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Ne me dites pas que ce problème est difficile ; s’il n’était pas difficile, ce ne 
serait pas un problème. 
 
─ Ferdinand Foch 
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ABSTRACT  
 

Decontamination of industrially polluted waters has been enclosed in REACH 
(Registration, Evaluation, Authorization and Restriction of Chemicals) since 2007, 
when it entered into force in the European Union, which emphasized the need to 
search for more effective sorbents.  

Many studies on inorganic ion-exchangers have been carried out due to the 
scientific interest towards their high mechanical and thermal stabilities, high resistance 
to oxidation and high sorption capacity regarding transition and radioactive metal ions. 
Titanium phosphates (TiP) in particular, have revealed very good cation-exchange 
properties in relation to different transition metal ions in aqueous solutions. It has been 
demonstrated that their physicochemical properties as well as their structural 
characteristics can be altered by carefully choosing the conditions of synthesis: the 
temperature, acidity, Ti(IV) speciation in solution and reaction time. Since the 
‘classical’ crystalline TiP ionites have been divided into two main groups: alfa type; 
α-TiP [α-Ti(HPO4)2•H2O] and  gamma type; γ-TiP [Ti(H2PO4)(PO4)•H2O] with 
different functional groups (–H2PO4, –HPO4 and –PO4) present, the researchers have 
focused on synthesis of various metastable TiP with different functional properties.  

In this work, three different synthetic routes for TiP ion-exchangers were 
explored in order to obtain a sorbent composed solely of –H2PO4 exchange units. The 
─H2PO4 groups were expected to considerably increase the pH working range of the 
sorbents and to nearly double the theoretical exchange capacity of TiP ion-exchangers 
containing mostly –HPO4 functional groups. Among the synthesized ion-exchangers 
(TiP1, TiP2 and TiP3), TiP1 has shown very good sorption characteristics and 
therefore, most of the studies were performed on it.  

TiP1 was synthesized at mild thermal conditions using cobalt(II) ions as a 
modifying agent and HCl-washes as post-synthetic treatments. This sorbent was 
characterized by different spectroscopic techniques and its chemical formula was 
established to be: TiO(OH)(H2PO4)•H2O. The sorption capacity of TiP1, estimated 
about 4.8 meq.g-1, is higher than the reported exchange capacity for various 
amorphous TiP. The sorption characteristics of TiP1 towards divalent ions such as 
Cu2+, Zn2+, Ni2+, Mn2+ and Co2+, were investigated in this work. The results of the 
sorption experiments (in the 1-20 mmol.L-1 range) were fitted to the Langmuir and 
Temkin models with the latter one being somewhat preferred for most of the metal 
ions studied. This indicates that interactions between adsorbed molecules cannot be 
neglected. It was also found that the kinetics of the ion-exchange process was very fast 
and the equilibrium was reached within 10 minutes. The kinetic data were modeled 
using the pseudo-second order reaction rate and the obtained curves were consistent 
with chemisorption being the rate limiting step of the reactions. The selectivity order 
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of the studied metal ions sorbed on TiP1, here, was found to be: Cu2+ > Zn2+ > Mn2+ > 
Co2+ > Ni2+.  

The TiP1 sorbent has also shown to be a very good cation-exchanger when 
batch experiments were performed using heavy metals polluted waters from closed 
mines, supplied by Boliden AB. These studies delineated that TiP1 has displayed 
exclusive sorption capacities and imminent ion-exchange kinetics. It has been 
distinctly shown that a modest change in the synthesis could facilitate the fabrication 
of titanium phosphate ion-exchangers with improved and versatile sorption properties. 
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I. INTRODUCTION AND LITERATURE SURVEY 
 

With the rapid developments in mining processes, metal plating facilities, battery-
driven appliances, etc., the increased amount of heavy metal ions in waters has 
become a substantial cause of pollution. A number of technologies have been 
developed over the years to reduce efficiently the concentration of these metal ions in 
waters. Among them, ion-exchange techniques have demonstrated to have high 
treatment capacities and fast kinetics that lead to an almost complete removal of metal 
ions even at trace levels. Ion-exchangers of inorganic type such as zeolites, modified 
clay materials, zirconium phosphates, etc., are extensively used nowadays for these 
purposes. In particular, titanium phosphate ion-exchangers (TiP) have received 
considerable attention due to their high thermal and chemical stabilities, resistance to 
oxidation and the ability to have their ion-exchange properties tailored. The type of 
ion-exchange units in the TiP sorbents, namely –HPO4 or –H2PO4, or a mixture of 
both, and the process of isolating crystalline or amorphous materials are highly 
dependent on the synthetic conditions. It is worth mentioning that the exchangeable –
H2PO4 groups are expected to considerably increase the pH-working range of the 
sorbents and to supposedly double the ion-exchange capacity (IEC) of the TiP 
containing mostly –HPO4 units. However, the synthesis of such –H2PO4 based TiP 
sorbents often requires harder synthetic conditions (high temperatures, long reaction 
time, autoclave, etc.) in comparison to the synthesis of TiP composed mainly of –
HPO4 groups. It has also been shown that converting TiP ion-exchangers into their 
alkaline forms increased the sorption capacity [1, 2]. The literature survey on the 
different TiP ion-exchangers synthesized so far and a summary of their sorption 
properties are provided below. 

1.1 Syntheses of various TiP ion-exchangers 

1.1.1 α-TiP: Ti(HPO4)2•H2O 
Different syntheses have shown that the temperature, the reaction time and the 
concentration of H3PO4 played important roles in the crystallinity of the final materials 
of α-TiP type. 
One of the first syntheses of group (IV) phosphates of general formula M(HPO4)2•H2O 
was accomplished by Clearfield and Stynes [3] and subsequently used for the 
synthesis of α-TiP [4]. In this experiment, α-TiP was obtained in an aqueous media by 
mixing an acidic solution of TiCl4, as the titanium source, with phosphoric acid, at 
room temperature for two hours until the formation of a titanium phosphate gel was 
initiated. The gel was then refluxed in H3PO4 or set in an oil bath at a certain 
temperature. The solid was then filtered and washed with distilled water. It was shown 
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that the crystallinity of the α-TiP product depended on both the time of refluxing and 

acid concentration and that α-TiP could be successfully synthesized at temperatures 

between 60 and 80 °C. Bortun et al. [5] also demonstrated that the formation of 

crystalline α-TiP by the same procedure was possible using TiCl3 solutions as the 

titanium source. 

Another synthetic method involved the reaction of TiO2 (anatase) with H3PO4 at a 

molar ratio of TiO2:P2O5 = 1:1.2. The synthesis was carried out at 200 °C for 3 h in an 

autoclave and a crystalline compound was obtained [6]. According to Bruque et al., 

TiO2 (anatase) could also be refluxed overnight in 85 % H3PO4. Distilled water was 

then added and the mixture was refluxed for 3 more days before being filtered and 

washed with distilled water [7]. 

Crystalline α-TiP could also be synthesized at lower temperatures using a longer 

reaction time. A solution of TiCl4 was mixed with 85 % H3PO4 at 60 °C for 4 days. 

The obtained precipitate was then centrifuged and washed with double distilled water 

until the washings were at pH = 3.5 - 4.0 [8].  

A similar synthesis developed by Wang et al. involved a tetrabutyl titanate solution 

dissolved in dehydrated ethanol to which 85 % of H3PO4 was added. The mixture was 

let under stirring for 12 hours, at 50 °C, before being centrifuged and the obtained 

solid was washed with distilled water. The resulting material had a shape of “flower-

like” and the broad peaks observed in XRD data indicated that the compound was of 

low crystallinity [9].  

 

1.1.2 γ-TiP: Ti(H2PO4)(PO4)•2H2O  
Another known crystalline TiP phase is called γ-TiP and contains two types of 

phosphate groups (–H2PO4 and –PO4). The obtaining of –H2PO4 groups as functional 

units often requires harder synthetic conditions than for –HPO4 groups. Christensen et 

al. suggested the following synthesis [10]: A given amount of amorphous titanium 

phosphate was placed in a glass vial where 85 % H3PO4 was added. The whole 

mixture was put in an automatic shaker for 24 hours before being inserted into a 

hydrothermal autoclave. The latter was heated up to 250 °C for 24 h. The resulting 

precipitate was separated by centrifugation and washed with distilled water until the 

washings were at pH = 4. 

Villa-García et al. proposed a very different procedure for the synthesis of γ-TiP:  To a 

solution of TiCl3, 85% H3PO4 was added so that the TiO2:P2O5 molar ratio was equal 

to 1:8. The mixture was then refluxed for 18 hours and the obtained solid was 

thoroughly washed with distilled water until pHs of the washings were 3.5 - 4.0 [11]. 
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1.1.3 Ti2O3(H2PO4)2•2H2O 
An important class of TiP sorbents containing only –H2PO4 groups as ion-exchange 
units involves Ti2O3(H2PO4)2•2H2O. For the synthesis of this compound, three 
different synthetic routes have been established. 

The first synthesis was suggested by Bortun et al.: powder Na2Ti3O7 (or Na4Ti9O20) 
was mixed with H3PO4 in a round-bottom flask and refluxed for 30 days at 130 °C. 
The obtained white precipitate was filtered and washed with distilled water. It has 
been shown that the crystallinity of the final product was highly dependent on the 
duration of the refluxing procedure [12].  
The second synthetic route was developed by Takahashi et al.: A solution of TiOSO4 

was mixed with NH4H2PO4 at 70 °C keeping a TiO2:P2O5 molar ratio at 1:0.5. The pH 
was then adjusted to 1 with ammonia and the suspension was allowed to stand for 10 
days at 100 °C with occasional shaking. The final mixture was filtrated and the 
obtained solid was washed with distilled water. The obtained precipitate was 
characterized as a semi crystalline material [13]. 
The third synthetic route consisted of a mixture of titanium isopropoxide [Ti(OiPr)4] in 
2-propanol to which 85 % H3PO4 was added. The precipitate was then homogenized 
with distilled water for 5 min and let to age for 24 h. The suspension was centrifuged 
and the precipitate redispersed in water three times. The obtained material had an 
amorphous nature. It was observed that with an additional reflux of the aged 
dispersions from 12 to 144 h, the crystallinity of the final product considerably 
increased [14]. 

