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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 

Treatment of industrial waters containing heavy metal ions is essential before being 
discharged into the environment. Consequently, European regulations have been 
established to control and limit the amount of heavy metals released. There is a need to 
develop efficient water treatment techniques that can remove contaminants with respect 
to these EU regulations.  

Ion-exchange is one of the processes that is being investigated due to fast kinetics, high 
treatment capacity and its ability to remove heavy metal ions present in trace amounts. 
Titanium phosphates (TiP) are a group of inorganic ion-exchangers that have 
demonstrated to be particularly selective towards transition metal ions in aqueous 
solutions. Two types of ion-exchange units are present in TiP material, which are –HPO4 
and –H2PO4 groups. Their structural characteristic is highly dependent on the synthesis 
conditions, which include the source of titanium, temperature, reaction time and 
P2O5:TiO2 ratio. Most of the studies have been performed on amorphous TiP containing 
a mixture of both exchange units, with – HPO4 groups being predominant; as crystalline 
TiP and –H2PO4 based TiP  are often obtained in difficult conditions, high temperature 
(up to 250 °C) and/or long reaction time (up to 30 days) and/or using autoclave. Despite 
promising properties depicted in batch conditions, very few data in continuous flow 
systems (fixed-bed columns) have been reported.  

In this work, amorphous TiP composed of entirely –H2PO4 ion-exchange units (TiP1) 
was synthesized at mild conditions using a TiOSO4 solution and HCl/deionized water as 
post-synthesis treatments. The sorbent was characterized using a range of techniques 
(solid-state 31P MAS NMR, Raman, XRD, TGA, BET, Elemental analysis, EXAFS and 
XANES,) and tested in batch and column set-ups towards single and multi-component 
waters. The chemical formula of TiP1 was established as TiO(OH)(H2PO4)·H2O and it 
was found that the synthesis of TiP1 was also dependent on the TiO2/H2SO4 content in 
the primary titanium solution.  
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The material displayed a high maximum exchange capacity of ca. 6.4 meq.g-1, expressed 
as the sodium uptake. The actual ion-exchange capacity towards divalent metal ions was 
calculated to be ca. 3.4 meq.g-1 in batch condition and up to 4.1 meq.g-1 in fixed-bed 
column, which is to date the highest recorded for TiP materials. Kinetics of the exchange 
processes have been studied and the equilibrium was reached within 5-20 minutes. 
Modeling of the breakthrough curves was achieved using the Thomas model, indicating 
that the rate driving forces of the processes follow second-order reversible kinetics. The 
TiP1 sorbent has shown to maintain a high selectivity towards heavy metal ions in multi-
component systems (including closed-mine waters) when column studies were 
performed. The sorption behavior of TiP1 in batch experiments correlates very well with 
data obtained in fixed-bed column conditions, confirming that prediction of the sorption 
behavior on the basis of batch data is conceivable.  

Another important aspect of this work also involves the mild syntheses of crystalline α-
TiP, Ti(HPO4)·H2O, and LTP (Linked Titanium Phosphate) composed of α-TiP and 
TiP1, where the structural characteristics of these materials were investigated using 
solid-state NMR, XRD, TGA, EXAFS and XANES. 
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PREFACE 

During my PhD, I have been highly involved in different aspects of chemistry such as 
syntheses, characterization, sorption, designing of experiments, reporting data, etc. 
Several techniques have been employed for the characterization of TiP systems among 
which I have been able to run most of them.  

I have met a number of people who worked hard with me: Prof. Ingmar Persson who 
helped me obtaining the EXAFS data for various TiP systems and did the data evaluation 
and Prof. Ray Dupree who collected the 47/49Ti NMR spectra and performed simulations 
on the experimental data. All these studies are not fully completed and the data are not 
included in this thesis.  
It shall also be mentioned that the concentration of various elements in wastewater before 
and after sorption was evaluated using ICP-OES technique that has been performed by 
Senior Lecturer Ivan Carabante at LTU and by ALS Scandinavia Luleå.  

This thesis provides information for researchers in diverse areas, with an ultimate goal 
of developing an ion-exchanger that would be suitable for future continuous column 
experiments at an industrial scale. These are the first steps towards this goal where I have 
worked from designing the syntheses to lab-scale sorption and kinetics experiments; 
employing full characterization of the TiP systems and performing corresponding batch 
and column experiments. I am grateful to all the scientists who helped me to find the 
links between these areas and to learn more about each subject. I neither would claim to 
be an expert in all the fields I have come across nor to have conquered all details but I 
try my best to understand the laws of nature and to embrace the field of titanium 
phosphate materials. 
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   CHAPTER 1. 

First acquaintance of TiP and 
water purification 

Mining has always been essential in the development of industries and societies. Europe 
has a long history of mining activities starting from pre-historic ages. With years, the 
mining industry in Europe decreased and a lot of mines were/are closed 1–4. In the late 
1910s , 500 Swedish mines were operational while 50 years ago the numbers dropped 
down to 100 operational mines and to 16 operational mines in 2013 5. During and after 
mine closure, a risk of pollutants emission into the surrounding watercourses, lakes and 
groundwater subsists; as it happened in 1992 at the Wheal Jane closed mine, UK, where 
the groundwater reached the surface water systems releasing about 50 000 m3 of metal 
enriched acidic water into the river 6. Many other examples of contaminated 
watercourses, which can also emanate from waste rock piles or tailings facilities, have 
been identified 6. It has been estimated that about 60 % of metal discharge into the water 
from Swedish industry originated from mining and mine waste due to uncontrolled metal 
ions leaching from covered and uncovered mineral waste 4. Pollution of groundwater 
and surface water has, therefore, become a major issue and a European directive 
(2006/21/EC) was established to ensure that the operator would control the 
environmental impact on the surface and groundwater after closure 7. Although mine 
closure procedures are now regulated, they can still represent a threat for the 
environment and particular effort is devoted to develop long-term technologies to 
manage these waste and waters 6,8 .  

With the extensive production of copper and zinc concentrates, in Northern Sweden, 
these two elements can often be found in the water stream of closed-mines. Other heavy 
metals (accompanying the main metal concentrates) include Ni, Mn, Co, Al and Cd.  
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Different water treatment techniques have been studied and/or utilized to reduce the 
amount of heavy metals in industrial and closed-mine waters in accordance with the EU 
environmental regulations 9. Among them, traditional methods, such as lime 
precipitation or sedimentation, have been designed for waters containing relatively high 
amounts of metal ions but are often inadequate when trace elements are involved. They 
are often preferred processes due to their lower running cost and their relative simplicity. 
Besides, the increase in pH generated by the lime treatment would lead to subsequent 
metal precipitation but some heavy metal ions could still remain above the  concentration 
limitations set by the EU directives. Additional fine purification techniques would, 
therefore, be required 9. Such lime treatment would also result in relatively high amounts 
of calcium and potentially of magnesium ions, which could somewhat hinder the 
removal of heavy metal ions 10. 

Finer techniques (more suitable for lower concentrations) involve ion-exchange and 
sorption processes. These purification methods often lead to a complete removal of 
heavy metal ions when the sorbent displays high treatment capacity and a broad working 
pH range. Nevertheless, they are often expensive processes and require regeneration of 
the sorbent using chemical reagents, which could in turn results in secondary pollution. 
More work is ongoing in order to find more efficient and low-cost ion-exchangers that 
could potentially be coupled with precipitation techniques. 

Titanium phosphate materials (TiP) are a group of ion-exchangers that have been studied 
for the sorption of heavy metal and radioactive ions in aqueous solutions 11–13. It has been 
shown that the ion-exchange behavior/performance of these systems was dependent on 
i) the degree of crystallinity, ii) the structural features of the TiP matrix and iii) the type 
of ion-exchange units (−HPO4 or – H2PO4 groups). It is, therefore, crucial to understand 
how the structure of TiP materials can be altered and how these changes would affect 
the sorption properties. The most straightforward method to influence the structural 
characteristics of TiP compounds relates to their synthesis and, therefore, the synthesis 
parameters. The synthesis conditions determine whether one of the two (or both) ion-
exchange units is present as well as the degree of crystallinity/amorphousness of the 
material; and evaluating the role of each synthesis parameter on the formation of TiP is 
essential.  

Synthesis parameters include:  

i) Titanium source, 
ii) P2O5:TiO2 molar ratio, 
iii) Temperature,  
iv) Reaction time 
v) Post-synthesis treatment  
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Another important aspect to study, while developing an ion-exchanger, is its sorption 
performance and behavior under continuous flow conditions (column mode). Among the 
few features to take into consideration, the amount of metal ions sorbed estimated in 
batch and column experiments should be compared. It has been reported that in some 
cases, the amount of metal ions sorbed onto different ion-exchangers could decrease by 
70 % when sorption processes were tested in continuous column mode 14,15.  With the 
presence of high amounts of calcium and magnesium in the waters, the selectivity 
towards heavy metal ions could also be altered. Therefore, one of the main challenges in 
the development of ion-exchange materials is to keep the selective properties of the 
sorbent while maintaining the sorption capacity high.  
Regeneration of the sorbent is also a major step to consider in order to make the process 
industrially applicable. Yet, a very few data reported complete sorption studies in 
continuous column mode and data about regeneration and/or sorption capacities are 
often missing.  

The study reported in this thesis depicts the advancement of newly synthesized TiP 
sorbents from synthesis specifications, via sorption properties in batch and column 
conditions to sorbent regeneration (Figure 1).  

