adsorbents.

It is important to note that the behavior of inorganic
adsorbents significantly depends on many factors, including
the concentration of toxic cations, the presence of compet-
ing cations, salinity, and pH. It was shown that the effec-
tiveness of adsorbents based on Ti-Ca-Mg phosphates dif-
fers in the removal of stable metal ions and radionuclides,
due to the low concentrations of the radioactive isotopes
(10--10~° mol/L) (Ivanets et al. 2020).

The purpose of this work was to study the adsorption
properties of composite Zr-Ca-Mg and Ti-Ca-Mg phos-
phates of various compositions to Co(II) ions and to estab-
lish a relationship between synthesis—structure—adsorption
properties. The novelty of the work devoted to the firstly
investigation of adsorption modeling and mechanistic
aspects of prepared Ti-Ca-Mg and Zr-Ca-Mg phosphates to
Co(II) ions. The further application of prepared adsorbents
for liquid radioactive waste treatment and ®°Co radionuclide
immobilization were specific objectives. The main tasks
include (i) the influence of the nature and concentration
of competing cations, as well as the pH of aqueous solu-
tions on the adsorption efficiency of Co(Il) ions; (ii) the
different mechanisms of Co(II) ions removal for Zr-Ca-Mg
and Ti-Ca-Mg phosphates depend on Zr and Ti content in
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composites were proposed; and (iii) the isotherms and kinet-
ics modeling were performed. The obtained results are of
key importance for the practical application of the obtained
adsorbents and optimization of adsorption technologies.

Materials and methods

Cost effectiveness is the chief factor for development of any
adsorbent and its successful industrial application.

Thus, the starting material for the synthesis of mixed
Zr-Ca-Mg and Ti-Ca-Mg phosphates was thermally acti-
vated dolomite at 800 °C (Ruba deposit, Belarus) with a
Ca and Mg content of 6.74 and 6.55 mmol/g. Phosphoric
acid H;PO, (85 wt. %) and zirconyl nitrate ZrO(NO;), for
synthesis, Co(NO3),-6H,0, NaCl, and CaCl, for adsorption
study were of analytical grade and used without further puri-
fication. Titanium salt with (NH,),TiO(SO,),-H,0O formula
(ammonium titanyl sulfate) was used as a titanium precursor.
This salt has been obtained from industrial waste of apatite-
nepheline ore processing (Maslova et al. 2020).

Synthesis of composite Zr-Ca-Mg and Ti-Ca-Mg
phosphates

At the first stage, phosphating of calcined dolomite was car-
ried out at an m/V ratio equal to 1:3, where m is the weight of
thermally activated dolomite (g) and V is the volume (mL) of
20 wt.% phosphoric acid solutions. Under these conditions,
phosphatized dolomite of the Ca,,Mg, ;HPO,+2H,0 com-
position was obtained, which was a mixture of amorphous
calcium and magnesium hydrogen phosphates (Ivanets et al.
2017).

The synthesis of mixed Ti-Ca-Mg phosphates was
carried out by reacting phosphatized dolomite with a
3.85% aqueous solution of titanyl diammonium sulfate
(NH,),TiO(S0,),-H,0 at a V/m ratio of 60/4 ml/g (sample
Ti-Ca-Mg-1 or abbreviated Ti-1) and 180/4 ml/g (sample
Ti-Ca-Mg-2 or Ti-2) at a temperature of 25 °C.

Mixed Zr-Ca-Mg phosphates containing 2.2 (sample
Zr-Ca-Mg-1 or abbreviated Zr-1) and 6.6 mmol Zr/g (sam-
ple Zr-Ca-Mg-2 or Zr-2) of phosphatized dolomite were
obtained by reacting phosphatized dolomite with a 2 wt.%
aqueous solution of zirconyl nitrate ZrO(NOj),.

Adsorbents characterization

Data on the phase composition of the initial and spent adsor-
bents were obtained using X-ray phase analysis (XRD) per-
formed on an X-ray diffractometer D8 Advanced (Bruker,
Germany) using CuKa radiation at 20 range 5—60°. The
chemical composition of samples was identified by the
energy-dispersive X-ray spectroscopy with AZtecLive

Advanced with Ultim Max 40 detector (Oxford Instruments,
Bognor Regis, UK).

The adsorption properties and texture of the samples were
evaluated from isotherms of low-temperature (— 196 °C)
physical adsorption—desorption of nitrogen measured by
the volumetric method on the ASAP 2020 MP surface area
and porosity analyzer (Micromeritics, USA). The specific
surface area was calculated by the BET method (Aggy); the
pore volume was calculated by a single-point method using
the desorption (V, 4 ) isotherm branch. According to the
obtained data, the average pore diameter for the desorp-
tion isotherm branch (Dy, 4 ) was calculated according to
Eq. 4 V/A. Before analysis, the samples were evacuated for
1 h at a temperature of 150 °C and a residual pressure of
133.3x 1073 Pa. The relative error in determining the pore
volume was + 1%, the surface area, and pore size of + 15%.