1.1.4 TiO(OH)(H2PO4)•2H2O 
The first synthesis of crystalline TiO(OH)(H2PO4)•2H2O was reported by Li and 
Whittingham in 1993. A solution of tetramethylammonium hydroxide (NMe4OH) was 
mixed with powder TiO2 (anatase) and 85 % H3PO4 in a Teflon lined stainless steel 
autoclave. The autoclave was sealed and heated up to 160 °C for 3 days. The mixture 
was then filtered and washed with distilled water. The obtained material was finally 
placed in concentrated hydrochloric acid at room temperature for 5 days before being 
dried. The sorption properties were not investigated in this work, only information 
about amine interactions has been provided [15].  
An analogous amorphous compound of chemical formula 
TiO1.25(OH)0.47(H2PO4)0.77(HPO4)0.13•2.3H2O was synthesized by Bortun et al. In this 
synthetic procedure, 5 M H3PO4 was mixed with a solution of TiCl4 so that the 
TiO2:P2O5 molar ratio was equal to 1:1. The obtained precipitate was finally 
thoroughly washed with water [2, 16]. 
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1.1.5 aTiP: Ti(OH)2x(HPO4)2-x•nH2O 
Amorphous TiP (aTiP), of general chemical formula Ti(OH)2x(HPO4)2-x•nH2O (where 

x < 1), is mainly composed of –HPO4 groups as functional units and its sorption 

properties have been studied in detail. 

A typical synthesis of aTiP has been described by Maslova et al. and it has been 

performed in relatively modest conditions. A solution of TiOSO4 heated up to 70 °C 

was mixed with 60 % H3PO4 with a molar ratio of TiO2:P2O5 = 1:1. The mixture was 

further stirred for 4 hours and the precipitation was left to mature for additional 24 

hours. The solid was then filtrated, washed with 5 % H3PO4 and subsequently with 

distilled water until pH of the filtrates were 3 - 3.5 [17, 18]. 

It has been shown that the composition of the starting TiOSO4 solution (in terms of 

TiO2 and H2SO4 concentrations) also played a role in the sorption properties of aTiP. 

In spite of the differences of the synthetic conditions, the 
31

P MAS NMR data and Na
+
 

uptake obtained for the different aTiP synthesized are in somewhat similar ranges 

[19].  

1.2 Characterization of TiP sorbents 

1.2.1 31
P MAS NMR 

The 
31

P MAS NMR data of the aforementioned TiP ion-exchangers can be found in 

Table 1. It can be seen that the 
31

P NMR resonance lines of –H2PO4 groups are 

detected between -5 and -10.6 ppm, while the lines of –HPO4 groups are observed up 

to ca -25 ppm. Finally, the resonance lines of –PO4 are expected to appear in the range 

from ca -25 to -33 ppm. It has been reported that due to its amorphous nature, aTiP 

shows a very broad resonance line centered at ca -13.4 ppm that is due to the 

overlapping signals of phosphorus sites having different chemical environments. The 

contribution of resonances at -5.0 ppm and -24.3 ppm (related to the presence of –

H2PO4 groups and –HPO4 groups) to the main resonance at ca -13.4 ppm was 

negligible [17, 19]. The TiP ion-exchanger synthesized by Bortun et al.[2] showed a 

broad resonance line at -6 ppm with a shoulder at -18 ppm in a relative integral 

intensity of 6:1, suggesting that –H2PO4 groups were predominant in this material. For 

the TiP product synthesized by Li and Whittingham, a resonance line centered at -7.5 

ppm partially split into two resonances at -6.5 and -8.4 ppm has been observed [15]. 

These data suggests that two crystallographically inequivalent phosphorous sites were 

present in this material. A similar observation for Ti2O3(H2PO4)2•2H2O was made by 

Bortun et al. (-5.3 and-7.6 ppm) and by Takahashi et al. (-7.0 and -8.7 ppm) where 

two closely located 
31

P NMR signals were assigned to two inequivalent –H2PO4 

groups [12, 13]. 
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Table 1. 
31

P MAS NMR isotropic chemical shift (in ppm) of various TiP ion-

exchangers. 

TiP ion-exchangers 

31P MAS NMR chemical shift (in ppm) 

Ref. 

–H2PO4 –HPO4 –PO4 

α-TiP: Ti(HPO4)2•H2O - -18.1 - [20]  

γ-TiP: Ti(H2PO4)(PO4)•2H2O -10.6 - -32.5 [11] 

Ti2O3(H2PO4)2•2H2O 

 

-7.0, -8.7 

-5.3,  -7.6 

- 

- 

- 

- 

[13] 

[12] 

TiO(OH)(H2PO4)•2H2O -6.5, -8.4 - - [15] 

TiO1.25(OH)0.47(H2PO4)0.77(HPO4)0.13•2.3H2O -6 -18 (shoulder) - [2] 

aTiP: Ti(OH)2x(HPO4)2-x•nH2O -5.0 -13.4, -24.3 - [17, 19] 

 

1.2.2 Powder X-Ray Diffraction 
It has been reported that the first reflection peak (located about 2θ = 10 °) is 

characteristic of the plane (00l) and represents the interlayer distance of the TiP 

materials [10, 13, 15, 21, 22]. The interlayer distance is directly related to the 

arrangement of phosphate groups and the titanium octahedra in the structure. In the 

case of α-TiP the interlayer distance of 7.6 Å is smaller than the one of γ-TiP, found to 

be 11.6 Å. 

Figure 1 is a schematic representation of the structure of crystalline α-TiP and γ-TiP 

ion-exchangers. The representation is based on the structures of these compounds 

reported by Christensen et al. [10]. The actual drawing was adapted from Krogh 

Andersson [23]. 

The structure of α-TiP is composed of octahedrally coordinated titanium atoms, bound 

together by hydrophosphate groups (–HPO4). The metal atoms are close to each other 

forming planes and the –HPO4 tetrahedra are located slightly above and below them.  

Three oxygens of each –HPO4 group are bonded to three different Ti atoms arranged 

in the form of an equilateral triangle. The fourth oxygen (from the OH group) points 

into the interlayer region and form hydrogen bonds with the water molecules (Figure 

1, top) [4, 10, 24, 25].  

The structure of γ-TiP was determined by Pooyari et al. using single-crystal XRD 

data. The layered material consists of titanium octahedra bound to tertiary phosphate 

groups (–PO4) and dihydrophosphate groups (–H2PO4 groups). The –PO4 units are 

sandwiched between the two layers of titanium octahedra so that the four oxygen 

atoms are bound to the metal atom. The two remaining oxygen atoms come from –

H2PO4 groups that are linked axially to titanium octahedra which results in a bigger 
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interlayer distance. The water molecules are located between the –H2PO4 groups in the 
interlayer region with dspacing=11.6 Å (Figure 1, bottom) [10, 21]. 
 

 
Figure 1. A schematic representation of layered titanium phosphates in the a-b plane. 

Top figure: α-TiP: the octahedra represent titanium atoms, the dark grey 
tetrahedra represents –HPO4 groups and the spheres represent water 
molecules. Bottom figure: γ-TiP: the octahedra represent titanium atoms, 
the dark grey tetrahedra represent –PO4 groups, the light grey tetrahedra 
represent –H2PO4 groups and the spheres represent water molecules.  

Table 2. XRD data of the first reflection and the corresponding dspacing of various TiP 
ion-exchangers. 

TiP ion-exchangers 2θ of the first reflection 
(°) 

dspacing 
(Å) 

Ref. 

α-TiP: Ti(HPO4)2•H2O 11.64 
11.63 
11.64 

7.59 
7.60 
7.56 

[10] 
[7] 

[4, 8] 
γ-TiP: Ti(H2PO4)(PO4)•2H2O ca 7.6 

7.64 
11.60 
11.56 

[10] 
[22] 

Ti2O3(H2PO4)2•2H2O 8.9 
8.82 
8.78 

9.9 
10.0 
10.1 

[12] 
[13] 
[14] 

TiO(OH)(H2PO4)•2H2O 8.8 10.0 [15] 
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1.3 Ion-Exchange properties 

Table 3 shows the different sorption characteristics of various TiP-ion-exchangers. 

The theoretical exchange capacity (TEC) of the TiP compounds is defined as the 

theoretical number of exchangeable protons per gram of sorbent. It has been reported 

that the alkaline form of the TiP ion-exchangers increased considerably their ion-

exchange capacities towards metal ions [2, 12, 16]. Therefore, the actual maximum 

exchange capacity of TiP sorbents is described by the amount of exchangeable sodium 

ions per gram of sorbent and hence it corresponds to the uptake of Na
+
 ions by TiP. 

The apparent ion-exchange capacity (IEC) reported in this table was determined 

experimentally for the sodium form of the TiP products. Only the IEC for α-TiP and 

Ti2O3(H2PO4)2•2H2O are related to the acidic forms of these ion-exchangers, i.e. with 

fully protonated functional groups (H
+
-forms). 

It has been experimentally determined that converting TiP ion-exchangers into Na
+
 

forms could not reach the TEC. Only 50 to 75% exchange could be accomplished due 

to the formation of different phases, a partial hydrolysis of the material and geometry 

restrictions. For example, the transformation of α-TiP into its sodium form reached 

75 % of the TEC at substantially high pH and three phases were found to coexist: α-

Ti(HPO4)2•H2O, α-Ti(NaPO4)(HPO4)•4H2O and α-Ti(NaPO4)2•H2O [26]. The BET 

surface area of α-TiP varied between 3.7 and 122 m
2
.g

-1
 which could be explained by 

the difference in crystallinity of the sorbents. In general, crystalline α-TiP sorbents 

have low surface areas (from 3.7 to 10.8 m
2
.g

-1
) but “flower-like” α-TiP obtained by 

Wang et al. displayed a higher surface area of 122 m
2
.g

-1
 [9].  