 

Figure 1. A schematic representation of the thesis continuity and approached subjects. 
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Three different synthesis routes have been developed leading to the formation of three 
distinct TiP sorbents with defined structural features. The influence of the synthesis 
parameters on the structure and performance of TiP materials has been studied with 
respect to the literature data. Full optimization of the syntheses has not been the purpose 
of this work. The synthesized sorbents have been characterized using spectroscopic and 
analytical techniques. Sorption tests of contaminated closed-mine waters with one of the 
newly synthesized TiP sorbents have been performed in batch and column modes to 
evaluate the applicability of this material to future scale-up studies. The results are 
summarized in the following chapters and more details can be found in the Articles 
appended to this thesis.  
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CHAPTER 2 

Synthesis perspectives and 
challenges 

Commonly studied inorganic ion-exchangers include clays and zeolites although many 
more such as phosphates16-, titanates17-, heteropolyacid18- based materials have shown 
to possess ion-exchange properties. In particular, phosphates-based sorbents have 
layered structure that could improve their performance in ion-exchange or intercalation 
processes. Besides their layered structures, titanium phosphate (TiP) materials have also 
the specificity to have their chemical structure altered by varying the synthesis 
conditions 19. Chemically, two types of ion-exchange units are present in TiP materials, 
which include the hydrogen phosphate groups (−HPO4) and the dihydrogen phosphate 
groups (−H2PO4). The TiP materials can possess either one of the two types of 
ion-exchange units or a mixture of both. The formation of different exchange units in 
TiP systems is highly dependent on the synthesis conditions. It is therefore important to 
understand how the structure of TiP is formed, and hence how the sorption performances 
of the material are affected by the synthesis parameters. TiP materials have often been 
synthesized using different titanium sources (TiCl4, TiCl3, TiO2 and titanium powder) 
but very few authors reported syntheses using titanyl oxysulfate (TiOSO4) solutions as 
a starting titanium source. The latter can be obtained by leaching titanite ores (CaTiSiO5) 
that could be present in the mine waste rocks. Leaching of titanite by sulfuric acid has 
been reported as readily achievable 20. Using TiOSO4 as the starting titanium source 
would therefore be more profitable and environmentally friendly for synthesizing TiP 
materials.  
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Two types of TiP can be distinguished with respect to the titanium local vicinity, which 
can be classified as:  

(i) The “classical” TiP a 1 
alpha-TiP (α-TiP, Ti(HPO4)2·H2O) 
gamma-TiP (γ-TiP, Ti(H2PO4)(PO4)·2H2O) 
beta-TiP (β-TiP, Ti(H2PO4)(PO4)) b 21 2 
 

(ii) The “hydroxotitanium / titanyl” type a 
Ti2O3(H2PO4)2·2H2O 
Ti(OH)1.2(HPO4)1.28(H2PO4)0.24·2.5H2O  
Ti(OH)1.2(HPO4)1.4·H2O 
TiO(OH)(H2PO4)·2H2O 
TiO1.25(OH)0.47(H2PO4)0.77(HPO4)0.13·2.3H2O 
TiO0.11(OH)0.58(H2PO4)0.8(HPO4)0.2·0.64H2O 

 
Various synthesis conditions have been reported for the aforementioned TiP and the 
syntheses can be classified as using hard or soft chemistry routes. The summary of the 
different synthesis conditions can be found in Table 1, Table 2 and Table 3.   

2.1 Hard chemistry routes 

In the case of TiP materials, hard chemistry conditions can be defined as: 

- A temperature higher than 100 °C 
- The use of an autoclave 
- A reaction time longer than 24 h 
- A high P2O5:TiO2 molar ratio (above 4:1) 
- Refluxing procedure  

The “classical” and “hydroxotitanium/titanyl” types have been often synthesized under 
hard conditions. It is worth noticing that in some cases very different synthesis 
parameters can be used to obtain similar TiP materials.  

 

 

                                                           
a All related references can be found in the corresponding synthesis Tables.  
b The β-TiP material is the anhydrous form of γ-TiP and has only been studied for characterization purposes. 
In contact with water, it transforms to the fully hydrated form, i.e. γ-TiP. 21 
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 α-TiP synthesis 

Table 1. Synthesis parameters reported for the syntheses of α-TiP. 

Titanium 
source 

TiCl4/TiCl3 
solutions 

TiO2  
(anatase) 

TiCl4 

solution 
TiCl4 

solution 
Ti(OBu)4 

solution 
Ti 
powder 

Temperature 20-25 °C 200 °C 180°C 60 °C 50 °C 120 °C 
Reaction time 2 h 3 h 12 h 4 days 13 h n.a 
Autoclave No Yes Yes No No No 

Reflux in 
H3PO4 

Yes, at 60-80 
°C, up to 17 
days 

Yes, up to 
3 days 

No No No 
Yes at 
140 °C 

P2O5:TiO2 

molar ratio 
n.a 1.2:1 3.3:1 2:1 26:1 12.5:1 

Ref. 22,23 24 25 26 27 28 
n.a: not available 

Table 1 shows a summary of different synthesis procedures reported for α-TiP. For the 
case of  TiCl4 solution used as a titanium source 25,26, the reaction time was maintained 
either 12 h or 4 days at 180 °C and 60 °C, respectively, which clearly reveals that reaction 
parameters are interlinked. In some cases, as described by Bortun et al. 22,23, both ambient 
temperature and reaction time (2 h) could be considered as mild conditions. However, in 
the latter case, additional reflux in phosphoric acid at 60-80 °C was required in attempt 
to get a crystalline compound. A longer reflux (up to 17 days) resulted in a more 
crystalline α-TiP phase. 

Another synthesis, described by Wang et al. 27, utilized a solution of tetrabutyl titaniate 
(Ti(OBu)4) dissolved in dehydrated ethanol, which was heated at 50 °C for 12 hours. In 
this synthesis, the molar ratio P2O5:TiO2 = 26:1 was kept very high, and hence more 
phosphoric acid was required than in the other syntheses described.  

According to the procedure reported by Tegehall 28, a titanium powder was mixed with 
phosphoric acid  to obtain a solution of Ti(III). The solution was then either refluxed or 
heated in an oven at 140 °C until most of the titanium oxidized to Ti(IV) and started 
forming titanium phosphate precipitate.  

Looking at these examples (in Table 1), it can be seen that various conditions have been 
used for synthesizing α-TiP. Despite these different trials, the syntheses remain energy 
and/or time consuming. The “harder” synthesis parameters dominate over the conditions 
on the “softer” side and determine the synthesis outcomes. Until now, no mild synthesis 
conditions have been reported for the synthesis of α-TiP. The syntheses in this category 
all appear to be focusing towards crystalline materials with defined chemical formula. It 
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has been shown (SEM data) that depending on the synthesis conditions, crystalline α-TiP 
displayed different crystal habits (flower-like, elongated hexagons, sheets/plates-like) 
27,29,30. 

 γ-TiP synthesis 

Syntheses of –H2PO4 based TiP often require hard synthesis conditions combining 
several “hard” parameters: use of previously synthesized amorphous TiP, high 
P2O5:TiO2 ratio, high temperatures, etc.  The two studies on the properties of γ-TiP have 
been outlined in Table 2. 

Table 2. Synthesis parameters reported for the syntheses of γ-TiP. 

Titanium source Amorphous TiP solid TiCl3 solution 
Temperature          250 °C    n.a 
Reaction time          48 h    ≥ 18h 
Autoclave          Yes    No 
Reflux          No   Yes for 18 h 
P2O5:TiO2 molar ratio          19.5:1    8.5:1 
Ref.          31    32 

n.a: not available 

The most common synthesis of crystalline –H2PO4 based titanium phosphates is the one 
described by Christensen et al. 31 for γ-TiP. Amorphous TiP (containing 6.2 mmol 
titanium) was used as a source of titanium. The powder was mixed with phosphoric acid 
following a P2O5:TiO2 molar ratio of 19.5:1. The mixture was then placed in an 
automatic shaker during 24 hours before being inserted in an autoclave at 250 °C for 
48 h.  

A second synthesis procedure was suggested by Villa-García et al. 32. It involved a 
solution of TiCl3 which was mixed with phosphoric acid following a P2O5:TiO2 molar 
ratio of 8:1. The mixture was then refluxed during 18 hours.  
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 Ti2O3(H2PO4)2·2H2O synthesis 

Another –H2PO4 based TiP has been synthesized and the suggested chemical formula 
was Ti2O3(H2PO4)2·2H2O. 

Table 3. Synthesis parameters reported for the synthesis of Ti2O3(H2PO4)2·2H2O. 

Titanium source 
Na2Ti3O7 or 
Na4Ti9O20 powders  

TiOSO4 
solution 

Ti(OiPr)4 in 2-
propanol 

Temperature 130 °C 100 °C n.a 
Reaction time 30 days 10 days 24 h 
Autoclave No No No 

Reflux Yes No 
Yes, up to 144 
h at 90 °C 

P2O5:TiO2 molar ratio 15:1 or 42:1 0.5:1* 1.8:1 
Ref. 33 34 35 

* NH4H2PO4 was used as a source of phosphates instead of H3PO4 

n.a: not available  

The first synthesis 33 shown in Table 3  involved Na2Ti3O7 or Na4Ti9O20 powders that 
were mixed with H3PO4 following a P2O5:TiO2 molar ratio of at least 15:1. The mixture 
was refluxed at 130 °C over 30 days. The crystallinity of the final product was highly 
dependent on the duration of the refluxing process. 

Two other reported synthesis procedures 34,35 used titanium oxysulfate (TiOSO4) or 
titanium isopropoxide (Ti(OiPr)4) solutions as starting materials. In the latter case, the 
crystallinity of the resulting material was clearly dependent on the refluxing time. Both 
syntheses were performed in a narrow temperature range between 90 and 100 °C.  

All the TiP powders synthesized were finally washed with distilled water until pH of the 
washings were at 3.5-4.0.  

It is worth mentioning that when a solid material was used as a titanium source 
(amorphous TiP or sodium titanate), the syntheses conditions were considerably harder 
than when a solution was used, as it was expected.  

 TiO(OH)(H2PO4)·2H2O synthesis 

A fourth crystalline TiP compound of chemical formula TiO(OH)(H2PO4)·2H2O has 
been reported by Li and Whittingham in 1993 36. It was synthesized using a solution of 
tetramethylammonium hydroxide, (CH3)4N(OH), mixed together with TiO2 powder 
(anatase) and H3PO4. The mixture was placed in an autoclave at 160 °C for 3 days. After 
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being washed with distilled water, the precipitate was placed in hydrochloric acid for 5 
days before being dried. This is the only synthesis where post-synthesis treatment using 
acid was applied on TiP. 

The sorption properties of this TiP material have not been studied, only data on amine 
intercalation can be found in this article. No further investigations on this compound 
were reported by the same or other research groups. 