To interpret the dependence of the adsorption proper-
ties of composite phosphates on pH, the adsorbents pH zero
point charge (pH,,.) was determined. The experiment was
carried out by pH measuring of solutions after contact of
0.040 g of adsorbent with 10.0 mL of 0.01 M NacCl solution
(V/m 250 mL/g), the pH of which varied from 3.0 to 12.0.
The suspension was kept for 24 h with constant stirring on
an orbital shaker at a rate of 200 rpm. The adsorbent was
separated from the filtrate by filtering through a paper filter
“white tape.” Furthermore, the equilibrium pH of the solu-
tion was measured, and pH,,. was determined graphically
(Nasiruddin and Server, 2007).

Adsorption experiment
Effect of adsorption conditions

Adsorption of Co(Il) ions was carried out under static condi-
tions from aqueous nitrate solutions Co(NO3),-6H,0 in the
concentration range of 50-2500 mg/L to study the adsorp-
tion isotherms and 500 mg/L for kinetic studies. The maxi-
mum capacity of adsorbents was determined from 0.05 M
Co(NO;),-6H,0 solutions. Sample of 0.1 g adsorbent
was mixed with 25 mL of aqueous Co(II) solutions (dose
of 4.0 g/L) at periodical mixing. The study of adsorption
kinetics was carried out with a contact time from 10 min
to 24 h. For other experiments, the contact time was 24 h.
The pH of solutions was adjusted with 0.5 M HNO; and
NaOH solutions during the study of the effect of pH in the
range of 3.0—7.0 on the adsorption capacity. The effect of
electrolyte on Co(II) adsorption efficiency was studied at
1000 mg/L with NaCl (0.1 and 1.0 mol/L) or CaCl, (0.01
and 0.1 mol/L) backgrounds. After experiment, adsorbents
were filtered using paper filter “blue ribbon,” washed by
distillated water, and dried at 65 °C. The Co(II) ions concen-
tration in the initial and purified solutions was determined
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by atomic absorption spectroscopy on the SpectrAA 220FS
atomic absorption spectrometer.

Isotherms modeling
The adsorption capacity g (mg/g), removal efficiency a (%),

and the rate of adsorption equilibrium reaching F were cal-
culated using the appropriate Eqgs. (1-3):

CO - C

a= XV (1)

m
=% =C 100

a= c ()
q;

F=2X
7 3)

where C; and C (mg/l) are the initial and residual con-
centrations of metal ions in the filtrate after adsorption, V
(L) is aliquot volume, m (g) is adsorbent weight, and g, and
q. (mg/g) are adsorption capacity at time ¢ and after equi-
librium reaching.

Well-known mathematical models Egs. (4-9) were used
to describe the obtained isotherms. In addition, their modi-
fications Egs. (5, 8, 11) were applied, taking into account
the features of experimental curves, in particular, having a
sigmoid (S-shaped) shape (Limousin et al. 2007; Wang and
Guo 2020):

Langmuir equation:

_ QmKLCe
“=T1rK,.C, “)
quLCe
Q=T = ~ T o/ (5)
1+K,C,+S/C,

where ¢,, and ¢, (mg/g) are maximum and equilibrium
adsorption capacity, C, (mg/L) is equilibrium concentra-
tion of Co(Il) ions, K; (L/mg) the coefficient of adsorption
equilibrium characterizing the affinity of the adsorbate to
the adsorbent, and S (mg/L) is the constant associated with
the restriction of adsorption at low concentration (Limousin
et al. 2007);

Freundlich equation:
q. = KpC,”" ©6)

where Kp ((mg/g)/(L/mg)"p) and ng are the adsorption
constants of Freundlich related to the adsorption capacity
and the affinity of the adsorbent, respectively;
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— Sips equation (Eq. 7) and Redlich-Peterson equation
(Eq. 9) are hybrid models combining the Langmuir and
Freundlich equations (Wang and Guo, 2020):

_ qu{SCZA
4de = T—— .

- . 7
1+ K C 2

where K (L/mg) is a constant reflecting the affinity of the
adsorbate to the adsorbent, ng is a constant describing the
surface homogeneity. For the sigmoid isotherm form, this
equation takes the following form:

Im KS CZX

%= T4 KS/C, ®

— Redlich-Peterson equation:

_ KRPCe
q.

T T+ agCt ©)

where Kyp (L/g) and agp (L#/mg?) are Redlich-Peterson
constants; g is the exponent whose values should fit into the
interval 0 < g <1. For g =1, the model reduces to the Lang-
muir equation. This equation can be represented in a differ-
ent form (Eq. 10), preserving the symbols of the parameters
(Eq.- 9) (Wu et al. 2010):

_ QmaRPCe
4de = 7 2

T T4 apCt (10

then Kpp=g.-arp, and g, = Kpp/agp.

To characterize the correspondence of the obtained exper-
imental data to the adsorption models, the approximation
coefficient R2, sum of the squares of the errors (SSE), and
standard error (SE) were calculated:

— 2 — 2
R2 _ Z (qe,exp qe,exp) Z (qe,exp qe,calc) (1 1)

Z (qe,exp - Z]e,exp)z

SSE = Z (qg,exp - ae,calc)2 (12)

1 — 2

SE = m__p Z (qe,exp - qe,exp) (13)

where g, .. is the equilibrium capacity calculated from
the isotherm equation, g, is the equilibrium capacity
obtained experimentallyg, .., is average value g o, mis a
number of experimental points, and p is a number of param-
eters of the isotherm model.