 

 

Table 3. Sorption characteristics of various TiP ion-exchangers, SA (Surface Area), 

TEC (Theoretical Exchange Capacity), Na
+
 uptake and Apparent IEC (Ion-

Exchange Capacity). 

TiP ion-exchangers 
SA 

(m2.g-1) 

TEC 

(meq.g-1) 

Na+ uptake 

(meq.g-1) 

IEC 

(meq.g-1) 
Ref. 

α-TiP: Ti(HPO4)2•H2O 3.7 -122 7.8 3.9-5.8 3.9-5.3a [8, 9, 26] 

γ-TiP: Ti(H2PO4)(PO4)•2H2O na 7.3 na na  

Ti2O3(H2PO4)2•2H2O na 10.7 2.1-3.3 0.1-3.3a [12, 13] 

TiO(OH)(H2PO4)•2H2O na 9.4 na na [15] 

TiO1.25(OH)0.47(H2PO4)0.77(HPO4)0.13•2.3H2O na 8.2 4.2-4.7 2.6-2.8 [2, 16] 

aTiP: Ti(OH)1.36(HPO4)1.32•2.3H2O 73.1-94.4 5.7 2.5-3.2 0.8-1.9 [17, 18, 27] 

na: Not available. 
a obtained for the acidic form of the TiP. 
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In the latter case, the N2 adsorption/desorption isotherm obtained was of Type IV with 
a hysteresis loop of type H3 in the high relative pressure region. Such type of isotherm 
and hysteresis are an indication of a mesoporous structure with slit-shaped pores 
which are usually observed in aggregates with plate-like shapes [28]. For a low 
crystalline α-TiP (H+-form), the apparent ion-exchange capacity (IEC) was estimated 
to be about 3.9 meq.g-1 at neutral and weakly acidic pH. For lead(II) ions, a higher 
IEC (5.3 meq.g-1) was recorded at pH > 4 that could be related to some formation of 
insoluble lead phosphate phases.  
It is interesting to note that not many data on sorption properties of γ-TiP have been 
reported. It was demonstrated that the intercalation of alkaline groups in γ-TiP could 
not be completed due to its structural specificity [29] and the properties of this product 
as a sorbent were not extensively studied.  
As for Ti2O3(H2PO4)2•2H2O, the Na+ uptake only reached up to 31% of the TEC. The 
IEC towards monovalent cations such as Li+, K+, Na+ or Cs+ was estimated to be 
between 0.1 and 1.7 meq.g-1 at pH = 3.5-5.5. The maximum value of alkali metals 
uptake was found at pH = 8-9 where 2.7-3.3 meq.g-1 were sorbed [12, 13]. 
Experiments were also performed on alkaline earth metal ions such as Sr2+, Ba2+ and 
Ca2+. It was shown that for acidic pH (below 6.0), the IEC was lower than 1 meq.g-1 
while it increased up to 7-8 meq.g-1  for Sr2+ and Ba2+ and up to 15 meq.g-1  for  Ca2+ at 
pH = 6.5-7.0. This increase in the metal ion uptake could be explained by the 
formation of insoluble phosphate salts which was initiated by the hydrolysis of the 
sorbent at this pH. Sorption experiments with the alkaline form (NH4

+ form) of 
Ti2O3(H2PO4)2•2H2O were also reported but only the distribution coefficients (Kd) 
towards divalent ions (Pb2+, Cu2+, Hg2+, Co2+ and Cd2+) were communicated. The 
authors described that the conversion of the TiP sorbent into its alkaline form 
increased its uptake ability significantly [12].  
The spherically granulated TiP ion-exchanger synthesized by Bortun et al. 
(TiO1.25(OH)0.47(H2PO4)0.77(HPO4)0.13•2.3H2O) [2] showed a Na+ uptake of 4.2-4.7 
meq.g-1 which represents about 51-57 % of the TEC. The sorption studies for divalent 
metal cations (Cu2+, Ni2+, Mn2+ and Cd2+) were performed with the alkaline form of 
the sorbent. It was shown that an average of 1.3-1.4 mmol.g-1 of divalent ions were 
uptaken by the ion-exchanger. This is equivalent to an apparent IEC of 2.6 to 2.8 
meq.g-1 which is only 60-66 % of the Na+ substitution. 
Studies on aTiP with general formula: Ti(OH)2x(HPO4)2-x•nH2O show that the surface 
area (SA) could vary from 27.9 to 94.4 m2.g-1 depending on the composition of the 
TiOSO4 solution used during the synthesis [19]. However, the most common SA 
values reported for aTiP were generally between 73.1 and 94. 4 m2.g-1 and in most of 
the cases, more than 90 % of the surface area was external surface area which is 
imperative for successful sorption processes. About 50-56 % of Na+ ions were 
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adsorbed by aTiP when compared to the TEC. The apparent IEC was about 1.2 
meq.g-1 which in turn represents about 40-50 % of the Na+ uptake. In brief, aTiP only 
reached 15-30% of its TEC.  
Sorption experiments with TiO(OH)(H2PO4)•2H2O have not been reported but it shall 
be noted that its TEC is about two times higher than the one for aTiP, hence an IEC of 
about two times higher can be expected.  
 

1.4 Use of divalent ions in the syntheses of TiP 
A study on modifying TiOHPO4•nH2O with transition metal cations (Fe(III), Zr(IV) 
and Nb(V)) has shown that the sorption properties of the TiP sorbents somewhat could 
be improved. The synthesis of these sorbents was performed by coprecipitation of 
titanium and the corresponding doping metal cation with subsequent infiltration of the 
precipitate with –HPO4

2-
 ions. Doping this TiP sorbent with the metal cations 

somewhat increased the cation-exchange capacity of the TiP matrix [30].  

It has also been reported that the surface characteristics of α-TiP sorbents could be 
modified when the sorbent was treated with transition metal ions, such as Ni2+ or Co2+. 
In this work, the insertion of Co and Ni ions into the TiP matrix was performed in a 
solid state reaction where α-TiP was mixed with the desired metal and heated up to 
200 °C, for three days. No significant change of the interlayer spacing was observed 
for α-TiP containing less than 20% of cobalt. A slight increase of this interlayer 
distance and a loss in crystallinity was however noticed for α-TiP containing 20-60 % 
of cobalt. The authors explained that cobalt ions were most likely filling the sorbent 
cavities and thus disturbing the crystallinity of the material with no strong effect on 
the interlayer distance. The same trend was observed in case of nickel ions but the 
effects on the crystallinity and the interlayer spacing were somewhat weaker. 
Furthermore, the porosity of α-TiP was also found to change from a microporous to a 
mesoporous material when cobalt was used [31].  

It is worth noting that in the aforementioned studies the authors also found that more 
efficient mass exchange in the course of the sorption was observed when sorbents in 
more amorphous state (rather than more crystalline) were used and that the further 
granulation steps were also more favorable. 
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1.5 Aims of the present work 
In this thesis, the focus is set on: 

• Investigating the synthesis of amorphous TiP sorbents in the presence of cobalt(II) 
ions as modifying agents in the primary synthetic solutions (containing highly acidic 
TiOSO4 and H3PO4) in order to obtain materials with better sorption properties.  

• Applying advanced spectroscopic methods in identification and quantification of the 
TiP ion-exchange sites.  

• Studying on the laboratory scale the performance of the TiP sorbents in purification 
of synthetic and industrially polluted waters with different metal ions compositions. 

• Investigating the processes occurring during sorption of metal ions on the TiP 
sorbents and attempting to model them.   

For this purpose, three different synthetic routes (TiP1, TiP2 and TiP3) leading to 
amorphous materials have been performed. The structure characteristics as well as the 
sorption properties of the obtained materials are discussed below.   
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II. EXPERIMENTAL SECTION 

2.1 Synthetic procedures 
The titanium phosphate ion-exchangers studied in this work were synthesized using an 
acidic solution of oxo-titanium sulfate (containing 82.4 g.L-1 TiO2 and 542.7  g.L-1 
H2SO4), obtained by the method of Motov and Maximova [32]  and c. H3PO4 (85 %). 
Commercially available CoSO4•7H2O and CuSO4•5H2O were used as sources of 
cobalt(II) and copper(II) ions, respectively. For the synthesis of modified amorphous 
titanium phosphates (TiP1, TiP2 and TiP3), three different synthetic routes using 
cobalt(II) ions have been utilized. In order to compare the properties of the obtained 
TiP ion-exchangers, amorphous titanium phosphate (aTiP) was also synthesized 
during the course of this work.  

2.1.1 aTiP 
The aTiP  was synthesized following Maslova et al. [18, 19]. In brief, the solution of 
TiOSO4 was heated up to ca 70 °C and mixed with the corresponding amount of 85% 
H3PO4 so that the molar ratio of TiO2:P2O5 was equal to 1:1. The solution was kept 
under heating for another hour and kept under stirring (without heating) for additional 
5 hours. The precipitate was left to mature further for 12 hours at ambient conditions 
before being filtrated, washed with 5% H3PO4 and then with distilled water until the 
washings were at  pH = 3-3.5. The obtained solid was subsequently dried at 60 °C for 
6 hours. 

2.1.2 TiP1 
To synthesize TiP1, 50 mL of TiOSO4 solution was heated up to 80 °C and mixed 
with ca 17 mL of 1M CoSO4 solution for 30 min (mixture A). Mixture A was then 
combined with 85 % H3PO4 solution respecting a molar ratio (TiO2+CoO):P2O5 = 1:1. 
The final mixture was further stirred for 6 hours without heating and the obtained 
precipitate was left to age for additional 12 hours. The resulting pink solid was washed 
with 5 % H3PO4 and dried at 60 °C for 6 hours (abbreviated CoTiP1 in this study). 
The dried CoTiP1 (pale-pink in color) was then crushed into powder  and washed first 
with 0.5 M HCl and subsequently with 0.1 M HCl until the solid was free from 
cobalt(II). The solid became whiter after each washing. At the final step, the white 
powder (abbreviated TiP1) was rinsed with distilled water until the washings were at 
pH 3-3.5 and dried at 60 °C for 6 hours.  