In all the aforementioned cases, compounds with a high degree of crystallinity were 
obtained. However, single crystal structures have been difficult to obtain and therefore, 
characterization of these materials have been performed using powder XRD data and 
different structural analysis techniques (least-square, Rietveld refinment) or neutron 
diffraction.  

2.2 Soft chemistry routes 

Another class of TiP materials can be synthesized using soft chemistry routes. These TiP 
compounds often belong to the “hydroxotitanium / titanyl” type and contain both ion-
exchange units (−HPO4 and –H2PO4 groups). The ratio between these two exchange 
groups is highly dependent on the synthesis conditions and for similar conditions, the 
chemical formula estimated for the TiP materials was found to fluctuate considerably. 
In the literature, TiP compounds synthesized by soft chemistry routes have a tendency 
to show amorphous structures. They are often referred to as amorphous TiP (aTIP) and 
have a general chemical formula of Ti(O/OH)x(HPO4)y(H2PO4)z·nH2O with x,y,z ≤ 2 
and n ≤ 3. 

Below a few examples are given: 

A solution of TiOSO4, containing [TiO2] ~ 98 g.L-1 and [H2SO4] ~ 470 g.L-1, was mixed 
with H3PO4 following a P2O5:TiO2 molar ratio of 1:1. The mixture was stirred at 70 °C 
for 4 h before being left for maturation during 24 h. The obtained precipitate was 
subsequently washed with 5% H3PO4. The suggested chemical formulae for this 
synthesis were Ti(OH)1.2(HPO4)1.28(H2PO4)0.24·2.5H2O 11 and Ti(OH)1.2(HPO4)1.4·H2O 37. 
On similar basis, if the mixture was stirred at 70 °C for 10 hours, the resulting TiP 
material was characterized as Ti(OH)1.36(HPO4)1.32·2.3H2O 19. 

Other syntheses of TiP composed predominantly of –H2PO4 exchange units were 
reported using TiCl4 as a titanium source. The solution was added to HCl and further 
mixed with H3PO4 following a P2O5:TiO2 molar ratio of 1:1 or 1:2 and the suggested 
chemical formulae were TiO1.25(OH)0.47(H2PO4)0.77(HPO4)0.13·2.3H2O 38 and 
TiO0.11(OH)0.58(H2PO4)0.8(HPO4)0.2·0.64H2O 25, respectively.  
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Post-synthesis treatments involves deionized water (until the washings were at 
pH = 3.5- 4) and were performed for all TiP materials described in this section. 

Several studies have been reported concerning the sorption behavior of aTiP towards 
different single and multi-components systems. It shall be mention here that for sorption 
experiments, the alkaline form of TiP materials is prefered. No direct synthesis can be 
used to form the corresponding Na-form and further treatment with a base is needed. 
More details can be found in section “IV. TiP chemical perspectives and performances”. 

2.3 Challenges 

Designing a consistent synthesis protocol that would lead to reproducible results and TiP 
compound’s formula is a requirement when the sorption characteristics of a material are 
to be studied and compared. TiP materials with defined and reproducible structures, such 
as the “classical” type, are obtained following hard chemistry routes. When softer 
chemistry parameters are applied, the chemical formula of the resulting compound is 
fluctuating. In order to be applicable at industrial level, developing a synthesis protocol 
using low energy parameters (i.e. soft chemistry routes) is also essential. Therefore, one 
of the challenges is to design a synthesis procedure following soft chemistry conditions 
that would lead to a reproducible chemical structure.  
The titanium source is also important. Certain mining facilities are known to comprise 
tailings containing titanium 39. A suggested cost-friendly method consists in leaching 
titanite with sulfuric acid to form TiOSO4 20. Using TiOSO4, obtained from the tailings 
or waste rocks, as a starting material would facilitate the synthesis of TiP, from synthesis 
conditions and economical/environmental points of views.  
It shall be kept in mind that all these objectives must be fulfilled while keeping the 
sorption capacity of the sorbents high.  

2.4 The next generation TiP 

In this work, three new TiP sorbents have been successfully synthesized under mild 
conditions: TiO(OH)(H2PO4)·H2O (TiP1), Ti(HPO4)·H2O (α-TiP) and Linked Titanium 
Phosphate (LTP). 

 TiP1 : TiO(OH)(H2PO4)·H2O synthesis 

A typical synthesis for TiP1 included 50 mL of a solution of TiOSO4, heated at 80 °C 
for about 30 minutes, to which 85 % H3PO4 was added following a molar ratio P2O5:TiO2 
= 1:1. A white precipitate was formed and the mixture was stirred under heat for 30 
minutes and additional 4-5 hours at ambient temperature. The resulting white solid was 
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dried at 60 °C and post-synthesis treatments were carried out using diluted HCl (0.5 M 
and 0.1 M) and deionized water until the pH of the washings were 3.5-4. 

Table 4. Synthesis conditions for TiP1 sorbents synthesized using different titanium 
sources  

TiOSO4 source 
Initial TiO2 

content 
State 

[TiO2]f, 
g/L 

[H2SO4]f, 
g/L 

Yield*, 
% 

From leaching titanite 
slaga  

∼7% Liquid 62 405 89 

TiOSO4·xH2SO4·xH2Ob ∼29% Powder 60 441 64 

TiOSO4·xH2Ob ∼29% Powder 66 397-410 65 

TiOSO4 in dilute H2SO4
b ∼7% Liquid 76 394 71 

TiOSO4·xH2SO4
b ∼8% Liquid 110 356-409 95 

a From Apatity region, Russia 
b From Sigma-Aldrich  
[ ]f: Concentration before adding H3PO4 during the synthesis process. 
* Calculated based on the initial titanium content 

The synthesis of TiP1 was carried out with five different TiOSO4 sources, see Table 4. 
Observations revealed that if the contents of TiO2 and H2SO4 in the primary titanium 
solution were adjusted to 60-110 g.L-1 and 400 ± 50 g.L-1, respectively, TiP1 could be 
successfully synthesized in each case (independently of the TiOSO4 source). It was also 
demonstrated that either organic or inorganic acids could be used in the post-synthesis 
treatments. 

More details regarding the individual synthesis steps can be found in Article 3.  

 Influence of the P2O5:TiO2 ratio and temperature on the synthesis of TiP1 

A similar synthesis to the one described for TiP1 was also performed in this study, with 
the exception that the P2O5:TiO2 molar ratio was higher than 2:1. Under these conditions, 
crystalline α-TiP could be successfully synthesized. Post-synthesis treatments that 
included acids did not alter the structure of α-TiP once formed. The synthesis was 
performed with the five different sources and in each case, α-TiP was obtained (see 
Article 3). This is the first study showing that crystalline α-TiP could be successfully 
synthesized using mild synthesis conditions. The use of TiOSO4 as a titanium source has 
also not been reported until now.  



P a g e  | 13 

The effect of the reaction time during heating was also encountered. The solution of 
TiOSO4 shall not be heated more than 90 °C due to possible hydrolysis processes 
involving different oxo-titanium species 40. However, the time used for heating the 
TiOSO4 solution and/or the synthesis mixture can be varied.  
In this study case, the mixture (TiOSO4 solution mixed with H3PO4) was stirred under 
heat (80 °C) for 24 hours. Under these conditions, a new TiP sorbent - LTP (Linked 
Titanium Phosphate) - could be successfully synthesized with the five TiOSO4 sources 
described in Table 4. The LTP sorbent is composed of two units, being TiP1 and α-TiP, 
that are most likely linked through titanium octahedra, TiO6 (see Article 4 for more 
details). This is the first published mixed type of TiP with two distinguishable TiP-units, 
being amorphous-like TiP1 and more crystalline-like α-TiP. A summary of the synthesis 
procedures used for TiP1, α-TiP and LTP is shown in Figure 2. 

More details related to the synthesis procedures of TiP1 and α-TiP can be found in 
Article 3 and of LTP, in Article 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. A schematic representation of the three mild syntheses followed to obtain 
three structurally different TiP materials: TiP1, α-TiP and LTP. 
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Main Remarks 

Titanium phosphates with defined structures are mostly synthesized under hard 
conditions using TiCl4 as the main titanium source. Other syntheses using milder 
synthesis parameters often result in TiP systems containing a mixture of two 
exchangeable groups (−HPO4 and −H2PO4). In this study, three different TiP 
compounds (α-TiP, TiP1 and LTP) with different degree of crystallinity and different 
exchangeable units could be successfully synthesized using five different TiOSO4 
sources. It was shown that the formation of the TiP materials was neither dependent on 
the degree of purity of the titanium source (from leaching titanite to synthetic- grade) 
nor on the state of TiOSO4 (powders or solutions). These three TiP sorbents were 
obtained at mild conditions and together with the use of TiOSO4 as the titanium source, 
the possibility to implement it at an industrial level is achievable. The complete 
optimization of the syntheses was a secondary target of this work as the application and 
sorption profiles of these next generation of sorbents was a priority. Hence, the synthesis 
conditions (time, temperature, ratio, etc.) have not been optimized further.  
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CHAPTER 3. 

Major tools for TiP 
identification and results 

Characterization of TiP materials included different types of techniques and the 
experimental description is detailed in Articles 1 and 3 for TiP1, Article 3 for α-TiP and 
Article 4 for LTP sorbents. Phosphorus and titanium EXAFS and XANES experiments 
were also conducted to further understand the structural properties of different TiP 
materials and the results will be reported in the near future (data are not appended to this 
thesis). 

This section describes in brief the three main techniques used for the determination of 
the studied TiP sorbents’ structural characteristics.  

3.1 Solid-state 31P Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique for studying 
the local molecular environment, physico-chemical properties and reactivity of 
materials. It relies on the magnetic behavior of nuclei and does not require crystalline 
materials. In brief, when a nucleus is placed in a static magnetic field, its spin adopts an 
allowed orientation of different energy. The magnetic moment of nuclei can align with 
this magnetic field (lower energy state) or be in the opposite direction (higher energy 
state). These two energy states are separated by energy gap ∆E, which depends on the 
strength of the interaction between the magnetic field and the nuclear magnetic moment. 
The ∆E is the electromagnetic radiation that ensures the change of the nuclear spin from 
lower to upper energy levels and satisfies the nuclear magnetic resonance condition 
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∆E= hν (h-Planck’s constant and ν-radiation frequency). The resonance frequency also 
depends on the chemical environment of nucleus in a molecule and the interaction is 
called chemical shift. Different energies/different resonance frequencies are necessary 
to excite nuclei with different local environments and each distinct nucleus will provide 
a separate NMR signal. For example, in 31P NMR studies, different amounts of energy 
are required to excite the phosphorus nuclei present in different phosphate groups and 
consequently, specific chemical shifts are observed for each distinct phosphorus in 
HPO4, H2PO4, etc. groups.  