Processing of experimental data for compliance with the
presented models was carried out using the Microsoft Excel
spreadsheet editor by searching for parameter values that

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Environmental Science and Pollution Research (2022) 29:75989-76002

75993

provide minimum error values of SSE and SE, as well as
maximum values of R2.

Kinetics modeling

The study of adsorption kinetics was carried out under
similar conditions with a contact time from 10 min to 24 h.
Mathematical processing of experimental kinetic data was
carried out using the following models:

- pseudo-first-order (Lagergren):

in(q, - q;) = Inq, = kyt (14)
- pseudo-second-order (Ho and McKay):

qit =1/(kq.’) + (1/.)t, (15)
- intraparticle diffusion (Weber and Morris):

g = ki * + Ciy (16)

where g, and g, (mg/g) are equilibrium and at time ¢ adsorp-
tion capacity, k;, (1/min), k,, (g/(mgemin)), and k;,, (mg/
(g-mino's) are constant rate; h=/’<2qe2 (mg/(gemin)) is the
initial adsorption rate, C;,, is coefficient characterizing the
diffusion layer, and B,; (mg/g) is constant associated with the
thickness of the boundary layer (Lima et al. 2015).

Results and discussions

Chemical composition, texture, and surface
properties.

The chemical composition, textural properties, and pH of
the zero point charge of phosphates used in adsorption
studies are presented in Table 1. According to EDX analy-
sis, the synthesized Ti(Zr)-Ca-Mg composite phosphates
had different chemical compositions (Table 1), due to dif-
ferent synthesis conditions. An increase in the concen-
tration of precursors of salts of tetravalent metals led to
a decrease in the content of calcium and magnesium in
the samples due to their replacement with zirconium and
titanium, which caused a corresponding increase in their
content in the studied samples. According to the XRD data
(Fig. 1), mixed Ti(Zr)-Ca-Mg-1 phosphates with a lower
M(V) content were composites containing amorphous zir-
conium or titanium phosphate and calcium and magnesium
hydrogen phosphates. Samples with the highest content of
titanium and zirconium Ti(Zr)-Ca-Mg-2 were represented
only by the amorphous phase.

The synthesized mixed phosphates were mesoporous
materials that differ significantly depending on the compo-
sition in their textural characteristics—the specific surface

Table 1 Characteristics

- Samples Elemental composition (EDX data), at. % Texture properties pH,,.
of composite Ti-Ca-Mg u P
Zr-Ca-Mg phosphates Ca Mg Zx(Ti) P o Agpr, mYg Vg, cm¥/g Dy, nm
Ti-Ca-Mg-1 432 1.76 169 821 67.06 19 0.075 10.9 7.0
Ti-Ca-Mg-2 1.33  0.06 23.6 6.89 66.05 232 0.370 6.2 4.3
Zr-Ca-Mg-1  6.00 2.50 7.8 1290 70.80 80 0.166 7.6 7.2
Zr-Ca-Mg-2 0.70 040 15.1 1270 71.10 29 0.082 9.3 52
Fig. 1 XRD patterns of a (a)
Zr-Ca-Mg and b Ti-Ca-Mg (b) é OCaHPO4 2H20
phosphate adsorbents v MQHPO4 3H20
+CaMg(CO,)
4CaS0, 2H,
< TIO.85_7H0.57102
A % CaTio,

Intensity, a.u.
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area from 19 to 230 m?/g, pore volume—0.075-0.370
cm?/g, with an average pore diameter of 6.2-10.9 nm.
The hysteresis loop in adsorption—desorption isotherms
devoted to “bottle-like” and plate-like porous for Ti(Zr)-
Ca-Mg-1 and Ti(Zr)-Ca-Mg-2 samples, respectively.
The pore size distribution for Ti(Zr)-Ca-Mg-2 was nar-
row, when for Ti(Zr)-Ca-Mg-1 there was no pronounced
maximum. At the same time, the pH,,. for Zr- and Ti-
containing samples had similar values and were 7.0-7.2
and 4.8-5.2 for Ti(Zr)-Ca-Mg-1 and Ti(Zr)-Ca-Mg-2,
respectively.

Optimization of adsorption conditions

The adsorption capacity of adsorbents depends on many
different factors (concentration of the adsorbed component,
pH, and chemical composition of the solution, etc.). To
determine the maximum sorption capacity of Co(II) ions,
adsorption from 0.05 M (2950 mg/L) Co(II) solution was
carried out. The adsorption capacity of Zr-Ca-Mg-1 and Ti-
Ca-Mg-1 phosphates in highly concentrated 0.05 M cobalt
nitrate solution reached 253.3 and 212.8 mg/g. Samples of
Zr-Ca-Mg-2 and Ti-Ca-Mg-2 with a higher content of zirco-
nium and titanium were adsorbed to 156.3 and 138.3 mg/g
(Table 2).