2.1.3 CuTiP1-final 
To investigate the effect of the metal ion involved in the synthetic procedure, the 
aforementioned synthesis (TiP1) was repeated using CuSO4•5H2O. The synthesis of 
CuTiP1-final follows the same route as for TiP1 and 1M CuSO4 solution was used 
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instead of 1M CoSO4. The solid obtained before washing was pale-blue in color and is 
abbreviated CuTiP1 in this thesis. After washing CuTiP1 with HCl, the resulting 
material (abbreviated CuTiP1-final) was white in color and it was dried at 60 °C for 6 
hours.  

2.1.4 TiP2 
The second synthetic route was an attempt to coordinate Co2+ to Ti-O chains present in 
TiOSO4 solution through mild hydrolysis by NH4OH. 28 % and 10 % of NH4OH 
solutions were added to 50 mL of TiOSO4 solution already heated up to 50 °C, until 
pH reached 2 (mixture A). It was expected that the ─Ti─O─Ti─O─ chains would 
partially hydrolyze to hydroxo forms that would attract the cobalt(II) ions. Mixture A 
was combined with ca 17 mL of 1M CoSO4 solution and let under stirring at 50 °C for 
1 hour (mixture B). 85% of H3PO4 was then added to mixture B so that the molar ratio 
of (TiO2+CoO):P2O5 = 1:1 was kept. The final mixture was further stirred for 6 hours 
without heating and the obtained precipitate was left to age for additional 12 hours. 
The resulting pink solid was washed with 5 % H3PO4 and dried at 60 °C for 6 hours 
(abbreviated CoTiP2 in this thesis). The washing procedure for CoTiP2 followed the 
same steps as for CoTiP1. The resulting white solid (abbreviated TiP2) was dried at 
60 °C for 6 hours.  

2.1.5 TiP3 
The third approach is similar to TiP2 but the order of mixing the reactants as well as 
the synthetic temperature is different. In this case, the synthesis of TiP3 involved 50 
mL of TiOSO4 solution heated up to ca 70 °C and mixed with ca 17 mL of 1M CoSO4 

solution (mixture A). Mixture A was stirred under heat (70 °C) for 30 min. Similarly 
to TiP2 synthetic procedure, 28 % and 10 % NH4OH were added to mixture A until 
pH = 2. It was also kept under stirring for 1 hour without heating (mixture B). 85 % 
H3PO4 was then added to mixture B respecting a molar ratio (TiO2+CoO):P2O5=1:1. 
The final mixture was further stirred for 6 hours without heating and the obtained 
precipitate was left to mature for additional 12 hours. The resulting pink solid was 
washed with 5 % H3PO4 and dried at 60 °C for 6 hours (abbreviated CoTiP3 in this 
study). The same washing procedure as for CoTiP1 and CoTiP2 was applied to 
CoTiP3. The resulting white solid (abbreviated TiP3) was dried at 60 °C for 6 hours.  

2.2 Sorption experiments 
In all the sorption experiments, Na+ forms of the corresponding ion-exchangers were 
used. For that purpose, the synthesized titanium phosphate ion-exchangers were mixed 
with a solution of 0.5 M Na2CO3 respecting a mass (g) : volume (mL) ratio equal to 1 : 
50. The suspensions were covered and kept under stirring at ambient conditions for 24 
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hours before being rinsed with distilled water. The sodium uptake by the TiP ion-

exchangers was determined using an Inductive Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES) by ALS Scandinavia, Luleå. Commercially available sulfate 

salts (ZnSO4•7 H2O, CuSO4•5H2O, MnSO4•H2O, CoSO4•7H2O and NiSO4•7H2O) 

were used as sources of metal ions for the sorption and kinetic experiments.  

2.2.1 Industrially polluted waters 
Preliminary sorption experiments were performed using batch experiments on TiP1, 

TiP2, TiP3 and aTiP with waters contaminated with heavy metal ions from closed 

mines. The solid (g) to liquid (mL) ratio used was 1:250. The concentrations of the 

metal ions before and after the sorption experiments were determined using ICP-AES 

by ALS Scandinavia AB, Luleå.  

The equilibrium sorption capacities of the TiP ion-exchangers, qe (mg.g
-1

), were 

calculated using equation (1):  

   (     )  
 

 
     (1) 

where C0 is the initial concentrations of the metal ions in solution (mg.L
-1

), Ce the 

concentration of the metal ions at equilibrium (mg.L
-1

)
 
and V/m (L.g

-1
) the volume to 

mass ratio of the solution and the ion-exchanger. 

The sorption efficiencies of the metal ions, E (%), were determined using the 

following equation (2): 

  
(     )

  
         (2) 

The results from the sorption experiments in this study showed that TiP1 had the 

highest sorption capacity determined among all the studied TiP ion-exchangers. 

Taking into account that the synthetic route of TiP1 was the most straightforward 

method, the rest of the synthetic routes were abandoned and more detailed sorption 

and kinetic studies were performed only on TiP1 sorbent.  

2.2.2 Sorption isotherms and modeling 
The sorption capacities of TiP1 towards Cu

2+
, Zn

2+
, Ni

2+
, Mn

2+
 and Co

2+
 were 

determined by sorption isotherm studies using batch experiments. The sorption 

isotherms were built using six different concentrations (1, 2.5, 5, 7, 10, 20) * 10
-3

 

mol.L
-1

. The pHs of the starting solutions were measured between 4.5 and 6.5. TiP1 

(0.2 g) was mixed with 40 mL of the corresponding metal ion solutions in all cases. 

The suspensions were kept under constant stirring for 24 hours to ensure that 

equilibrium was reached. After filtration, the metal concentrations in the filtrates were 
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determined using ICP-AES. The experimental data were analyzed by three models: 

Langmuir, Freundlich and Temkin. 

Some additional sorption experiments were also performed on CuTiP1-final ion-

exchanger with Ni
2+ 

and Co
2+

 ions.   

 Langmuir adsorption isotherm 

The Langmuir model describes the sorption onto an uniform surface by neglecting the 

forces of interaction between the adsorbed molecules [33].  The linearized form of 

Langmuir isotherm is expressed by equation (3):  

  

  
 

 

        
 

  

    
     (3) 

where qmax is the maximum monolayer coverage in mg.g
-1

 and bL the Langmuir 

isotherm constant in L.mg
-1

.  

By plotting 1/qe versus 1/Ce, it is possible to determine qmax and bL from the slope and 

the intercept of the straight line, respectively. 

 Freundlich adsorption isotherm 

The Freundlich model is one of the earliest empirical models describing the adsorption 

onto heterogenous surfaces. It is based on the assumption of a multilayer sorption 

process with an exponential distribution of active centers. The model can be described 

by the following linearized equation [34]:  

       (  )  
 

 
          (4) 

where AF is a constant related to the adsorption capacity in (mg/g) (L/mg)
1/n

 and n is 

the parameter indicating the system heterogeneity. The Freunldich constants can be 

determined from a plot of ln qe versus ln Ce.  

 Temkin adsorption isotherm 

The Temkin model implies that the heat of adsorption decreases with the surface 

coverage linearly rather than logarithmically. Unlike Langmuir, the Temkin model 

takes into account the interactions between adsorbate-adsorbate molecules [35]. The 

linearized equation of Temkin isotherm is expressed as follows:    

      (  )     (  )        with     
  

  
  (5) 
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where   
  

  
, bT corresponds to the difference in enthalpy between the zero and the 

full coverage  (J.mol
-1

),  R is the universal gas constant (8.314 J.mol
-1

.K
-1

), T is the 

temperature in Kelvin and AT is the affinity at zero loading. A plot of qe versus ln(Ce) 

enables the determination of the constants bT and AT from the slope and the intercept, 

respectively.  

2.2.3 Kinetic studies and modeling 
In order to evaluate the most probable sorption mechanism, experiments on the time-

dependence of sorption processes were performed using batch experiments for each of 

the metal ions of interest.  The kinetics of the sorption processes were studied for a 

starting metal concentration of 2.5 mM. The metal salt solutions were added to the 

sorbent respecting a mass (g) to volume (mL) ratio of m:V=1:200. The mixtures were 

kept under stirring for 5, 10, 15, 20, 25, 30 and 45 minutes before being filtrated. The 

filtrates were then analyzed for the metal ion contents using ICP-AES.  

Several mathematical models have been proposed to describe the kinetics of ion-

exchange reactions. The models have been generally divided into adsorption reaction 

models and adsorption diffusion models. The main diffusion processes have been 

categorized as: (i) diffusion across the liquid film surrounding the adsorbent particles 

(called liquid film diffusion) and (ii) diffusion into the liquid in the pores and/or along 

the pore walls (called intraparticle diffusion). The adsorption reaction models (pseudo-

first and pseudo-second order) originated from the kinetics of chemical reaction [36]. 

Therefore, the experimental data obtained were fitted to the pseudo first-order and 

pseudo second-order reaction models, and to the liquid film and intraparticle diffusion 

models. 

The designation “pseudo” is an indication that the concentration of one of the 

reactants remains constants during the sorption process because it is supplied in great 

excess. In case of pseudo-first order, the rate of the reaction only depends of one of the 

two reactants (or two of the three reactants for pseudo-second order). 

 

 Pseudo-first order 

The pseudo first-order model suggests that the reaction rate is proportional to the 

difference between the maximum adsorption capacity of the sorbent and the amount 

adsorbed at time t, which can be expressed as follows [37]:  

   

  
    (     )     (6) 

where qt and qe are the amounts of metal ions adsorbed per gram of sorbent at time t 

and at equilibrium, respectively (in mg.g
-1

) and k1 is the rate constant of the pseudo 
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first-order adsorption (in min
-1

). After integrating Eq. (6) and applying the boundary 

conditions qt = 0 at t = 0 and qt = qt at t = t, the resulting linearized equation is:  

  (     )                 (7) 

From the plot of ln(qe-qt) versus t, the rate constant k1 can be determined. 