However, many types of interactions are encoded in NMR spectra. Among them, the 
chemical shift anisotropy (CSA), the dipole-dipole (DD) coupling between spins and the 
quadrupolar interactions (for nuclei with spin > 1/2) are the most common magnetic 
interactions present in solids.   In Liquid State NMR, all anisotropic interactions are 
averaged out by fast molecular tumbling and only isotropic chemical shift values are 
observed. In Solid State NMR, chemical groups and/or molecules in the sample (i.e. 
powder or crystals) have much less mobility and the anisotropic interactions have a 
significant effect on the NMR spectra in the form of resonance line broadening. To be 
able to obtain constructive data from these complex signals, a number of techniques have 
been developed to average out (partially or completely) these anisotropic interactions. 
One of these techniques relies upon a fast rotation of the sample packed in a rotor at an 
angle of 54.74 ° (so called “magic-angle”) with respect to an external static magnetic 
field of the NMR spectrometer. This technique is called magic-angle-spinning (MAS). 
When a sample is spun at a speed smaller than the magnitude of the anisotropic 
interactions present in the sample, a manifold of lines (so called spinning sidebands) is 
observed in the NMR spectra together with a narrow resonance line at the isotropic 
chemical shift (the “center band”). The center band remains at the same position (i.e. at 
the isotropic chemical shift) independently of the spinning frequency.  

In the following results described in this thesis, the spinning frequency was selected 
sufficiently high so that the resonance lines in 31P MAS NMR spectra observed for 
different TiP systems were attributed solely to the isotropic chemical shifts of different 
phosphorus sites. Spinning sidebands in some of the NMR spectra had negligibly small 
integral intensities and were, therefore, excluded from integration analyses. 
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3.1.1 Summary of reported 31P MAS NMR data for TiP systems 

To study TiP systems, 31P MAS NMR spectroscopy is often used to get information on 
the local environment of phosphorus atoms and to analyze relative amounts of different 
phosphorus sites. The 31P nucleus has an isotopic natural abundance of 100 % (spin of 
½). The 31P chemical shift has been successfully used in assigning the different P-groups 
in TiP materials as it is very sensitive to small differences in the bond lengths and angles 
of {PO4}-tetrahedra 34,36.   

Table 5. Summary of 31P MAS NMR isotropic chemical shifts of various TiP materials. 

TiP ion-exchangers 
31P MAS NMR chemical shift  

(in ppm) Ref. 

–H2PO4 –HPO4 –PO4 

α-TiP: Ti(HPO4)2·H2O - -18.1 - 23 

γ-TiP: Ti(H2PO4)(PO4) ·2H2O -10.6 - -32.5 32 

Ti2O3(H2PO4)2·2H2O 

 

-7.0, -8.7 

-5.3,  -7.6 

- 

- 

- 

- 

34 
33 

TiO(OH)(H2PO4) ·2H2O -6.5, -8.4 - - 36 

TiO1.25(OH)0.47(H2PO4)0.77(HPO4)0.13·2.3H2O -6 -18 (shoulder) - 38 

aTiP: Ti(OH)2x(HPO4)2-x·nH2O -5.0 -13.4, -24.3 - 11,41 

The summary of isotropic 31P chemical shifts of the aforementioned TiP materials 
obtained by the other groups can be found in Table 5. Observations show that the 
presence of different ion-exchange units in TiP systems is related to different isotropic 
31P chemical shifts. The resonance lines observed between -5 and -11 ppm are attributed 
to −H2PO4 groups while the resonance lines of –HPO4 groups are detected up to -25 ppm. 
The presence of –PO4 groups in the TiP matrices is indicated by resonance lines with a 
chemical shift from ca. -25 to -33 ppm. It is important to mention that more than one 
resonance line can be observed in the same range due to small differences in the 
geometry of the phosphorus local environments. 

Studies have also shown that the amorphous nature of some TiP sorbents could lead to 
a very broad 31P resonance line (with a width of about 45 ppm) 11,41. For example, 
amorphous TiP (aTiP) in Table 5, displayed one very broad resonance line, which was 
further deconvoluted to three resonance lines attributed to three different phosphate 
groups. The relative amount of each phosphate group in the sample was then obtained 
with the integrals of these three resonance lines. It was concluded that the aTiP sorbent 
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was mainly composed of –HPO4 groups. For more uniform and/or crystalline 
compounds, interpretation of the data is more direct. In most cases, each resonance line 
can be attributed to one specific phosphate group. For example, in the 31P MAS NMR 
spectra of γ-TiP, two sharp resonance lines at -10.6 and -32.5 ppm assigned to –H2PO4 

and –PO4 groups, respectively, were observed. Another TiP sorbent described by Bortun 
et al. 38 displayed one main resonance line at -6 ppm and a shoulder at -18 ppm. The 
main resonance line at -6 ppm confirms the presence of mainly –H2PO4 units in the 
material, while the shoulder at -18 ppm illustrates the presence of some – HPO4 groups. 
The chemical formula was established as TiO1.25(OH)0.47(H2PO4)0.77(HPO4)0.13·2.3H2O, 
which is in good agreement with data from the 31P MAS NMR spectrum. 

3.1.2 Summary of the 31P MAS NMR results (Articles 1,3 and 4)  

In this work, solid-state 31P MAS NMR was used to investigate the variety of structures 
and to identify the exchange units present in the synthesized TiP ion-exchangers. 
The spectra were obtained at 162.01 MHz on a Bruker Ascend Aeon WB 400 MHz 
spectrometer (B0 = 9.48 T) using a 4 mm MAS probe, and the samples were packed in 
standard ZrO2 rotors. The spinning frequency was 12 kHz, and all spectra were 
externally referenced using a secondary reference sample, solid NH4H2PO4, at 0.9 ppm. 
All data are reported with chemical shifts related to the primary reference H3PO4 at 0 
ppm, and single pulse experiments were used to investigate the samples. The pulse width 
and the pulse delay were 1.5 μs and 5 s, respectively. Sixty-four acquisitions were 
acquired to obtain the spectra. The NMR spectra were processed and the deconvolution 
was performed with spectrometer built in Topspin 3.5 software. 

The NMR spectra of the synthesized TiP sorbents in this study (LTP, TiP1 and α-TiP) 
are shown in Figure 3. For comparison purposes, the data of amorphous aTiP are also 
included. The aTiP sorbent was synthesized in this study, following the method 
described by Maslova et al. (see section 2.2 soft chemistry routes) 19,41. 
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Figure 3. Single-pulse 31P MAS NMR spectra of TiP before the post-synthesis treatment 
with acid and deionized water (left side) and of TiP final products, i.e. after the 
post-synthesis treatment (right side) of (a) amorphous aTiP, (b) LTP, (c) TiP1, 
(d) α-TiP. The presence of residual reagent H3PO4 is indicated by *. 

The 31P MAS NMR spectra of aTiP before the post-synthesis treatment and of the final 
product display similar broad features. One very broad resonance line (with a line width 
of about 40 ppm) centered at ca. -12 ppm is observed. The broadness of the signal is due 
to overlapping resonance lines from chemically different phosphorus nuclei in the 
amorphous TiP matrix as a result of its amorphous nature. Deconvolution of the 
resonance lines (not shown) points towards the contribution from three main resonance 
lines corresponding to three different phosphate groups; one at about -4.5 ppm (31.6 %) 
is assigned to phosphorus in – H2PO4 units and two other resonance lines at about -12.5 
(40.0 %) and -22.4 ppm (28.4 %) are attributed to two types of –HPO4 groups with 
different Ti-O-P angle and/or bond distances. This is in good agreement with previously 
reported spectra 11,41, where –HPO4 groups (up to 85 %) were the dominant exchange 
units in aTiP. 

The 31P MAS NMR spectra of α-TiP, Figure 3d, before washing and of the final product 
also show similar characteristics. Only one narrow resonance line at -18.8 ppm attributed 
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to the presence of –HPO4 groups correlates well with the chemical formula of α-TiP 
(Ti(HPO4)2·H2O). The sharp resonance line before the post-synthesis treatment, at 0 ppm 
in the spectrum, reveals the presence of residual phosphoric acid. After the successive 
rinses with diluted hydrochloric acid and deionized water, this resonance line does not 
appear on the spectrum of the final product.  

The 31P MAS NMR spectrum of TiP1 before the washings with acid does differ from the 
spectrum of the final TiP1 product (Figure 3c). Before washing, two main resonance 
lines at -15.5 and -29.9 ppm are attributed to the presence of – HPO4 and –PO4 groups, 
respectively. The less intensive resonance lines at -22.7 and -24.2 ppm are attributed to 
–HPO4 units with different local environments. The additional broader resonance line at 
about -7.2 ppm is assigned to –H2PO4 units in the material. After the post-synthesis 
treatment with hydrochloric acid, a single resonance line at -7.3 ppm is observed 
confirming that the sorbent is entirely composed of –H2PO4 units and that all types of 
phosphate groups originally present in TiP1 before the post-synthesis treatment are 
protonated to – H2PO4 in the final TiP1 product. Similar behaviors were observed for all 
the TiP1 sorbents synthesized from the different titanium sources described in Table 4 
and for different post-synthesis treatments (with HCl, HNO3 or citric acid). Further 
details can be found in Article 3.  