To determine the effect of pH and electrolyte composition
of the solution, the capacity of composite Zr-Ca-Mg and Ti-
Ca-Mg phosphates from solutions with an initial concentra-
tion of Co(II) 1000 mg/L in the pH range 3.0-7.0 was deter-
mined. In the studied interval, the capacity of adsorbents
varied depending on the composition of the phosphate adsor-
bents. Thus, the Zr-Ca-Mg-1 sample showed the highest effi-
ciency in a slightly acidic and neutral medium (pH 5.0-7.0),

Table 2 The adsorption capacity of Co(Il) ions of Zr-Ca-Mg and Ti-
Ca-Mg phosphate

Solution Adsorption capacity, g,, mg/g
Zr-Ca-Mg-1 Zr-Ca-Mg-2 Ti-Ca-Mg-1 Ti-Ca-Mg-2
Cy,=1000 mg/L
pH 3.0 99.3 36.5 50.5 14.0
pH 5.0 109.8 38.8 39.0 15.0
pH7.0 112.8 56.0 30.0 4.0
0.1 MNaCl 1133 335 71.5 9.0
1.OMNaCl 111.8 33.0 57.0 10.4
0.01 M 96.0 29.0 38.0 9.5
CaCl,
0.1MCaCl, 155 20.0 11.0 22
Seawater 130.1 13.1 129.2 12.9
Cy=2950 mg/L (0.05 M)
Distilled 2533 156.3 212.8 138.3
water
@ Springer

while a decrease in pH to 3.0 was accompanied by a slight
decrease in adsorption capacity from 110 to 99.3 mg/g. For
the Zr-containing adsorbent Zr-Ca-Mg-2, a decrease in pH
also negatively affected the adsorption capacity, while a
decrease in the efficiency of the adsorbent was observed at
pH 5.0 or less. The observed decrease in adsorption with
acidification of the solution was following the Egs. (17-19)
of the heterogeneous reaction and ion exchange adsorption
(acidification of the solution contributes to the shift of the
equilibrium of these reactions to the left), as well as with
the value of the pH,,.. Herewith, in a more acidic solution,
the dissolution of Ca and Mg hydrogen phosphates should
increase, and accordingly the processes of precipitation of
cobalt phosphate should increase. The presented results are
well correlated with proposed mechanism of uptake from
aqueous solution of divalent metal cations (Pb>*, Cu*, and
Zn*h) by a low-cost mineral adsorbent (Prasad and Saxena,
2004).

2MgHPO,3H,0 + 3Co? + +2H,0 — Co;(PO,),8H,0 + 2Mg? + +2H* 17

2CaHPO,2H,0 + 3Co” + +2H,0 — Co,(PO,),8H,0 + 2Ca* + +2H* (18)

Zr(HPO,),H,0C0*" — ZrCo(PO,),H,0 + 2H*  (19)

For Ti-containing samples, an inverse relationship
was observed—an increase in pH was accompanied by a
decrease in the adsorption capacity of composite phosphates.
At the same time, a noticeable decrease in the effectiveness
of the Ti-Ca-Mg-1 and Ti-Ca-Mg-2 adsorbents occurred at
pH 5.0 and 7.0, respectively. It is in a good agreement with
values of pH,,. and indicates differences between zirconium
and titanium adsorbents. Thus, group IV elements differ
greatly in their hydrolytic properties (Brown and Ekberg,
2016); in particular, Ge(IV) and Ti(IV) have acidic prop-
erties that predominate over the main ones, while Zr(IV)
and Hf(IV) have the opposite. At pH <pH,,,., the adsorbent
surface is positively charged, which did not contribute to
the adsorption of positively charged Co** ions. For Ti(Zr)-
Ca-Mg-1 adsorbents, the best conditions were pH > 5.1,
and for Ti(Zr)-Ca-Mg-2 pH > 7.1. The obtained data on the
dependence of the adsorption properties of zirconium and
titanium adsorbents on pH indicated a complex dependence
of the effectiveness of the studied adsorbents on many fac-
tors: (i) hydrolytic properties of adsorbents, (ii) pH,,, (iii)
the contribution of ion exchange and chemical interaction
in adsorption depending on the composition of Zr-Ca-Mg
and Ti Ca-Mg phosphates, (iv) the forms of Co(Il) ions in
solutions with different pH, etc.

The effect of competing cations on the adsorption effi-
ciency of Co(I) ions was studied in solutions of NaCl (0.1
and 1.0 M), CaCl, (0.01 and 0.1 M) electrolytes, and from
a model seawater solution with a total salinity of 35.0 g/L.
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The presence of NaCl in the solution up to a concentration
of 1.0 M did not significantly affect the capacity of the com-
posite Zr-Ca-Mg and Ti-Ca-Mg sorbents. In the presence
of a background electrolyte of 0.01 M CacCl,, the adsorp-
tion capacity of all studied sorbents decreased slightly. The
increase of CaCl, concentration up to 0.1 M led to a decrease
in the adsorption capacity to 6.4-20.0 mg/g, which was 2-7
times less than for aqueous solutions without background
electrolytes (Table 2).

It should be noted that in model solutions of seawater,
there was an increase in the adsorption capacity for Zr-
Ca-Mg-1 and Ti-Ca-Mg-1 samples and a decrease in the
adsorption capacity of composite Zr-Ca-Mg-2 and Ti-Ca-
Mg-2phosphates. This was because the main contribution
to Co(II) adsorption for Zr-Ca-Mg-1 and Ti-Ca-Mg-1 inter-
acted by calcium and magnesium hydrogen phosphates,
which did not interact with NaCl and CaCl, and therefore
retain selective properties in salt solutions to cobalt ions.
Adsorbents with pronounced ion-exchange properties Zr-Ca-
Mg-2 and Ti-Ca-Mg-2 did not exhibit selective properties
in salt solutions.