 Pseudo-second order 

As for the pseudo second-order model, the reaction rate is expressed as [38]: 

   

  
    (     )

       (8) 

where k2 is the rate constant of the pseudo-second order (g.mg
-1

.min
-1

). Considering 

the boundary conditions qt = 0 at t = 0 and qt = qt at t = t, the integrated and linearized 

equation gives:  

 

  
 

 

     
   

 

  
         (9) 

The straight line obtained with the plot of t/qt versus t enables the determination of k2. 

 Liquid film diffusion  

The equation rate of the liquid film diffusion was proposed by Boyd et al. and the 

resulting equation can be expressed as [39]:  

  (  
  

  
)              (10) 

where k3 (min
−1

) is liquid film diffusion constant. The plot of ln(1−qt/qe) versus t 

should be a straight line with a slope –k3 if the film diffusion is the rate limiting step. 

 

 Intraparticle diffusion  

Weber and Moris have developed the intraparticle model which is based on a linear 

variation of the solute uptake with t
0.5

 rather than t. The model can be described by 

equation (11) [40]:  

 

       
         (11) 

 

where k4 (mg.g
-1

.min
−0.5

) is the rate constant of  the intraparticle diffusion model. The 

plot of ln(qt) versus t
0.5 

should give a straight line passing through the origin where the 

slope corresponds to k4, if the intraparticle diffusion is the rate limiting step. 
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2.3 Characterization techniques 

The solid-state 
31

P magic angle spinning (MAS) NMR data for all studied TiP ion-

exchangers (before and after washing) were obtained at 145.70 MHz on a 

Chemagnetics InfinityPlus CMX-360 (B0 = 8.46 T) spectrometer using a 3.2 mm MAS 

probe and the samples were packed in standard ZrO2 rotors. The spinning frequency 

was set to 12 kHz and all spectra were externally referenced to 85 % H3PO4. Single 

pulse direct-experiments with proton decoupling were used to obtain the spectra. The 

pulse width and the pulse delay were 4 μs and 5 s, respectively. 64 signal transients 

were acquired to obtain a signal-to-noise ratio better than 100 in the 
31

P MAS NMR 

spectra. The different phosphate groups present in the samples were determined by 

deconvolution of the spectra using in-built Spinsight software. The resonance lines 

were deconvoluted using 100% Lorenzian and the deconvolution errors were in the 

range of ± 0.5-1.5 % for all cases. It is worth mentioning that the 
31

P NMR data 

obtained for aTiP with a 3.2 mm MAS probe revealed additional features which were 

not previously detected using a 4 mm MAS probe [18, 19]. 

The powder X-ray diffraction (XRD) patterns of the final TiP products were recorded 

using a Panalytical  Empyrean diffractometer run in Bragg-Brentano geometry with 

Cu Kα radiation (λ = 1.5406 Å). The samples were scanned in the 2θ range of 2-70° 

with a 2θ step size of 0.0260 ° and a scan step time of 3.3 min. 

The surface properties of TiP1, TiP2, TiP3, CuTiP1-final and aTiP were retreived by 

nitrogen adsorption/desorption method at 77 K using a surface area analyzer 

Micrometrics ASAP 2000. The pore size distributions were determined by BJH 

method using the desorption or adsorption branch of corresponding isotherms. Prior to 

adsorption/desorption measurements; the samples were degased at 383.15 K for about 

24 hours. This low degasing temperature was chosen to avoid any structural changes 

in the material. The data of  the BET surface area (SA), the total pore volume (Vp), the 

micropore volume (Vu) and the external surface area (Sexternal) were collected for each 

sorbent. 

 

The characterization of TiP1 was completed by elemental analysis, thermogravimetry 

TG/DTG, differential scanning calorimetry DSC, Raman spectroscopy and Scanning 

Electron Microscopy. The chemical formula of TiP1 was established to be: 

TiO(OH)(H2PO4)•H2O. All results and discussions related to the characterization of 

TiP can be found in the Manuscript 1 (appended to this thesis), while all data related 

to its sorption properties are discussed in Manuscript 2 (also appended at the end of 

this thesis). 
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III. RESULTS AND DISCUSSION 

3.1 Characterization 

3.1.1 31
P MAS NMR 

Figure 2 and Figure 3 show 
31

P MAS NMR spectra of the TiP final products and the 

spectra of corresponding TiP products before washing with HCl, respectively, 

obtained from the three different synthetic routes studied in this Licentiate thesis. 

The 
31

P MAS NMR spectrum of aTiP (Figure 2a) is in good agreement with 

previously reported spectra for analogously synthesized compounds [17, 19]. A very 

broad
 31

P resonance line (width of about 40 ppm) centered at -12.5 ppm is observed 

due to the overlapping signals of chemically different phosphorus sites related to the 

amorphous nature of the material. The deconvolution of this resonance line can be 

performed reasonably well using three 
31

P resonance lines:  one at -4.5 ppm attributed 

to the presence of –H2PO4 groups; and two other resonances at -12.5 ppm and -22.4 

ppm assigned to the presence of two types –HPO4 groups with different Ti–O–P bond 

angles and/or bond distances. It can be seen in Table 4 that –HPO4 groups are the 

dominant species in aTiP which correlates with the chemical composition found for 

aTiP of general formula Ti(OH)2x(HPO4)2-x•nH2O. 

The 
31

P spectrum of CoTiP1 before washing (Figure 3c) can be well fitted using three 

resonance line deconvolution: two at -14.5, -22.2 ppm corresponding to the presence 

of –HPO4 groups and one at -29.6 ppm that is assigned to the presence of –PO4 

groups. A very small shoulder at ca -7.5 ppm is also observed due to the existence of 

small amount of –H2PO4 groups. Full deconvolution data of CoTiP1 before and after 

washing are discussed in Manuscript 1 (Table 2 therein). The final TiP1 product 

(Figure 2c) displays a single resonance line at -7.3 ppm attributed to –H2PO4 groups 

which is in accordance with the chemical formula being: TiO(OH)(H2PO4)•H2O. The 

phosphate groups primarily present in CoTiP1 are most likely being protonated during 

HCl washing processes.  

The same trend in 
31

P MAS NMR data is observed for the TiP synthesis made with 

copper(II) ions. CuTiP1 before washing displays a very broad resonance line between 

2 and -34 ppm which suggest that it is composed of different phosphorus sites. Using 

the deconvolution technique (not shown), the spectrum can be well fitted with three 
31

P resonances: at -7.3 ppm (53.2 %), -19.6 ppm (34.5 %) and at -27.7 ppm (12.3 %) 

corresponding to –H2PO4, –HPO4 and –PO4 groups, respectively. After the washing 

process, CuTiP1-final shows a single 
31

P resonance line at -6.9 ppm revealing the 

presence of only –H2PO4 groups. 

As for the two other synthetic routes leading to the final products TiP2 and TiP3, 

similar 
31

P spectra are observed before (Figure 3d and Figure 3e)  and after (Figure 2d 
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and Figure 2e) the washing process. Both sets of spectra can be deconvoluted with two 
resonance lines (Table 4) at ca -5 ppm (~ 68% of the integral intensity) and at ca -13 
ppm (~ 32%) which are assigned to–H2PO4 and –HPO4 groups, respectively. It can be 
seen that the materials before washing have primarily –H2PO4 ion-exchange units and 
the compositional distribution of the functional groups does not change during the 
washing process. Further protonation of phosphate groups does not occur in these two 
cases. 

   

Figure 2. 31P MAS NMR of TiP 
final products (a) aTiP (b) CuTiP1-
final, (c) TiP1, (d) TiP2 and (e) 
TiP3. 

 

Figure 3. 31P MAS NMR of TiP 
products before washing (b) 
CuTiP1, (c) CoTiP1, (d) CoTiP2 
and (e) CoTiP3. 

Table 4. 31P isotropic chemical shift (in ppm) and deconvolution data for different P-
sites (in %) for TiP ion exchangers after washing (TiP final products). 

aTiP TiP1 CuTiP1-final TiP3 TiP2 Assignment 

(ppm) % (ppm) % (ppm) % (ppm) % (ppm) %  

-4.5 31.6 -7.3 100 -6.9 100 -4.3 72.9 -5.7 62.6 H2PO4
- 

-12.5 40.0     -12.6 27.1 -13.1 37.4 HPO4
2- 

-22.4 28.4         HPO4
2-* a 

a HPO4
2-* with different bond angles and/or bond lengths in the P-tetrahedra, analogous to [19]. 
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3.1.2 Powder X-Ray Diffraction  
The powder XRD diffractograms of the corresponding TiP final products are 
displayed in Figure 4. It is interesting to note that all diffractograms are characteristic 
for amorphous products. Despite this, it is possible to see certain similarities in the 
diffractograms obtained for CuTiP1-final and TiP1 (Figure 4b and Figure 4c, 
respectively). In particular, a broad peak centered at 2θ at about 8 ° corresponding to 
an interlayer distance of ca 11 Å is observed for both cases. The general features of 
these two diffractograms are relatively similar to the one reported for 
Ti2O3(H2PO4)2•2H2O with an interlayer distance of 10.0 Å. For the latter, a layered 
structure with low crystallinity was concluded [13].  
Furthermore, a possible formation of cobalt(II) phosphate species during the TiP 
syntheses was considered. It has been reported that Co(H2PO4)2•2H2O could be 
synthesized from solutions of Co3(PO4)2•H2O with 75 % H3PO4 upon mixing for 1 h at 
room temperature [41]. Badsar and Edrissi have also shown that different cobalt(II) 
phosphates could be obtained from Co(NO3)2 solutions of which pH was adjusted to 
1.7 with H3PO4 and then to pH = 7-7.2  with addition of ammonia [42]. As it can be 
seen from the elemental analysis data and the XRD diffractograms for the TiP 
sorbents synthesized in this work, the formation of similar Co- containing 
phosphorous products cannot be anticipated. Even if the formation of amorphous Co-
TiP products could not be excluded, the thorough post-synthetic washing with HCl is 
most likely to ensure dissolution and hence removal of such species. 
 