Differences in the 31P MAS NMR spectra of the LTP sorbent (Figure 3b) before washing 
and of the final product resemble the ones described for TiP1 and α-TiP. In the spectrum 
before washing, a narrow resonance line at -18.8 ppm is attributed to the α-TiP units in 
LTP. On the other hand, the resonance lines at -15.6 and -30.4 ppm attributed to –HPO4 
and –PO4 groups, respectively, are not observed in the spectrum of the final LTP sorbent. 
Instead, a resonance line at -6.9 ppm shows that –H2PO4 exchange units with similar 
local environments as in TiP1, are present in the material. The deconvolution processes 
confirm the presence of the two phases in a roughly 1:1 ratio.  

The type of phosphate groups in the TiP materials could be undoubtedly identified using 
31P MAS NMR spectroscopy technique and the level of crystallinity of the samples could 
also be assessed. Different TiP materials with different ion-exchange units could be 
successfully synthesized under mild conditions. According to 31P MAS NMR data, the 
synthesized TiP sorbents (α-TiP, TiP1 and LTP) display more ordered structure than 
aTiP synthesized at comparable mild conditions. In order to get a deeper understanding 
of the TiP systems structural characteristics, X-Ray diffraction (XRD) technique was 
used and is described in the following section.  
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3.2 Powder X-Ray Diffraction (XRD) 

Powder X-ray diffraction (XRD) is a powerful tool used for phase identification of 
crystalline materials. The atomic arrangement in a crystal structure causes the beam of 
incident X-rays to diffract into many specific directions. The path of the X-ray beam is 
consequently altered by the sample’s configuration at a certain angle of incidence. The 
reflection of this incident X-rays follows the Bragg’s law: nλ = 2dsinθ where the 
wavelength (λ) is proportional to the distance between two planes (d) and the angle of 
the incident beam (θ) (see Figure 4). In order to increase the resolution of the XRD 
pattern, different optical components are used. In the primary optics (where the X-ray 
beam is conditioned before hitting the sample), soller slits, divergence slits and beam 
masks are often used to correct the angular divergence, to control the beam spread and 
to define the beam width, respectively. In the secondary optics (where the X-rays are 
diffracted from the sample), anti-scatter slits and monochromator are used to reduce the 
background signal and to refine the diffracted beam, respectively.  

 

Figure 4. A schematic representation of the Bragg’s law principle in XRD.  

In this study, the X-ray diffraction tool is used as a complementary technique to solid-
state NMR measurements. It has been shown that titanium phosphates possess layered 
structures. Therefore, the XRD data would be expected to provide additional information 
on the interlayer distance of the synthesized materials. With the referenced XRD patterns 
listed in the database, it would also be possible to indicate whether the studied sample is 
a single phase or a multi-component system, providing that the solids have a long-range 
order periodicity.  
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3.2.1 XRD remarks for TiP systems 

Table 6. 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 
11.66 

7.57 
7.56 

31 
22,26 

γ-TiP: Ti(H2PO4)(PO4) ·2H2O 7.60 
7.61 

11.60 
11.59 

22 
31,42 

Ti2O3(H2PO4)2·2H2O 8.91 
8.82 
8.73 

9.9 
10.0 
10.1 

33 
34 
35 

TiO(OH)(H2PO4) ·2H2O 8.82 10.0 36 
 
Table 6 summarizes the first reflection peak of various crystalline TiP materials. In TiP 
systems, the first peak on the XRD diffractogram is representative of the (002) plane and 
therefore of the interlayer distance. It has been established that titanium phosphate 
materials (where a first reflection peak was noticed) had layered structures and that the 
distance between these layers was varying with the type of structure; i.e. the arrangement 
of phosphate tetrahedra with the titanium octahedra in the matrix.  

In α-TiP matrix, it has been reported that the titanium atoms were located close to each 
other so that they form a plane. Each layer consists of one octahedron TiO6 plane 
sandwiched between two sheets of phosphorus tetrahedra. Each titanium atom is oxygen 
bound to six PO4 tetrahedra, while each phosphorus site is oxygen bound to three TiO6 
octahedra and one hydrogen atom to form an OH group.  This hydroxide group is 
oriented perpendicular to the layers and forms a hydrogen bond with water molecules in 
the interlayer region 22,31,43–45. This atomic arrangement in α-TiP systems corresponds to 
an interlayer distance of ca. 7.6 Å. 

In the case of γ-TiP, two types of phosphate groups are present. Each layer consists of 
two TiO6 planes sandwiched between three sheets of phosphorus tetrahedra. Each 
titanium octahedron is oxygen bound to four –PO4 groups and two –H2PO4 groups. The 
tertiary phosphate groups (−PO4) are arranged so that the –H2PO4 groups are oxygen 
bound to two titanium octahedra and the remaining two oxygens are bond to hydrogen 
atoms to form OH groups. These hydroxide groups are pointing towards the interlayer 
space and are forming hydrogen bonds with the water molecules. This structural 
arrangement results in a higher spacing (11.6 Å) between two layers in γ-TiP  compared 
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to α-TiP (7.6 Å). This difference allows more water molecules to be hosted in the 
interlayer region in the case of γ-TiP 31,45,46. 
Concerning TiO(OH)(H2PO4)·2H2O, the XRD pattern reported by Li and Whittingham 
displays a first peak at 2θ = 8.8 Å, which corresponds to an interlayer distance of 10.0 Å. 
This is shorter than for γ-TiP and longer than for α-TiP, indicating that the atomic 
configuration in this compound lead to an interlayer distance that is somewhat different 
than for the classical type TiP. 

3.2.2 Summary of XRD results related to Articles 1,3 and 4 

To analyze the studied TiP materials, the powder XRD patterns were recorded using a 
Panalytical Empyrean diffractometer run in Bragg-Brentano geometry, which includes 
an X-ray source, a detector and a sample mount. The X-ray generator was defined by Cu 
Kα radiation (λ = 1.5406 Å) and the aforementioned optical components were used. The 
samples were scanned in the 2θ range of 2-70 ° with a 2θ step size of 0.0260 ° and a scan 
step of 3.3 min. 

 

Figure 5. Powder XRD patterns of the synthesized TiP products (a) aTiP, (b) LTP, (c) 
TiP1 and (d) α-TiP. The dotted line represents the referenced pattern of α-TiP 
28. 

Figure 5 displays the XRD diffractograms of the studied sorbents. In this work, the 
overall diffractogram for the synthesized α-TiP sample at mild conditions (Figure 5d) is 
in good agreement with the standard referenced pattern of α-TiP. The crystallinity of the 
material is revealed by the XRD technique and a first peak is observed at 2θ = 11.48 °. 
This corresponds to an interlayer spacing of 7.7 Å in the synthesized α-TiP. The other 
studies have reported a first reflection at 2θ ~ 11.63-11.64 °, which corresponds to an 
interlayer spacing of  about 7.6 Å 22,24,26,31. These small discrepancies can be due to the 
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fact that the α-TiP synthesized under mild conditions contains different (by size) 
crystallites.  

The XRD spectrum of TiP1 (Figure 5c) displays a pattern characteristic for a layered 
structure of low crystallinity. One large peak at 2θ = 8.59 ° corresponding to an interlayer 
distance of 10.3 Å indicates that the distance between two layers is larger than for α-TiP. 
These results are relatively close to the ones reported by Li and Whittingham for the 
same chemical formula, where the first reflection was observed at 2θ = 8.8 °, 
corresponding to an interlayer spacing of 10.0 Å 36. The difference in the interlayer 
distances is most likely due to the low crystallinity of TiP1, since the reported pattern 
for TiO(OH)(H2PO4)·2H2O was of higher crystallinity 36.  

The diffractogram of LTP sorbent shows features that are characteristic of TiP1 and 
α-TiP units. One phase with low crystallinity is observed with a first large peak at 
2θ = 8.8 ° corresponding to an interlayer distance of about 10.1 Å. This is in good 
agreement with the pattern reported for the TiP1 material. The presence of a second 
phase of higher crystallinity is also observed with a second intense narrow peak at 
2θ = 11.65 ° corresponding to an interlayer distance of 7.6 Å. This is in excellent 
agreement with the reported patterns of α-TiP.  

For comparison study, aTiP has been analyzed by the XRD technique and the 
diffractogram is characteristic of an amorphous material. The diffractogram shows no 
long-range order in the solid and no peaks are distinguishable.  

The powder XRD data obtained during the course of this work confirmed the layer type 
of the TiP structures. It is expected that these layered structures are somewhat related to 
the sorption properties of the sorbents.  Furthermore, it has been reported that TiP 
materials could have lamellar structures 36,47,48 . Based on the EXAFS and XRD data (not 
shown), a lamellar type of structure for LTP sorbent could be suggested; as a possible 
expansion or shrinkage of the structure could be expected when the sorbent is in contact 
with different chemical environments (acids and/or bases). It is also possible that during 
the ion-exchange, some parts in the sorbent matrix are non-accessible and that sorption 
is mainly likely occurring at the sorbent surface.   
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3.3 Thermogravimetric Analysis (TGA) 

Thermal gravimetric analysis (TGA) uses temperature as an experimental variable. In 
this study, it has been applied as an analytical technique to complement the 31P NMR 
and powder XRD findings. It consists in recording the weight of a sample as the 
temperature increases over time. The resulting weight-temperature profiles are called 
thermograms. As the temperature increases, different condensation processes take place 
and the weight of the sample decreases. For each specific condensation process, a step 
in the weight loss is usually observed in the thermograms. It is therefore possible to 
follow the pyrolytic processes and to observe any thermal effect on the material. TGA 
can also be coupled with Differential Scanning Calorimetry (DSC) or Differential 
Thermal Analysis (DTA), two thermo-analytical techniques that are closely related 49. 
Each type of thermos-processes (condensation, phase transition, thermos-degradation) 
results in an exothermic or endothermic peak being recorded. Therefore, the TGA 
analysis together with DTA/DSC allows a detailed characterization of the changes in the 
material during heating and shows possible phase transitions as well as the thermal 
stability and degradation temperatures for the solids of interest.  

In practice, the balance pan is inserted in a small closed oven to ensure that stable and 
uniform temperatures around the sample are achieved. It also prevents from thermal 
conduction air currents that can affect the balance. Prior to the measurements, the 
balance is calibrated with the zero weight. The sample is then placed in the pan (around 
5 mg) and the weight variations are recorded with the temperature increase, over time.  