Isotherms and mechanism studies

Experimental isotherms of Co(II) ions adsorption by
composite phosphates from solutions of various concen-
trations, as well as isotherms calculated using various
mathematical models, are shown in Fig. 2. The isotherms
for Ti-Ca-Mg-1 Ti-Ca-Mg-2 adsorbents according to the
Giles classification corresponded to the L-type, which
characterizes the gradual saturation of the solid phase with
adsorbate (Fig. 2a). Herewith, the adsorption isotherms for
the Zr-Ca-Mg-1 and Zr-Ca-Mg-2 samples can be attrib-
uted to the H-type, which is a special case of the L-type

isotherm and is characterized by a very high slope of the
curve at the initial section of the isotherm at low concen-
trations (Fig. 2b). This course of the isotherm reflects the
high affinity of adsorbents to Co(II) ions. A feature of the
adsorption isotherms by Ti-containing samples was the
absence of a plateau, which indicates the continued satu-
ration of adsorbents with an increase in the concentration
of the solutions.

The calculated parameters of the adsorption models used
are presented in Table 3. Thus, the adsorption isotherms
of cobalt ions strongly depended on the adsorbent chemi-
cal composition. The Co(Il) ions ad on Zr-Ca-Mg-1 was
described with a high degree of confidence by the Sips
equation, and the values of the approximation coefficient
had the highest value (R?0.991). In the case of other adsor-
bents, none of the applied equations gave high values of the
approximation coefficient.

The highest values were obtained for Zr-Ca-Mg-2 also
for the Sips equation (R? 0.932). For Ti-Ca-Mg-1, all mod-
els except the Freundlich equation were applicable with the
same degree of confidence (R? 0.962), and for Ti-Ca-Mg-2,
the best result was obtained for the Freundlich model. The
higher values of the approximation coefficient R? for all
adsorbents except Ti-Ca-Mg-2 obtained, using the hybrid
Sips equation and the higher coincidence of the experimen-
tal adsorption capacity and calculated, allow us to conclude
that the adsorption of Co(II) ions was heterogeneous at the
initial site, and at high values of the equilibrium concentra-
tion of cobalt ions—monomolecular. For Ti-Ca-Mg-2, the
maximum value of R? was obtained by applying the Freun-
dlich equation, which indicated polymolecular heterogene-
ous adsorption.

The smallest calculated SSE and SE values in all cases
except Ti-Ca-Mg-2 were obtained using the Sips equation.

(a) 140
120 S
S ?>
100
20
E‘J 80 ®7Zr-1exp
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E‘J 30 ®Ti-1 exp
390 M Ti-2 exp
=
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Fig.2 Adsorption isotherms of Co(II) ions for a Zr-Ca-Mg-1 and Zr-Ca-Mg-2 and b Ti-Ca-Mg-1 and Ti-Ca-Mg-2 adsorbents, obtained experi-
mentally and calculated using various models: Langmuir (dot line), Freundlich (dash line), Sips (solid line), and Redlich-Peterson (dash-dot line)
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Table 3 Calculated parameters

. Models Parameters Zr-Ca-Mg-1 Zr-Ca-Mg-2 Ti-Ca-Mg-1 Ti-Ca-Mg-2
of adsorption models for
7r-Ca-Mg and Ti-Ca-Mg Goexp ME/Z 117.0 37.4 415 15.2
phosphates Langmuir Gy ME/E 1204 38.11 49.92 16.75
K;,L/mg 0.0264 0.0315 0.0044 0.0106
R? 0.974 0.931 0.962 0.738
SSE 363.3 58.53 49.22 2291
SE 7.78 3.42 3.14 2.76
Freundlich Ky, (mg/g)/ 21.97 10.45 2.37 1.45
(L/mg)"s
ng 4.02 5.46 2.39 2.72
R? 0.793 0.778 0.911 0.905
SSE 2852 187.0 116.0 8.29
SE 21.81 6.12 4.82 1.66
Sips 4, mg/g 112.8 38.74 48.80 20.00
K, Limg 0.0062 0.0431 0.0047 0.0333
ng 1.50 0.90 1.04 0.68
R? 0.991 0.932 0.962 0.856
SSE 128.7 57.08 49.00 16.08
SE 5.07 3.78 3.50 2.84
Redlich-Peterson Kgp, L/g 3.18 1.20 0.22 0.75
agp, L¥/mg? 0.0264 0.0315 0.0044 0.2978
g 1.00 1.00 1.00 0.72
4y mg/g 120.4 38.11 49.92 2.50
R’ 0.974 0.931 0.962 0.899
SSE 363.3 58.53 49.22 11.28
SE 8.52 3.83 3.51 1.94
The significance of the values +0.001
100
For this model, there was also a good correspondence P
between ¢,, and g, .,,, which allowed using this equation 80 - a7
to interpret data and compare the characteristics of adsor- S
bents with each other. Comparing the adsorbents by the Kg . 601 )
parameter, which characterizes the affinity of the adsorbent °:, Sl
to adsorbate, it can be seen that in the case of Ti-containing 40 1
adsorbents, this indicator was lower than for Zr-containing
adsorbents. ng parameter, reflecting the heterogeneity of 20 1
the surface, confirmed that the samples obtained by treat-
. . .. . . 0 : [ ‘ ;
ment with Ti- and Zr-containing solutions with a smaller 0 500 1000 1500 2000
volume (Zr-Ca-Mg-1 and Ti-Ca-Mg-1) were characterized C,, mg/L

by greater heterogeneity of phase and chemical composition.