 

Figure 4. Powder XRD of TiP final products (a) aTiP, (b) CuTiP1-final, (c) TiP1, (d) 
TiP2 and (e) TiP3. 
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3.1.3 Surface properties 
The results obtained for the surface characteristics of initial and modified titanium 
phosphate sorbents using N2 adsorption/desorption measurements are gathered in 
Table 5. The aTiP displays a surface area of 73.2 m2.g-1 and an average diameter of 
26.9 nm which is in accordance with previously published data for aTiP by Maslova et 
al. [19]. The N2 adsorption/desorption isotherms of aTiP (Figure 5a) can be 
categorized as type IV with a H1 type  hysteresis loop where the two branches of the 
isotherm are almost vertical [28]. The type IV isotherm is caused by capillary 
condensation in larger pore cavities indicating that the sorbent is mainly composed of 
mesopores. This has also been attributed to layer-by-layer multilayer adsorption. Type 
H1, is often associated with porous materials of agglomerates or compacts from 
relatively uniform spheres [43, 44]. As previously reported [18], the closure point of 
aTiP is observed at relatively high pressures of p/p0 = 0.75. The pore size distribution 
obtained from the desorption branch of the isotherm (Figure 5f) displays a relatively 
broad peak (from 10 to 110 nm) with a maximum at ca 45 nm which is characteristic 
of mesoporous/macroporous materials. In Table 5, it can also be seen that the fraction 
of micropore volumes (0.0009) is negligible compared to the total pore volume 
(0.4933). The N2 adsorption/desorption isotherms for modified TiP are rather different 
from the one for aTiP. 
 

Table 5. Surface properties of TiP products (SA-Surface area, Vp-total pore volume, 
D-average Vu-micropore volume and Sexternal-external surface area). 

Sample SA/m2.g-1 Vp/cm3.g-1 Daverage
*/nm Vu/cm3.g-1 Sexternal/m2.g-1 

aTiP 73.2 0.4933 26.9 0.0009 69.4 

TiP1 114.0 0. 1755 7.2/4.61 0.0041 102.9 

CuTiP1-final 66.6 0.3566 16.9 0.0041 56.7 

TiP2 86.8 0.2715 10.7 0.0019 80.7 

TiP3 184.6 0.4335 9.5 0.0063 164.1 

* Average pore diameter calculated as 4Vp/SA. 
 1 Daverage values for the body and the neck of the pores (see text). 
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Figure 5. N2 adsorption (▲) and desorption (■) isotherms of (a) aTiP, (b) CuTiP1-
final, (c) TiP1, (d) TiP2 and (e) TiP3, and (f) Pore size distribution of (x) 
aTiP, (-) CuTiP1-final, (▲) TiP1, (●) TiP2  and (■) TiP3. 

As for TiP1, the type IV isotherm (Figure 5c) shows a hysteresis loop of type H2 with 
a closure point at low relative pressure (p/p0 = 0.4). In this case, this low closure point 
is almost independent of the nature of the sorbent and is related to nitrogen boiling 
point at p/p0 = 0.4 [44]. The type H2 hysteresis loop is mainly caused by different 
processes such as pore blocking/percolation or cavitation occurring in the material 
during the N2 desorption process; often referred to as “ink bottle” pores [44]. In such 
cases, Daverage of the “body” (7.2 nm in Table 5) is estimated from the adsorption 
branch while Daverage from the “neck” of the pores (4.6 nm in Table 5) is obtained by 
the desorption branch. In practice, the sorbent is most likely composed of series of 
interconnected pore spaces with varying radius rather than discrete “ink bottle” pores 
(Figure 6). Due to the aforementioned reasons, the pore size distribution of TiP1 was 
determined from the adsorption branch of the isotherm (Figure 5f). A more detailed 
plot with 5-fold expansion in the y axis of TiP1’s pore size distribution can be found 
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in Manuscript 1 (Figure 7b therein). It shall be noted that the pore size distribution is 
rather broad with a slightly higher adsorption around 2-3 nm which indicates presence 
of micropores (that are absent in aTiP). At about 50 nm, the pore size distribution 
curve decreases considerably indicating that macropores are negligible in the sorbent. 
In Table 5, the fraction of micropore volumes when compared to the total pore volume 
is still insignificant which implies that TiP1 is mostly composed of mesopores. 

 

Figure 6. A schematic representation of “ink bottle” effect on interconnected pores. 

In the cases of CuTP1-final, TiP2 and TiP3, the sorption isotherms are of type IV with 
hysteresis loops of type H3. Such hysteresis loop has been observed for mesoporous 
materials that were mostly composed of aggregates with plate-like particles and slit-
shaped pores of non-uniform sizes [28]. For these three sorbents, the fraction of 
micropore volumes remains inconsiderable when compared to the total pore volumes 
for these systems. The surface properties determined by the BET method for CuTiP1-
final differ substantially from the surface characteristics of TiP1 (synthesized with 
cobalt(II) ions). The surface area of CuTiP1-final is the lowest area of the five studied 
compounds while the average pore diameter (16.9 nm) is larger than for TiP1 and 
lower than for aTiP (26.9 nm). The pore size distribution of CuTiP1-final obtained 
from the desorption branch (Figure 5f) shows a sharp peak at ca 4 nm due to the 
tensile strength effects (TSE) [44] which is also observed for TiP2 and TiP3. A broad 
peak centered at ca 50 nm confirms the presence of mesopores and macropores in this 
ion-exchanger.  
The surface characteristics of TiP2 are similar to the ones of CuTiP1-final. The 
mesoporous ion-exchanger displays a surface area of 86.8 m2.g-1 and an average pore 
diameter of 10.7 nm. The pore size distribution curve (Figure 5f) also shows a wide 
pore distribution covering the region of mesopore and macropores. 
The surface area for TiP3, determined with BET technique, is the highest in this study 
with 184.6 m2.g-1. The average pore diameter (9.5 nm) is relatively small and is about 
three times less than for aTiP. The pore size distribution curve (Figure 5f) displays a 
better defined peak centered at ca 20 nm which implies that the sorbent is mostly 
composed of mesopores whereas the macropores are almost vacant.  
For all studied compounds, the determined surface area is composed of external 
surface area (85-95 %), which is a prerequisite for effective sorption on the available 
functional sites.  

Daverage (body) Daverage (neck) 
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It is interesting to note that the syntheses made with the first synthetic route but with 
two different ions (leading to TiP1 and CuTiP1-final products) has resulted in 
products with different surface properties. In the cases of TiP1 and TiP3 products, 
relatively high sorption areas and the absence of macropores are observed while 
CuTiP1-final and aTiP show low surface areas with the presence of mesopores and 
macropores. The distinctive sorption features of the ion-exchangers synthesized with 
the three synthetic routes (TiP1, TiP2 and TiP3) combined with the differences in 31P 
MAS NMR and XRD data affirm that modeling TiP adsorption sites is possible by 
modifying the synthetic procedure of aTiP.  

 

3.2 Na+ uptake and sorption experiments 

3.2.1 Na+ uptake 
Table 6 summarizes the Na+ uptake data for the TiP sorbents synthesized in this work. 
The theoretical exchange capacity (TEC) calculated for TiP1, based on the chemical 
formula: TiO(OH)(H2PO4)•H2O, is 10.2 meq.g-1 while the amount of Na+ ions uptaken 
by the sorbent is 6.3 meq.g-1, which corresponds to  62 % of the TEC. The complete 
transformation of TiP1 into the sodium form could not be reached due to partial 
hydrolysis of the sorbent (see Manuscript 2 for the details of the chemical stability) 
and the possible coexistence of three phases: TiO(OH)(H2PO4), TiO(OH)(HNaPO4) 
and TiO(OH)(Na2PO4). Regardless this fact, it should be emphasized here that the Na+ 
uptake value of 6.3 meq.g-1 is among the highest reported for TiP sorbents in various 
studies (see Table 3). 
The amount of Na+ ions uptaken by TiP2 and TiP3 is only 2.7 and 2.4 meq.g-1, 
respectively, which is considerably lower than for TiP1. It is also interesting to note 
that TiP1 synthesized with cobalt(II) or copper(II) (CuTiP1-final) ions show the same 
values for the Na+ uptake. Therefore, TiP1 and subsequently CuTiP1-final are 
expected to give the best results in terms of sorption capacities. 
 