3.3.1 TGA and TiP systems 

The pyrolytic process of the α-TiP sorbent has been established as follows 25,26,41: 

 
*An exothermic peak in the DTA data is observed around 786 °C. 

Theoretically, according to the suggested pyrolytic process and formula, two main steps 
are expected with the first one being the loss of the lattice water at temperatures up to 
160 °C (corresponding to a weight loss of 7.0 %) and a second step between 160 and 
700 °C (weight loss of 7.0 %) corresponding to the condensation of hydrophosphate 
groups. This would correspond to a total weight loss of 14.0 %. In some cases, the first 
step was observed at temperatures up to 400 °C 25,26 and the second step between 400 
and 700 °C. Although the total weight loss remained close to the theoretical one, this 
difference in temperatures can be due to the fact that some hydrophosphate groups (that 
were somewhat more accessible) started to condense before 400 °C, creating a wider 
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temperature window for the first pyrolytic process to take place. It has also been reported 
that an exothermic peak in the differential thermal analysis (DTA) data was observed at 
about 786 °C. This would correspond to a phase transition of the TiP2O7 phase into 
another polyphosphate form. 

The thermal degradation of γ-TiP  has been described as written below 25,48: 

 

Two main steps should also be expected in the thermogram of γ-TiP. Similarly to α-TiP, 
the first step corresponds to the condensation of the lattice water (weight loss of 13.1 %) 
and the second one to the polycondensation of dihydrophosphate groups (weight loss of 
6.5 %). It has been published that two small shoulders were observed during the last 
step; one between 150 and 500 °C and one between 500 and 800 °C indicating that some 
of the phosphate groups were more accessible and started condensing earlier (between 
150 and 500 °C). 

Another study reported by Takahashi et al. suggested the following pyrolytic process for 
a “hydroxotitanium/titanyl” type TiP material 34: 

 

In this study, three steps were observed with a total weight loss of 19.4 % The 
corresponding 31P MAS NMR spectra of the intermediate phases were also obtained 
although clear incongruities between the resonance lines’ assignments and the suggested 
pyrolytic products can be observed. For the material heated at 600 °C, a broad resonance 
line (between -7 and -40 ppm) showed the presence of various phosphate species, 
including –H2PO4 and –HPO4 groups. These data suggest that polycondensation of 
phosphate groups had not been completely achieved at this temperature. Therefore, the 
data related to this compound should be considered with care.  

The thermal decomposition of amorphous aTiP was reported by Maslova et al.41 as 
follows: 

 

The lattice water is expected to condense first, at temperatures up to 160 °C, and 
condensation of the phosphate units are expected to occur between 160 and 700 °C. For 
the suggested chemical formula, one large step could be observed and it would 
correspond to a total weight loss of about 17.8 %. In this case, two exothermic peaks 
were also observed at 772 °C and 880 °C confirming phase transitions at higher 
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temperatures. No characterization with Raman, NMR or XRD of the higher temperatures 
products were obtained. 

In addition, a remark regarding the lattice water amount determined in various 
amorphous TiP sorbents should be made. In some cases 25,41, it is clear that the difference 
between the observed amount of lattice water and the expected one (based on the 
chemical formula calculations) could be due to either insufficient drying conditions or 
in plausible attempts to match the elemental analysis data obtained. 

3.3.2 New sorbents – TGA remarks related to Articles 1 and 4 

For the studied TiP systems, the TGA measurements were performed under nitrogen 
atmosphere with a heating rate of 1 °C/min. 

  

 

Figure 6. TGA (solid line) and DTG (derivative of the TG curve, dotted line) data for 
various TiP synthesized in this study: (a) aTiP, (b) TiP1 and (c) LTP. 

The thermogram of synthesized aTiP is displayed in Figure 6a. The main weight loss is 
observed between 50 and 500 °C followed by a very small weigh loss at a very high 
temperature (830 °C). This is related to the amorphous nature of the material and of the 
different phosphate groups present in the material (as described in the NMR 

(a) (b) 

(c) 
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section 3.1.2). In total, 23.9 % decrease of the initial weight is observed at temperatures 
up to 1000 °C. Other data reported total weight losses ranging from 25.1 to 29.3 % for 
various amorphous TiP 41, which shows the disparities in the materials due to their 
amorphous nature. The last step at 830 °C is most likely due to the condensation of 
hydrophosphate groups that are somewhat trapped into the matrix and need higher 
temperatures to condense. 

The TG curve together with the corresponding derivative for TiP1 is shown in Figure 
6b. Three main steps can be observed due to different condensation processes. To further 
understand the materials’ changes with temperature, the intermediate TiP1 pyrolytic 
products have also been studied with various analytical techniques (31P MAS NMR, 
XRD and Raman) and the details can be found in Article 1. As a result of the obtained 
data, the suggested pyrolytic process for TiP1 could be expressed as:  

 

Three steps are observed in the thermogram of TiP1, which correlates well with the 
suggested pyrolytic process. An overall weight loss of 20.3 % was calculated, which is 
slightly less than the theoretical one (23.0 %). The first and second steps correspond to 
a weight loss of 10.2 % and 8.1 % (versus 9.2 %  for the theoretical values, respectively) 
suggesting that condensation of some hydroxo and dihydrophosphate groups is initiated 
earlier in the process or that TiP1 was insufficiently dried and that higher temperatures 
(70-80 °C) are needed during the drying process. The last step (2.2 %) between 300 and 
740 °C corresponds to the condensation of the phosphate groups that are less accessible 
in the TiP matrix. The difference with the expected weight loss of 4.6 % is probably due 
to the fact that the condensation of the hydrophosphate groups is not fully achieved 
below 1000 °C. From the 31P MAS NMR data (Figure 3 in Article 1), the sample TiP1 
heated at 900 °C displays a small resonance line around -19.0 ppm indicating the 
presence of hydrophosphate groups in the sample. Regarding the TG data, it seems that 
only half water molecules is released from the expected value between 300 and 1000 °C. 
Besides, it is worth mentioning that an exothermic peak was also observed in the DSC 
analysis (Figure 1 in Article 1)  indicating a phase transition taking place around 740 °C 
due to transition of  Ti2O(PO4)2 to (TiO)2P2O7. More details can be found in Article 1.  

Figure 6c displays the thermogram related to LTP sorbent. The 31P MAS NMR data of 
LTP showed that two types of P-species were present (−H2PO4 and −HPO4) and XRD 
data confirmed the presence of two units of different crystallinity in the material being 
α-TiP and TiP1. Yet, it is not clear whether LTP would thermally behave as a simple 
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mixture of two separate units or as one compound where the two different units are 
linked by TiO6 octahedra. 
The first weight loss observed for LTP occurs from ambient temperature to 120 °C and 
is attributed to the condensation of lattice water molecules in the solid (5.3 %). In this 
case, 0.75 water molecules can be estimated for 1 mole of LTP if an equimolar amount 
of TiP1 and α-TiP units is considered. The derivative of the thermogrametric curve 
displays two small shoulders at 169 and 218 °C, which corresponds to a weight loss of 
6.6 %. It is in accordance with the theoretical value of 6.1 % when the condensation of 
hydroxo and hydrophosphate groups in the TiP1 phase is considered. The third weight 
loss of 4.9 %, from 380 °C to 900 °C, observed in Figure 6c would correspond to the 
condensation of the phosphate groups in the α-TiP phase (theoretical value of 4.1 %). 
The derivative curve also shows a last weight loss (1.0 %) at 732 °C.  
For comparison purposes, an equimolar mixture of TiP1 and α-TiP sorbents was also 
analyzed by TGA. The detailed explanations and corresponding figures can be found in 
Article 4. As a summary, the derivative curve of LTP displayed broader and more 
complex peaks than for the equimolar mixture. Also, it appears that the polycondensation 
temperatures of LTP are higher than for the equimolar mixture which could indicate a 
possible linkage between the two different units in LTP. It is suggested that the two units 
(TiP1 and α-TiP) are possibly linked via either oxo/hydroxo bridge(s) or inner-sphere 
H2O complexation through the common TiO6 edges. These data are somewhat supported 
by the newly obtained Ti EXAFS data of this compound. 

 

Main remarks 

Complete characterization of the new TiP systems was performed and the corresponding 
details can be found in the appended articles. Three characterization techniques have 
been depicted in this section and it is clear that the combination of the 31P MAS NMR 
spectroscopic technique with the XRD and TG techniques is essential in order to identify 
the phases and exchange units present in the synthesized TiP compounds. 
Thermogravimetry analysis gives a good indication of the thermal behavior of the 
material and the amount of lattice water present in the system. Once the chemical 
formula is established, the next step is to test the TiP sorbent at different conditions, 
validate its sorption performances at lab-scale conditions and address its suitability for 
future industrial applications. 
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CHAPTER 4. 

TiP chemical perspectives 
and performances 

The overall sorption process occurring when TiP sorbents are involved is based on the 
ion-exchange mechanism. The ion-exchange is a reversible chemical reaction that 
involves exchange of ions between the solid insoluble matrix (TiP) and the surrounding 
aqueous media (see Figure 7). TiP materials are cationic ion-exchangers and can be used 
when ions with positive charges are to be interchanged. The reversibility of the process 
ensures the sorbent regeneration and allows a multiple-cycle usage. 
 

 
Figure 7. A schematic representation of ion-exchange processes with titanium 

phosphate sorbents. 
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In brief, TiP materials are synthesized in acidic conditions (see section II. Synthesis 
perspectives and challenges) and are, therefore, obtained in their proton form. They are 
further treated with a base (Na2CO3 in this study) where the protons in the phosphate 
groups (−H2PO4 and/or –HPO4) are exchanged with the sodium ions present in the 
solution. Once the sorbent is obtained in its sodium form, it can be used for sorption 
experiments towards polluted waters. It has been shown 50 that the sorption capacity of 
TiP materials increased when they were converted to their alkaline form rather than their 
proton form (also confirmed in Article 3). Exchanging sodium ions with metal ions of 
interest has also the advantage of maintaining stable pH during the sorption experiments, 
that would have been impossible if the proton form was used. In the latter case, the 
expected pH decrease could possibly initiate various chemical processes and result in 
lowering the sorbent efficiency. In other words, the sodium uptake (Na+ uptake) 
represents the available exchange sites for sorption.  
In contact with polluted waters, TiP materials will start exchanging sodium ions with the 
ions present in the wastewaters. It is afterwards regenerated to its proton form using acid 
solutions where protons replace the metal ions exchanged with the TiP matrix. A more 
detailed explanation of the overall sorption mechanism of TiP1 will follow. 