Figure 3 shows the dependence of the removal effi-
ciency of cobalt ions from the solution using composite
phosphates depending on the initial concentration of Co(II)
ions. Maximum adsorption capacity in the studied range of
Co(II) ions concentration varied for composite adsorbents
from 17 mg/g for Ti-Ca-Mg-2 phosphate, the least active
in the adsorption of Co(II) ions, to 109 mg/g for the Zr-Ca-
Mg-1 sample, which was most effective in these processes.
According to the adsorption capacity, the studied composite
phosphates form a series of Zr-Ca-Mg-1 > Zr-Ca-Mg-2 > Ti-
Ca-Mg-1 > Ti-Ca-Mg-2. Herewith, the Zr-Ca-Mg-2 and

@ Springer

Fig. 3 Effect of initial Co(II) ions concentration on removal efficiency

Ti-Ca-Mg-1 samples were close in terms of the achieved
adsorption capacity of cobalt ions.

The maximum adsorption capacity was reached for the
Zr-Ca-Mg-1 sample at significantly lower equilibrium con-
centrations of about 300 mg/L compared to other adsorbents
(600 mg/L1). At the same time, the adsorption isotherm for
this sorbent differed from others by the angle of inclination
to the ordinate axis, which makes it possible to purify the
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solutions more deeply. The removal efficiency of Co(II) ions
with an initial concentration of up to 220 mg/L for Zr-Ca-
Mg-1 sample was 85-90% (Fig. 3) when for Zr-Ca-Mg-2
adsorbent, it was achieved only for solutions with an initial
cobalt concentration of 50 mg/L. The removal efficiency of
cobalt ions for Ti-containing composite phosphates did not
exceed 50% in the entire studied concentration range.

The shape of the isotherm, on which the initial extended
section was located at a small angle to the ordinate axis or
almost merges with it (H-type isotherms according to the
Giles classification) is characteristic of the so-called het-
erogeneous exchange reactions occurring at the interface of
the phases of the initial sorbent and the reaction product. In
this case, based on the composition of Zr-Ca-Mg-1, it can be
assumed that calcium and magnesium hydrogen phosphates
reacted. Reactions proceed with the formation of less soluble
cobalt phosphates. It is important to note that calcium and
magnesium hydrogen phosphates are also included in the
composition of Ti-Ca-Mg-1 composite phosphate. For these
adsorbents, the content of calcium and magnesium hydrogen
phosphates was slightly lower than for Zr-Ca-Mg-1, while
the capacity of Ti-Ca-Mg-1 was significantly inferior to
the capacity of Zr-Ca-Mg-1, which did not correlate with
a decrease in the content of calcium and magnesium. This
indicated that the higher adsorption capacity was due not
only to hydrogen phosphates but also to the amorphous
phase. At the same time, amorphous zirconium phosphate
was significantly more active in the ion exchange adsorption
of cobalt ions than amorphous titanium phosphate.

The chemisorption mechanism of Co(II) ions adsorption
was supported by the absence of correlation of the observed
sorption characteristics with the textural properties of phos-
phates. Heterogeneous exchange reactions involving indi-
vidual calcium and magnesium hydrogen phosphates with
cobalt ions, according to our previous studies (Shashkova

et al. 2012), proceeded with the formation of medium cobalt
phosphate and were described by Eqs. (17, 18). The course
of these processes was due to the formation of compounds
with less solubility. Amorphous zirconium phosphate, which
is part of Zr-Ca-Mg-1, was identical in chemical composi-
tion to the crystalline a-Zr(HPO,), H,O, whose proton can
also be replaced by cobalt ions (Eq. 19).

In this case, the reactions (Egs. 17-19) should be accom-
panied by an increase in the pH of the solution. Change of
the pH,, and pH;,;; , depending on Co(II) ions concentration
is shown in Fig. 4. The observed changes in pH values did
not correlate with the mechanism proposed above. The most
intensive adsorption in the region of high concentrations
by Zr-containing phosphates was accompanied by acidifica-
tion of the solution, while in the region of low Co(II) ions
concentrations, due to the insignificant release of hydrogen
ions, there was no significant decrease in the pH of the equi-
librium solution.

For the Ti-Ca-Mg-1 sorbent, the pH practically did not
change during Co(II) adsorption. In the case of the Ti-Ca-
Mg-2 sample with the lowest adsorption capacity, significant
acidification of the solution after sorption was observed in
the entire studied concentration range. This was due to the
peculiarities of their hydrolytic behavior.