Table 6. Sorption capacity of TiP products towards Na+ ions. 

 aTiP TiP1 CuTiP1-final TiP2 TiP3 

Na+ uptake (meq.g-1) 2.5-3.2* 6.3 6.3 2.7 2.4 

*Data taken from [27]. 
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3.2.2 Industrially polluted waters 
Industrially polluted water 1 and water 2 were supplied by Boliden AB. These waters 
come from closed mines and are contaminated with heavy metal ions. Table 7 shows 
the measured concentrations of metal ions in the initial waters (Co) and at equilibrium 
(Ce) after sorption experiments with the studied TiP ion-exchangers. It is important to 
note that applying TiP1 sorbent gives water quality results that can reach the European 
emission recommendations at ppm levels. Only manganese ions were not removed 
efficiently (by any of the TiP sorbents) but the corresponding concentrations were 
considerably lowered. Indeed, the starting concentration of manganese ions in water 1 
is about 4.64 mg.L-1 while the EU regulations require a minimum amount of 0.05 
mg.L-1. After sorption experiments with the studied TiP sorbents, the final 
concentrations were measured to be from 0.35 (aTiP) down to 0.02 (TiP1) which 
corresponds to ca 99 % of Mn2+ ions removed. A similar observation was made for 
water 2 where the starting concentration of Mn2+ ions was 17.20 mg.L-1 and was 
lowered to ca 0.42, 0.36, 0.95 by TiP1, TiP2 and TiP3, respectively. Ca2+ ions were 
present in high quantity in both waters (182.0 mg.L-1 and 384 mg.L-1 for water 1 and 
2, respectively) and their concentrations were reduced to 2.9 and 87.3 mg.L-1 (E = 98 / 
77 %), respectively, using TiP1 as ion-exchanger. In the case of Zn2+ ions (Co ~ 10.7 
mg.L-1 for both waters), the studied TiP sorbents have shown to have very good 
sorption properties by lowering the concentrations down to 0.02-0.09 mg.L-1 (E ~ 
99 %) which is below the EU regulations being 1.5 mg.L-1. Similar observations were 
made for aluminum, cadmium, copper and iron ions where the starting concentrations 
were in some cases above the EU regulations and were lowered to reach the European 
directive. 
The aTiP was only tested on water 1 and the estimated apparent IEC of 1.6 meq.g-1 is 
in accordance with the IEC of 0.8-1.9 meq.g-1 reported for this sorbent (see Table 3). 
This value is ca 50-60 % less than the IEC of TiP1, TiP2 or TiP3 sorbents. For the two 
types of water, TiP1 shows one of the highest IEC if compared to the studied sorbents 
but also to the values reported in Table 3, with 3.1 and 4.0 meq.g-1 for water 1 and 2, 
respectively. Such difference in the IEC can be related to both the composition and the 
individual metal ion concentrations of the waters (called “effect of the metal mixture”) 
and shows that the metal content in the waters shall be taken into consideration when 
sorption performances of TiP sorbents are analyzed. Furthermore, these values 
represent about 50-63 % of the Na+ uptake by the solid sorbents. This variation can be 
caused by pore blocking due to big solvated ions and by the saturation of active sites 
due to the high amount of Ca2+ (and Mn2+ in water 2) present. 
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Table 7. Drinking water level regulations of various elements. C0: initial   
concentrations of the metal ions in water 1 and 2, aTiP, TiP1, TiP2 and 
TiP3 relate to the concentrations of metal ions at equilibrium after sorption 
with the corresponding ion-exchangers. All the concentrations are 
expressed in mg.L-1. 

Metal 
ions 

Regulations 
Water 1 Water 2 

C0 aTiP TiP1 TiP2 TiP3 C0 TiP1 TiP2 TiP3 

Cab 100 182.0 95.40 2.90 52.20 6.97 384.00 87.30 181.00 117.00 

Fea 0.2 1.940 0.026 0.008 0.039 0.015 0.090 0.004 0.011 0.009 

Kb 12 9.530 0.500 1.350 4.830 2.040 3.480 0.885 1.640 0.762 

Mgb 50 50.90 50.80 33.00 33.40 32.40 18.30 17.00 14.90 18.30 

Ala 0.2 7.960 0.044 0.035 0.032 0.068 0.011 0.010 0.009 0.018 

Cda 0.005 0.039 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 

Cua 2.0 4.250 0.023 0.018 0.018 0.012 0.022 0.005 0.003 0.007 

Mna 0.05 4.640 0.352 0.021 0.083 0.036 17.20 0.42 0.36 0.95 

Nia 0.02 0.165 0.053 0.006 0.013 0.013 0.102 0.013 0.008 0.038 

Pba 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Src 4 0.23 0.028 0.004 0.020 0.004 0.36 0.00 0.00 0.00 

Znb 1.5 11.7 0.09 0.05 0.06 0.07 9.69 0.02 0.03 0.03 

IEC (meq.g-1)  1.6 3.1 2.4 3.0  4.0 2.8 3.6 
a Data collected from European directive 98/83/EC. 
b Data collected from European directive 80/778/EEC, the value for calcium is for guide level. 

c Data collected from US Environmental Protection Agency. 
 
It is worth to mention that TiP1 removed about 82 % and 68 % of the metal ions in 
water 1 and water 2, respectively. 
TiP1 has removed all the metal ions from water 1 with an efficiency, E ≥ 95 %, with 
the exception of potassium and magnesium ions where it was found to be less than 
85 %. The IEC of TiP2 estimated to be ca 2.4-2.8 meq.g-1 is in good agreement with 
the Na+ uptake (2.7 meq.g-1) found in Table 6. In this case, half of the metal ions from 
water 1 were removed with an efficiency, E ≥ 95%. Finally, TiP3 shows an IEC of 
about 3.0 to 3.6 meq.g-1 which is higher than the amount Na+ uptake determined. This 
discrepancy could be attributed to errors in the Na+ determination. If this is the case, 
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all metal ions in water 1 can be considered as removed with E ≥ 95 % with the 
exception of potassium and magnesium ions (E ~ 80 % and 36 %, respectively). 
 
Among the tested titanium phosphate sorbents, TiP1 shows the highest sorption 
capacities. Synthesis-wise, it is also a material that is relatively easier to obtain if 
compared to the synthetic routes for TiP2 and TiP3. Hence, more detailed studies on 
sorption and kinetics were performed on TiP1. 
 

3.3 Sorption studies and modeling of TiP1 
From the sorption isotherms (shown in Manuscript 2, Figure 4 therein), the maximum 
sorption capacities of TiP1 were determined and are shown in Figure 7 together with 
the data reported for aTiP (taken from Maslova et al. [17]). The highest sorption 
capacities for TiP1 obtained from the sorption isotherms is estimated to be between 
2.1-2.8 mmol.g-1 for the studied divalent ions which corresponds to an averaged IEC 
of ca 4.8 meq.g-1. This value is above the IEC calculated from the sorption data of 
Boliden AB waters (ca 3.5 meq.g-1) and represents 76 % of the Na+ uptake by the TiP1 
solid. This difference in IEC is mostly due to the “effect of the metal mixture” where 
both the composition and the metal ion concentrations of the waters play a role in the 
sorption results. The sorption capacity of aTiP is between 0.5 and 0.7 mmol.g-1 (or an 
IEC of 1.0-1.4 meq.g-1) for the same divalent ions studied here [17] which is nearly 
three times smaller than the one of TiP1 for the studied ions. The ion-exchanger 
studied by Clearfield et al. [16] with mainly –H2PO4 groups shows an IEC of 2.6-2.8 
meq.g-1 which is about 55-60 % less than for TiP1. Even if TiP1 does not reach its full 
exchange capacity regarding the amount of exchangeable Na+ (6.3 meq.g-1), its IEC is 
still much higher than the values reported for other TiP ion-exchangers. 

 

Figure 7. Maximum sorption capacities of aTiP [17] and TiP1 towards Zn2+, Cu2+, 
Ni2+, Co2+ and Mn2+. The sorption experiments were not performed in 
mixtures. 
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The equilibrium sorption data of Zn2+, Cu2+, Ni2+, Co2+ and Mn2+ ions on TiP1 were 
fitted to Langmuir, Temkin and Freundlich isotherm models (Figure 8) and the 
resultant parameters of Langmuir and Temkin are shown in Manuscript 2 (Table 1 
therein). The sorption isotherms reported for aTiP were well described by the 
Langmuir model [17].  

Figure 8. Linear plots of sorption data for (a) Zn2+, (b) Cu2+, (c) Ni2+, (d) Co2+ and (e) 
Mn2+ according to Langmuir (left column), Temkin (middle column) and 
Freundlich (right column) models. 
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Least reliable fits of the sorption data were obtained with the Freundlich model. The 
correlation factors, R2, found were between 0.556 and 0.750 and the simulations 
performed with the obtained Freundlich parameters (not shown) did not match the 
experimental isotherm curves for any of these metal ions.   
The Langmuir model describes the formation of a continuous monolayer of adsorbate 
molecules on homogeneous surfaces of the adsorbents [33]. The solid surface is 
assumed to contain a finite number of equivalent sites and each site can hold at most 
one metal ion. Once adsorbed, the metal ions are immobilized onto the surface and no 
interactions between them can occur. The Temkin model is an extension of the 
Langmuir adsorption model which considers a linear variation of the heat of 
adsorption and the degree of surface covering. According to this model, the weakest 
adsorbing sites are practically free of metal ions while the strongest adsorbing centers 
are nearly completely occupied. This model is more applicable for non-uniform 
surfaces and in the presence of repulsive forces between adsorbed molecules during 
the covering process is accounted for [35].  
The sorption data obtained can be, in this study, somewhat fitted with both models 
(Langmuir and Temkin) with R2 factors of at least 0.781 and of similar values 
(between 0.781 - 0.963). A detailed look at the modeling straight lines in Figure 8 
shows that Temkin model is the one which describes better most of the experimental 
sorption data. It can be seen that at low metal concentrations, the data points are 
overlapping in all cases of the Langmuir fits which leads to a somewhat higher R2 but 
an inadequate description of the overall data. Temkin model appears to be more 
suitable for all metal ions with the exception of cobalt(II) ions where Langmuir model 
seems to be more applicable. The maximum capacities determined by Langmuir fits 
(qmax in Manuscript 2, Table 1 therein) poorly match the experimental data in the cases 
of Cu2+ and Mn2+. As for Zn2+ and Ni2+, qmax were found to be 161.3 and 148.9 mg.g-1, 
respectively, which is equivalent to ca 2.5 mmol.g-1 while the experimental ones gave 
a sorption capacity of 2.2 and 2.6 mmol.g-1, respectively. Only for Co2+ ions, there is a 
complete agreement for qmax estimated at 2.1 mmol.g-1 for both cases (experimental 
and Langmuir model).  
In the Temkin model, bT parameter is a measure of the rate of decline of the adsorption 
energy; therefore, when bT value is small, the overall energy of interactions is higher 
which results in a higher overall fractional loading [45]. It is then possible to give a 
preliminary selectivity order of TiP1 towards the studied divalent ions based on the 
Temkin constant, bT (in Manuscript 2, Table 1 therein):  
Zn2+, Cu2+ > Mn2+> Ni2+> Co2+.  
The isotherm curves of each divalent ion with the simulations of Temkin and 
Langmuir models can be found in Manuscript 2 (Figure 4 therein). 
 