The sorption performances of TiP sorbents can be monitored by (i) the theoretical 
exchange capacity (TEC) value calculated on the basis of the chemical formula, (ii) the 
actual maximum exchange capacity, expressed as sodium uptake, (iii) the experimental 
ion-exchange capacity (IEC) towards cations of interest. For a complete characterization 
these three parameters need to be estimated for batch and column modes and further 
compared to each other.  

The TEC is defined as the theoretical number of protons that can be exchanged per gram 
of sorbent. It has been reported that the sorption capacity of TiP sorbents towards 
divalent metal ions was dependent on their ionic form 38,50. The sodium form of TiP is 
the most commonly used for sorption purposes as it has displayed the highest sorption 
capacity 50.  In this study, the TiP material were converted to their sodium forms 
(Na-TiP) by mixing the sorbents with a solution of 0.5 M Na2CO3, following a sorbent 
(g) to liquid (mL) ratio of about 1:50. The solids were then washed thoroughly with 
distilled water until the pH of the washings were about 6. 
Once the sorbents were converted to their alkaline form, they could further exchange the 
sodium ions with the present metal ions. The amount of metal ions sorbed per gram of 
sorbent determined the IEC of the TiP materials.  

A summary of the TEC, Na+ uptake and IEC of reported TiP together with the studied 
sorbents are gathered in Table 7. 
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Table 7. Sorption characteristics of various TiP ion-exchangers including TiP1 and LTP. 
TEC (Theoretical Exchange Capacity), Na+ uptake and the IEC (Ion Exchange 
Capacity). 

TiP ion-exchangers 
TEC 

(meq.g-1) 
Na+ uptake 

(meq.g-1) 
IEC 

(meq.g-1) Ref 

Batch Data     
Ti(HPO4)2·H2O 7.8 3.9-7.7 0.6-5.3* 25,27,51 
Ti(H2PO4)(PO4)·2H2O 7.8 7.9 0.2* 25 
Ti2O3(H2PO4)·2H2O 10.7 2.1-3.3 0.1-3.3* 33,34 

Ti(OH)1.36(HPO4)1.32·2.3H2O 5.7 2.5-3.2 0.8-1.9 
11,19,5

2 
TiO1.11(OH)0.58(H2PO4)0.8(HPO4)0.2·0.64H2O 9.8 5.1 1.7 25 
TiP1 (TiO(OH)(H2PO4)·H2O) 10.2 6.3 2.9-3.8 Thesis 

Column Data     
TiO1.25(OH)0.47(H2PO4)0.77(HPO4)0.13·2.3H2O 8.2 4-2-4.7** 2.6-2.8 38,50 
TiP1 (TiO(OH)(H2PO4)·H2O) 10.2 6.2 3.2-4.2 Thesis 

LTP 8.9 2.9 1.7 Thesis 

*Values were obtained from sorption experiments using the proton form 
** The TiP ion-exchanger was converted to its potassium form 

A look at Table 7 reveals that conversion of the sorbents from their proton to sodium 
forms cannot be fully achieved. An average of 50 % conversion (calculated from the 
TEC) is achieved in amorphous materials and from 50 to 100 % in more crystalline 
compounds. Apart from a recently published paper 25, the Na+ uptake for α-TiP has been 
determined experimentally and it was reported that its conversion to the sodium form 
could not exceed 75 % of the TEC 51. This can be explained by coexistence of different 
exchange units, geometry restriction and possible partial hydrolysis of the material. It 
has been reported, that three phases could be formed in α-TiP during the base treatment 
at substantially high pH: Ti(HPO4)2, Ti(NaPO4)(HPO4) and Ti(NaPO4)2 

51. An additional 
study showed that the 31P resonance line shifted from -18.8 ppm to -15.1 ppm when 
α-TiP went through a base treatment with NaOH 47. These data suggest that a possible 
rearrangement of the P-tetrahedra occur under the base treatment. This partial 
reorganization has also been observed in the α-TiP phase in LTP, where the 31P 
resonance line related to the α-TiP phase was shifted to -14.9 ppm after treatment with 
Na2CO3. It can be further speculated that the base treatment affects some parts of the TiP 
matrix more than others and that a partial phase transformation could be taking place. 
It is hence expected that the conversion to the sodium form of TiP materials (including 
TiP1 and LTP) does not reach 100 % due to the formation of analogous species as 
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described for α-TiP, and inaccessibility of some exchangeable sites (when surface 
reactions are considered).  
The IEC is also lower than the maximum exchange capacity calculated from the sodium 
uptake, which can be related to the properties of hydrated metal ions and/or pH of the 
waters. The IEC determined for the crystalline compounds (α-TiP, γ-TiP and 
Ti2O3(H2PO4)2·H2O 25,27,33,34) were calculated from sorption data using the proton form. 
No data on sorption of their sodium form is available in the literature. The reported 
differences in the IEC values  for the same material (α-TiP 25,27) are most likely due to 
the substantial differences in the pH of the waters studied by the authors. The study on 
α-TiP reported an IEC of 0.55 meq.g-1 towards scandium ions (at pH ~ 2) 25, while another 
study showed an IEC of 5.3 meq.g-1 towards lead ions (at pH > 4). The latter could also 
be related to formation of lead precipitates in addition to the exchange processes. In all 
cases, the IEC is about 30-60 % of the sodium uptake, when TiP materials are used in 
their sodium forms.  
 
In Table 7, it can be seen that very few sorption data using TiP1 in continuous column 
mode have been reported in the literature. There is also a lack of data concerning TiP 
systems in continuous flow (column) systems, including sorption performance, 
regeneration of the sorbent, selectivity towards metal ions, effect of the flow rate, effect 
of the waters origin, etc. No optimization of the sorption process in column set-ups and 
no correlation between the sorption behavior in batch and column modes have been 
reported.  
The following sections will be relating the sorption behavior of TiP in batch and column 
modes. In Table 7, TiP1 shows the highest TEC and one of the highest Na+ uptakes 
among TiP sorbents. The IEC determined in batch and column modes ranges from 2.9 
to 4.2 meq.g-1. This is the highest value recorded for TiP sorbents. The ion-exchange 
processes were maintained at stable pH and no precipitation was observed (see details in 
Articles 2-5).  
The sorption studies in batch and column set-ups were conducted mainly with TiP1 as it 
displays the best sorption criteria among the newly synthesized TiP sorbents. The LTP 
sorbent was also tested towards single component water (containing Ni2+ ions) in 
continuous column mode and the results are detailed in Article 4.  For all sorption 
experiments described in the following sections, the sorbents were used in their sodium 
form.  
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4.1 Batch trials 

4.1.1 Sorption kinetics 

Estimating the contact time between an aqueous solution of metal ions and the TiP1 
sorbent via kinetics experiments is necessary in order to ensure that equilibrium is 
reached during the sorption process. The kinetics profiles of TiP1 towards various 
divalent metal ions (Cu2+, Zn2+, Mn2+, Co2+ and Ni2+) were determined from single ion 
sorption experiments, in batch conditions, for the same concentration (2.5 mM), at 
different contact times. This concentration was chosen based on data from isotherm 
sorption experiments (shown in Article 2, Figure 4), as it corresponded to the lowest 
concentration at which complete removal of the ions was observed. Different kinetics 
models were applied to the experimental data using the linear and non-linear data fitting 
approaches.  

Details of the kinetics experiments and the linear approach of four kinetics models tested: 
pseudo-first order 53, pseudo-second order 54, liquid-film diffusion 55 and intraparticle 
diffusion 56 models are presented in Article 2. For the first time, the non-linear regression 
of pseudo-first and pseudo-second order models have been applied to TiP system 
performances and the results are given in detail in Article 4. A summary of the kinetics 
modeling will be discussed below using sorption of Co2+ ions on TiP1 as an example.  

The kinetics data are analyzed using the fractional uptake, F(t), versus time. F(t) is 
expressed as q(t)/qe with q(t) the amount of sorbed solute at time t (mmol.g-1) and qe the 
value at equilibrium (mmol.g-1).  

 

 

 
Figure 8. Pseudo-first (dotted line) and 
pseudo-second order (solid line) fits of 
experimental kinetics data (○) for the 
sorption of Co2+ ions on TiP1. 

 Figure 9. Liquid-film (dotted line) and 
intraparticle diffusion (solid line) fits of 
experimental kinetics data (○) for the 
sorption of Co2+ ions on TiP1. 
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The pseudo-first order and the pseudo-second order kinetics models originate from the 
kinetics of chemical reactions and are referred to as adsorption reaction models. The 
curve fits of the pseudo-first and pseudo-second order models using the experimental 
data are shown in Figure 8. The two other sorption models related to the diffusion 
processes in solution have also been applied to the experimental data and are identified 
as: (i) the liquid film diffusion (diffusion across the liquid film around the sorbent) and 
(ii) the intraparticle diffusion (diffusion in the pores and/or along the pore walls). The 
results of the curve fits using the two diffusion approaches are displayed in Figure 9. The 
corresponding kinetics parameters of the four models are shown in Table 8.  

A recent work by Simonin has reported that the kinetics regression using the linear 
approach of the pseudo-first and pseudo-second order could often lead to a systematic 
preference for the pseudo-second order model due to the mathematical expression 57. 
The non-linear approach should, therefore, be favored when analyzing kinetics data. For 
this study, only the non-linear fits of the pseudo-first and pseudo-second order models 
are displayed in Figure 8. Observations showed that better fits could be achieved 
following the method described by Simonin.  

The experimental data for sorption of Co2+ ions on TiP1 showed an equilibrium reached 
within 10 min. Similarly, the other studied metal ions (Cu2+, Ni2+, Zn2+ and Mn2+) also 
displayed relatively fast kinetics with an equilibrium reached within 5-20 min. The full 
kinetics curves can be found in Article 2 (Figure 7 therein). These sorption processes on 
TiP1 are somewhat faster than the reported kinetics data for various TiP ion-exchangers 
(including aTiP), where the time necessary to reach the equilibrium state could vary 
between 30 and 100 min for the sorption of mono and divalent metal ions 19,58,59. The 
relatively fast ion-exchange processes are expected to facilitate the TiP utilization in 
column mode.  