For this purpose, the pH of aqueous solutions after con-
tact with composite phosphates was measured. With daily
contact of Zr-Ca-Mg-1 and Ti-Ca-Mg-1 with distilled water
with a pH of 6.7, the pH value increased to 7.2, due to pro-
tonation of the hydrogen phosphate anion with the forma-
tion of hydroxide ions. On the contrary, the suspension pH
for Zr-Ca-Mg-2 and Ti-Ca-Mg-2 samples was 6.0 and 5.1,
respectively. There was a decrease in pH in comparison with
the initial distilled water. Thus, the observed pH values after
adsorption were formed as a result of two processes—the

(a) 7.0
6.0 -
o
=9
5.0 A
4.0 T T T T T T
0 500 1000 1500 2000
C,, mg/L

(b) 6.0
5.0
n
2
- =% - pHO
4.0 I g T
——Ti-2
3.0 T T T T T T T T T T T T
0 200 400 600 800 1000 1200
Cy, mg/L

Fig.4 The dependences of equilibrium solution pH from the initial Co(II) ion concentration before (pH,)) and after adsorption. a Zr-Ca-Mg-1

and Zr-Ca-Mg-2. b Ti-Ca-Mg-1 and Ti-Ca-Mg-2
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hydrolysis of the adsorbent and the ion exchange reaction
during Co(II) adsorption.

X-ray diffractograms of adsorbents after Co(II) ions
adsorption (Fig. 5) identified reflexes of tertiary cobalt
phosphate of varying intensity. For Zr-Ca-Mg-1, which had
the largest adsorption capacity, intense peaks of crystal-
line cobalt phosphate octahydrate Co;(PO,),"8H,0 were
observed, as well as less intense reflexes of tertiary phos-
phate and hydrogen phosphate ions (Fig. 5a).

This indicated that the interaction with Co(II) ions pro-
ceeded both by ion-exchange mechanism and because of
chemical interaction after the dissolution of the surface layer
of the adsorbent and precipitation of cobalt phosphate. The
remaining adsorbents after adsorption were a weakly crystal-
lized phase and contained peaks of cobalt phosphate of low
intensity or did not contain crystalline phases at all. This was
especially for adsorbents containing the largest amount of Zr
and Ti ions. At the same time, for Zr-Ca-Mg-2 and Ti-Ca-
Mg-1, the capacity of Co(Il) ions was at the sensitivity limit

of the XRD method (3 wt.%), and for Ti-Ca-Mg-2—beyond
it (1.7 wt.%).

Adsorption kinetic studies

The studied composite phosphates also differed in kinetic of
Co(II) adsorption (Fig. 6). Up to 50-70% of the Co(II) ions
were adsorbed at this concentration in 2 h. The maximum
adsorption and output to the plateau were achieved within
4-8 h. For Ti-Ca-Mg-2 and Zr-Ca-Mg-2 samples, adsorption
was fast, unlike Ti-Ca-Mg-1 and Zr-Ca-Mg-1 samples, the
kinetic curves may indicate the diffusion limitations, access
to the unreacted phosphate surface.

Mathematical processing of kinetic curves of Co(Il) ions
adsorption using pseudo-first and pseudo-second-order
equations indicated that the kinetic model of the pseudo-
second-order well described (R*> 0.99) the adsorption kinet-
ics (Table 4).

Fig.5 XRD of a Zr-Ca-Mg and (a) D
b Ti-Ca-Mg phosphates after
Co(Il) ions adsorption

«CoPO,), 840 | ® e Co,(PO,), 4H,0
©Co,(PO,),(HPO,), +CaCo,
~Co,Mg(PO,), 8H,0

=Co,(PO,), 4H,0
vZr,(PO,),

10 20 30 40

50 60 70

2¢ , degr. 2@ , degr.
(a) 100 (b) 35
30 PS
. 25 @ Ti-1 exp
o g @ M Ti-2 exp
léo & Zr-1 exp ga
& 40 AZr-2 exp 2
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Fig.6 Experimental kinetic curves of Co(II) ions adsorption by a Zr-Ca-Mg and b Ti-Ca-Mg phosphates and calculated according to the models

of the pseudo-first (dash line) and of a pseudo-second-order (solid line)
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Table 4 The calculated parameters of kinetic models for Zr-Ca-Mg and Ti-Ca-Mg phosphates
Samples  ¢.,, mg/g  Pseudo-first-order Pseudo-second-order Intraparticle diffusion

g, mglg  k;-10°, 1/min  R? gy mglg  ky10°, ¢/ h, mg/(g-min) R? kigs B, mglg  R*

(mg-min) mg/(gemin~%?

Zr-1 91.1 71.1 11.91 0.996 96.8 0.25 2.37 0.988 6.08 9.21 0.992
Zr-2 38.5 9.9 1.29 0.750 27.6 4.69 3.58 0.998 0.52 18.44 0.915
Ti-1 29.3 18.1 35.90 0.987 313 293 2.88 0991 246 9.26 0.999
Ti-2 11.5 7.1 29.04 0.846 10.6 12.50 1.40 0.988 0.97 2.83 0.991

Despite the high values of the approximation coefficients
for the pseudo-first-order equation in the case of Ti-Ca-Mg-1
and Zr-Ca-Mg-1 adsorbents, it was more correct to use a
pseudo-second-order model, due to the close correspond-
ence of the experimental and theoretically calculated equi-
librium capacity (Fig. 7). Comparison of adsorbents by the
rate constant k, shows that with an increase in the content of
Zr and Ti ions in the adsorbents, this parameter increased,
especially for a Ti-containing adsorbent.