3.3 Sorption studies and modeling of TiP1 31 

 

Sorption studies were also performed for CuTiP1-final towards two divalent ions (Ni2+ 
and Co2+) in order to compare the sorption isotherms for the two sorbents (TiP1 and 
CuTiP1-final) obtained with different metal ions during the synthesis. The sorption 
isotherm curves are shown in Figure 9. It can be seen that for both metal ions, so 
called H (“High affinity”) curves type are obtained during sorption on CuTiP1-final 
[46]. This type of isotherm shows a nearly vertical part before bending in attempt to 
reach a plateau that indicates saturation of the solid surfaces. Very similar 
observations were made in cases of TiP1 towards all metal ions studied (see 
Manuscript 2 for details). The sorption isotherm data for CuTiP1-final are very close 
to the ones obtained for TiP1 with an IEC of ca 2.4 mmol.g-1 (for both CuTiP1-final 
and TiP1). Apart from BET results, CuTiP1-final and TiP1 show several similarities in 
terms of sorption properties but also in terms of structural properties (as seen in 31P 
MAS NMR and XRD data).  
 

  

Figure 9. Sorption isotherms of (a) Ni2+ and (b) Co2+ ions on (●) CuTiP1-final and (□) 
TiP1. 

In order to investigate further the properties of TiP1 and CuTiP1-final towards 
divalent ions, a portion of the sorbents was mixed with a synthetic water containing 5 
mmol of each metal ion, i.e.,  Zn2+, Cu2+, Ni2+, Co2+, Mn2+ ions, so that the solid to 
liquid ratio was g:mL = 1:250. The concentration of each metal was determined before 
and after the sorption by an ICP-AES. The equilibrium sorption capacities of TiP1 and  
CuTiP1-final towards Zn2+, Cu2+, Ni2+, Co2+, Mn2+ ions  were calculated according to 
equation (1) and the results obtained are displayed in Figure 10. 
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Figure 10. Equilibrium sorption capacities of TiP1 and CuTiP1-final towards Zn
2+

,   

Cu
2+

, Ni
2+

, Co
2+

 and Mn
2+

 ions in a mixture. 

It can be observed that the two sorbents behave similarly towards these metal ions in a 

mixture. The ion-exchange capacity towards divalent ions of TiP1 and CuTiP1-final 

calculated with these data is estimated to 2.4 and 2.5 mmol.g
-1 

which corresponds to 

an IEC of 4.8 and 5.0 meq.g
-1

, respectively. These results are in very good agreement 

with the IEC determined with the sorption isotherms (IEC ≈ 4.8 meq.g
-1

). The amount 

of exchangeable Na
+
 per mole of metal ions adsorbed (Na

+
/M

2+
) was determined.  The 

molar ratio Na
+
/M

2+
 was found to be 1.9 and 2.0 for TiP1 and CuTiP1-final, 

respectively. This related to the reaction:  

                     

where the line symbolizes the sorbent.  

The actual selectivity series of metal ions in a mixture towards TiP1 and CuTiP1-final 

sorbents can be determined: Cu
2+ 

> Zn
2+

 > Mn
2+ 

> Co
2+

 > Ni
2+

.  

Reviewing the characterization data and the sorption properties for the two sorbents 

(TiP1 and CuTiP1-final), it can be seen that performing the synthesis with either 

cobalt(II) or copper(II) ions leads to the same final compound of formula: 

TiO(OH)(H2PO4)• H2O and similar sorption features. 

 

3.4 Kinetic studies and modeling of TiP1 

 

The kinetic sorption curves for each of the divalent ions (for an initial concentration of 

metal ion equal to 2.5 mM) are shown in Figure 11.  It can be seen that the kinetic 

process is relatively fast and that the equilibrium is reached within 10 minutes.  

Various TiP ion-exchangers (including aTiP) have shown to have much slower 
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sorption kinetics with an equilibrium reached from 30 to 100 min for mono or divalent 
ions [18, 47–49].  
In order to reveal the most probable sorption mechanisms of metal ions onto ion-
exchangers, four kinetic models namely pseudo-first order, pseudo-second order, 
liquid film diffusion and the intraparticle diffusion models were tested [36]. The 
pseudo-first order model was investigated in this study and the results obtained 
showed low R2 values in all the cases and were therefore disregarded (data not shown). 
The film diffusion and the intraparticle diffusion models (data not shown) did not fit 
the experimental data. The corresponding straight lines of the two models, obtained 
for each divalent metal ion, did not pass though the origin indicating that neither liquid 
film diffusion nor intraparticle diffusion are the rate limiting steps of the adsorption 
processes of divalent ions onto TiP1. The plots of the pseudo-second order model 
fitted to the experimental data for the different metal ions are shown in Figure 11. The 
R2 values and the parameters related to this model are gathered in Manuscript 2 (Table 
2 therein). The pseudo-second order model give a very good description of the 
sorption kinetic process for each of the metal ion studied in this work and the 
regression coefficients (R2) are very high. Thus, it can be concluded that 
chemisorption is most likely the rate limiting step of the ion-exchange reactions in the 
case of divalent ions and TiP1. Only a few other kinetic results of TiP ion-exchangers 
can be found in the literature proposing either pseudo-second order [48] or diffusion 
processes [27] as the rate determining steps in adsorption kinetics of TiP sorbents.  
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Figure 11. Experimental data ( ) and pseudo-second order model curves (─) for 
sorption of (a) Zn2+, (b) Cu2+, (c) Ni2+, (d) Co2+ and (e) Mn2+ ions on TiP1. 
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IV. CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 

 
Simplified synthetic routes for amorphous TiP (TiP1, TiP2 and TiP3) were developed 
using cobalt(II) ions as a modifying agent. The syntheses were performed in mild 
heating conditions: 80 °C for 30 min (TiP1), 50 °C  for ca 2 h (TiP2) and 70 °C for ca 
2 h (TiP3), followed by aging for 12 h, filtration of the TiP products and subsequent 
washing with HCl and water. The resulting solids were characterized by means of 31P 
MAS NMR, XRD and BET techniques and the sorption properties were examined for 
waters contaminated with heavy metal ions. All TiP sorbents were found to contain 
predominantly or entirely (TiP1) –H2PO4 type exchange groups and are thus expected 
to have an extended pH-working range. The newly synthesized TiP sorbents were 
characterized as amorphous mesoporous materials with isotherms of type IV. In the 
cases of TiP1 and TiP3, higher surface areas than for the corresponding TiP composed 
mainly of ─HPO4 groups were obtained. TiP1 sorbent displayed the highest Na+ 
uptake of 6.3 meq.g-1 and the sorption experiments performed on industrial polluted 
waters revealed that TiP1 was indeed the most efficient ion-exchanger. The ion-
exchange capacity of TiP1 towards these waters was found to be about 3.1-4.0 meq.g-1 
in comparison with 2.4-2.8 and 3.0-3.6 meq.g-1 for TiP2 and TiP3, respectively. 
Therefore the full characterization of TiP1 using TG, 31P MAS NMR, XRD, Raman, 
SEM, BET and elemental analyses techniques was conducted and the chemical 
formula was established to be: TiO(OH)(H2PO4)•H2O. 
Indirect and direct potentiometric titrations were performed using TiP1 sorbent [Ti 
TiO(OH)(H2PO4)•H2O] and pKa1 as well as pKa2 for the ─H2PO4 groups were 
determined to be 2.2 and 7.1, respectively. The chemical stability tests revealed that 
TiP1 is partially hydrolyzed in the range of pH = 2-10. The adsorption isotherms for 
Zn2+, Cu2+, Ni2+, Co2+ and Mn2+ ions on TiP1 were modeled using Langmuir, 
Freundlich and Temkin models. It was found that Temkin model could better describe 
the entire adsorption process. The experimental kinetic data were analyzed by the 
pseudo-first order, pseudo-second order, the liquid film diffusion and the intraparticle 
diffusion models. It was found that the kinetic data could be well described by the 
pseudo-second order kinetics, suggesting that chemisorption is the rate limiting step of 
the sorption of metal ions onto surfaces of TiP1. It was also found that the kinetics 
were considerably faster than for other known ion-exchangers with a sorption 
equilibrium reached within 10 minutes. The maximum sorption capacity of TiP1 
towards metal ions was determined experimentally to be ca 4.8 meq g-1 which 
represents about 75 % of the Na+ uptake. This sorption capacity is almost three times 
larger than the reported data for titanium phosphates composed mainly of ─HPO4 
groups as functional units.  The selectivity series of the studied metal ions was 
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determined by sorption experiments with a mixture of the five metal ions and was 
established to be: Cu2+ >  Zn2+ >  Mn2+ > Ni2+ > Co2+.  
A similar synthesis to TiP1 was performed with copper (II) ions (CuTiP1-final) 
instead of cobalt(II) ions. The 31P MAS NMR and XRD data obtained for the two 
sorbents (TiP1 and CuTiP1-final) were in good agreement and indicated amorphous 
materials composed entirely of ─H2PO4 functional groups. Despite different sorption 
characteristics revealed with BET analysis, the two sorbents showed analogous 
sorption properties including the sorption isotherms and the sorption of the water 
mixture of five divalent metal ions. It can therefore be considered that performing the 
synthesis with either cobalt(II) or copper(II) ions leads to the same final compound of 
formula: TiO(OH)(H2PO4)•H2O and similar sorption features. 
 
 
Reviewing the results obtained in this research study, the following areas as 
recommendations for further work are suggested:  
 
• Syntheses of TiP sorbents using different commercially available titanium sources in 
attempt to obtain TiP1. 
 
• Syntheses of mixed Ti/Zr-P sorbents. 
 
• Granulation of TiP1 sorbent. 
 
• Sorption experiments on continuous mode. 
 
• Solid-state 23Na MAS NMR. 
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