To determine the limiting stage of the adsorption process,
calculations were carried out using the intraparticle diffusion
model. As can be seen from the presented data (Table 4,
Fig. 7), for the Zr-Ca-Mg-1 and Ti-Ca-Mg-1 adsorbents, the
points on the kinetic curve during the initial period of inter-
action with the solution (30—45 min) had a linear depend-
ence (the correlation coefficient was higher than 0.99, except
Zr-Ca-Mg-2 adsorbent). The significant feature of the intra
particle diffusion expression is that the linear plots of g, vs.
t%3 should pass through the origin (zero intercept). Thus the
intra-particle diffusion model can be easily tested through
the above plots provided they have zero intercept, which
indicates a controlling influence for the diffusion process
on the kinetics. This indicated that the adsorption process
at the initial stage was not limited by intraparticle diffusion.

Comparison data

Due to the peculiarities of the state of Co®* ions in solu-
tion given in the introduction (Kishi et al., 1998), there is
a limited number of adsorbents showing high affinity. The
entire spectrum of the studied adsorbents of Co** ions is
presented in reviews (Islam et al. 2018; Joseph et al. 2019).
For available low-cost adsorbents based on agricultural and
industrial waste or byproducts, the adsorption capacity did
not exceed 50 mg/g with a high dose of the adsorbent used—
up to 10 g/L. Low capacities were also shown by natural
mineral adsorbents (Table 5). Among the enhanced adsor-
bents, biopolymers and chitosan-containing composites were
distinguished, the adsorption properties of which can vary
significantly depending on the composition (Vijayaraghavan
et al. 2006; Wang et al. 2014; Luo et al. 2018). In some
cases, they were even superior to graphene oxide deriva-
tives (Fang et al. 2014). However, it is known that activated
carbon substrate is the common prominent adsorbent at their
very low dose, its high cost, and difficulty in regeneration.
Previously, studies of the sorption properties of Zr-contain-
ing materials, including mixed Zr-Ca-Mg phosphates, with
respect to Co** ions have not been conducted. Compari-
son of the adsorption properties of the obtained adsorbents
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Fig.7 Kinetic curves of Co(Il) ions adsorption by a Zr-Ca-Mg and b Ti-Ca-Mg phosphates in the coordinates of the intraparticle diffusion

model
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Table 5 The comparison data for adsorption capacity of prepared Zr-Ca-Mg and Ti-Ca-Mg phosphates

Adsorbent Cy, mg/L Dose, g/L q, mg/g References
Montmorillonite, natural, and acid-activated 250 2.0 28.6-29.7 Bhattacharyya and Gupta, 2007
Phosphate-modified montmorillonite 1000 20.0 11.8 Maetal. 2011

Smectite 800-1000 25.0 21.9 Anguile et al. 2013
Amination graphene oxide 1000 0.3 116.4 Fang et al. 2014
Carboxymethyl chitosan beads 20-300 2.0 46.3 Luoetal. 2018
Chitosan—montmorillonite 825 4.0 150 Wang et al. 2014

Crab shell particles 500-2000 5.0 322.6 Vijayaraghavan et al. 2006
Hydroxyapatite 300 5.0 20.9 Smiciklas et al. 2006
Treated animal bones 354 5.0 29.2 Dimovic et al. 2009
TiCaMg-phosphate 1000 5.0 112.0 Maslova et al. 2020
Zr-Ca-Mg-1/2 1000-3000 4.0 156.3-253.3 Present study
Ti-Ca-Mg-1/2 1000-3000 4.0 138.3-212.8 This study

shows the inferior to the best samples of adsorbents and sig-
nificantly exceeded natural adsorbents, low cost adsorbents,
and single-phase calcium phosphates, which emphasizes the
advantage of composites.

Conclusions

The facile synthesis from phosphatized dolo-
mite (Caq,Mg,;HPO42H,0) and ZrO(NO;), or
(NH,),TiO(S0,),-H,0 aqueous solutions of amorphous
Zr-Ca-Mg and Ti-Ca-Mg phosphates with varied Zr (7.8
and 15.1 at.%) and Ti (16.9 and 23.6 at.%) content with
mesoporous structure (Aggr 19-232 m?%/g, V. 0.075-0.370
cm’/g, Dy, 6.2-10.9 nm) were performed. The effect of
adsorbent chemical composition, the presence of compet-
ing ions, and pH of aqueous solution on adsorption removal
of Co(Il) ions by Zr-Ca-Mg and Ti-Ca-Mg phosphates was
studied. Zr-Ca-Mg-1 and Ti-Ca-Mg-1 adsorbents with
Zr and Ti content of 7.8 and 16.9 at.% had the highest
adsorption capacity of 253.3 and 212.8 mg/g from 0.05 M
Co(NOs;), solution. The prepared adsorbents demonstrated
high efficiency at pH in the range of 3.0-7.0 and the pres-
ence of 0.1-1.0 M NaCl and seawater with a salinity of
35.0 g/L backgrounds. The presence of Ca>* competing ions
led to a sharply decrease in adsorption capacity of Zr-Ca-
Mg-1 and Ti-Ca-Mg-1 samples up to 15.5 and 2.2 mg/g. It
was shown that depending on Zr and Ti content in compos-
ite Zr-Ca-Mg and Ti-Ca-Mg phosphates, the chemisorption
and ion-exchange mechanisms of Co(Il) ions removal were
revealed. It was supported by well-fitting of adsorption iso-
therms with Sips and Langmuir models for Zr(Ti)-Ca-Mg-1
and Zr(Ti)-Ca-Mg-2 samples, as well as by well-describing
of kinetic data with pseudo-second-order model for prepared
adsorbents.
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