 

Table 8. Kinetics parameters of the models tested for sorption on TiP1. 

 

 Pseudo-first order Pseudo-second 
order 

Liquid-film 
diffusion 

Intraparticle 
diffusion 

Ions k1 (min-1) R2 k2*(min-1) R2 k3 (min-1) R2 k4
*(min-0.5) R2 

Cu2+ 0.107 0.993 0.191 0.998 0.101 0.959 0.203 0.964 

Ni2+ 0.209 0.978 0.400 0.998 0.224 0.847 0.273 0.889 

Co2+ 0.231 0.979 0.457 0.999 0.247 0.865 0.287 0.772 
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All four models display good fits (see Figure 8 and Figure 9) and high coefficients of 
determination (R2 is close to 1 in most cases, see Table 8). Even though the R2 values 
for the diffusion processes in the case of nickel and cobalt ions are substantially lower 
than for the reaction kinetics models, their values remain relatively high indicating that 
both diffusion and reaction processes are most likely part of the overall sorption 
mechanism. A closer look at Figure 8 reveals that the pseudo-second order would 
somewhat better describe the sorption process of Co2+ ions on TiP1, despite a high value 
of the coefficient of determination in other cases. Similar observations were depicted for 
sorption of Ni2+ ions on TiP1, while kinetics data for Cu2+ions clearly show that diffusion 
processes cannot be ignored.  Kinetics data for sorption of Mn2+ and Zn2+ ions on the 
TiP1 sorbent showed a very short contact time for the equilibrium to take place (~ 5 min) 
with a dominating pseudo-second order modeling (see further details in Article 2). 
It is most likely that diffusion processes are taking place in the first stage of the sorption, 
while chemical reactions appear to have a significant role in the overall process. A 
similar observation was reported by Ortíz-Oliveros for the sorption of europium(III) on 
α-TiP 30.  

4.1.2 Sorption view of single and multi-component systems on TiP1 

Sorption batch studies with single component systems allow to estimate the amount of 
metal ions that can be exchanged with the given sorbent. Experiments using 
multi-component systems give a good picture on the competitive sorption processes and 
the affinity/selectivity of the ion-exchanger. It is more difficult to simulate sorption 
processes in a multi-component system as various processes can occur simultaneously. 
Another important fact to recall is the presence of calcium and magnesium ions in 
wastewater due to preliminary lime treatment. Relatively high amounts of these 
alkali-earth ions could hinder sorption of other metal ions and it is, therefore, essential 
to perform preliminary tests in batch set-ups before moving towards continuous column 
modes. 

Batch sorption experiments with a single type of metal ions present (using Cu2+, Ni2+, 
Zn2+, Mn2+ and Co2+ ions) were performed using TiP1 (as described in Article 2,  see 
Figure 4 therein). For each case, a sorption capacity between 1.4 and 1.6 mmol.g-1 (i.e. 
2.8 and 3.2 meq.g-1) was recorded, which indicates that the amount of ions sorbed by the 
TiP1 sorbent is similar for all 3d divalent metal ions. In order to explore further the 
sorption processes of divalent metal ions on TiP1, sorption with two multi-component 
systems (with and without calcium ions) composed of equimolar amounts (2 mmol.L-1) 
of metal ions was performed. The corresponding metal uptakes of the studied divalent 
ions by TiP1 are displayed in Figure 10. 
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Figure 10. Selectivity of TiP1 towards divalent ions (Mn2+, Co2+, Ni2+, Cu2+, Zn2+ and 
Ca2+) in a multi-component system, batch mode.  

In these multi-component sorption experiments, the total amount of metal ions is 
obtained by summing up the amount sorbed for each metal ion. For TiP1 (Figure 10), 
the total amount of metal ions sorbed with and without calcium ions present in waters is 
estimated to be 1.8 and 1.7 mmol.L-1 (i.e. 3.6 and 3.5 meq.g-1), respectively. This IEC is 
in the same range as the IEC determined for the single ion systems, which illustrates that 
the presence of various metal ions do not affect the overall sorption performance of TiP1. 
The IEC represents about 56 % of the sodium uptake and 34 % of the TEC. A similar 
trend was observed for analogous amorphous TiP materials (see Table 7), where the IEC 
was about 34-60 % of the sodium uptake and 18-33 % of the TEC. This confirms that 
some exchangeable sodium sites are either not accessible and/or that their number 
decreased. A possible explanation includes the fact that the TiP1 material undergoes a 
base treatment when converted to its sodium form. As mentioned previously (for α-TiP), 
it is possible that a structural rearrangement of the TiP1 matrix occurs hindering the 
active sites and/or that the layered properties of the TiP1 system has changed during the 
base treatment.  
A clear trend of the TiP1 sorption preference arises from the data shown in Figure 10. A 
number of sorption experiments were run and the selectivity order of metal ions sorbed 
onto TiP1 was repeatedly established as follows: Cu2+ >> Zn2+ > Mn2+ > Co2+, Ni2+, 
Ca2+. This selectivity order could be possibly related to the thermodynamic parameters 
of a water molecule exchange in [M(H2O)6]2+ and to the formation of MOH+ species. 
The details of the thermodynamic parameters and the equilibrium constants are given in 
Article 2 (Table 2 therein). 
Furthermore, TiP1 was tested towards three closed-mine waters at different pH (one at 
pH 4.0 and two at pH 7.0). In each case, the metal ions were successfully interchanged 
despite the presence of high amounts of calcium and magnesium ions in the waters. The 
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IEC of TiP1 towards these waters was estimated between 3.1 and 4.0 meq.g-1, which 
correlates well with the IEC found for the others systems.  
 
Evidently, TiP1 shows promising properties when it comes to the sorption of divalent 
metal ions in single and multi-component systems. The IEC obtained in batch condition 
(up to 3.6 meq.g-1) is the highest recorded for TiP materials and the kinetics experiments 
revealed that equilibrium is reached within 20 minutes, which is considered fast for TiP 
sorbents. Competitive sorption is observed with a preference for Cu2+ ions. Given the 
eminent sorption properties of TiP1, the sorption behavior in continuous column 
experiments must be explored when further industrial applications are of interest.  

4.2 Continuous flow (column) mode 

Sorption processes studied in continuous flow mode are important parameters for 
industrial applications from a practical and economical points of views. One of the 
challenges, when switching from batch to column sorption experiments, is to maintain 
the same high sorbent capacity. There are a few examples where a significant decrease 
in the IEC (from batch mode) has been observed when the sorbents were tested under 
column conditions 14,60. Selectivity towards metal ions of interest is also a critical aspect 
to study when sorption in column conditions are performed. The amount of each metal 
ion present varies within the waters tested and the presence of high amounts of calcium 
ions can somewhat affect the sorption behavior of the TiP ion-exchanger. In continuous 
systems, the selective properties of the ion-exchanger can be affected as a continuous 
feed is coming into the column. It is, therefore, essential that the sorbent keeps its 
selective properties towards heavy metal ions (observed in batch mode) while keeping 
its sorption capacity high. A good correlation between batch and column data would also 
allow to test unknown systems on TiP sorbents on a small scale (under batch conditions) 
and to transpose it to bigger continuous flow set-ups. 
 
Very few research studies have reported the sorption behavior of TiP systems in column 
set-up. Among the few case studies, it has been shown that the selectivity series of metal 
ions on TiP materials could change depending on the total amount of metal ions 
exchanged. For example, Clearfield et al. estimated a selectivity order as: 
Pb2+ >> Cu2+ > Mn2+ >Ni2+ >Zn2+ > Cd2+ on aTiP when the fraction of metal ions sorbed 
(Xm) was less than 0.15. In the cases where Xm was higher than 0.15, the authors 
observed that the selectivity order transformed to Pb2+ > Cu2+ > Cd2+ > Mn2+ >Zn2+ > 
Ni2+. The pHs of the studied waters (in the same study) were between 5.1 and 7.2 50 and 
possible precipitation of the metal ions could not be excluded.  
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Regeneration of the sorbent is also a key factor when developing an ion-exchanger is 
targeted. Reported data about regeneration cycles or sorption capacity (per gram of 
sorbent) of TiP systems are often insufficient to enable comparison. In this work, a 
complete study on the sorption performance of the new LTP sorbent tested in continuous 
flow mode towards nickel(II) ions (in model systems) was conducted and is described in 
detail in Article 4. During the work on Article 4, it was found that the ion-exchange sites 
of the ion-exchanger were most likely belonging to the TiP1 units of the LTP sorbent. 
Consequently, fixed-bed column experiments were performed using only TiP1 sorbent 
towards multi-component water systems. A model mine water composed of Cu2+, Ni2+, 
Zn2+, Mn2+ and Co2+ ions (similar as the water used for batch experiments) and a closed-
mine water were tested. A summary of the results is given below.  
 

4.2.1  Model-mine water case 

Figure 11 displays the sorption profiles of TiP1 towards the model-mine water 
containing Cu2+, Ni2+, Zn2+, Mn2+ and Co2+ ions together with the concentration of 
sodium ions released. The breakthrough curves are displayed in time units but also in 
BV (bed volume) units, which represents the volume of water treated divided by the 
volume of sorbent used. 

 

Figure 11. Sorption breakthrough curves of TiP1 towards a model-mine water composed 
of Co2+, Cu2+, Mn2+, Ni2+ and Zn2+ ions. C is the concentration at time t and 
C0 is the initial concentration of the polluted water. The dashed lines are 
guidence for the eye. Curve fitting following Thomas model is shown for 
copper ions (solid line). 
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The breakthrough curves of the five divalent ions display S-shape profiles. At the 
beginning of the ion-exchange process, sodium ions are being exchanged with the 
divalent metal ions. As a result, the concentration of metal ions in the effluent at the 
outlet of the column is close to zero (C/C0 ~ 0), while the concentration of sodium ions 
is relatively high ([Na+] ~ 20 mmol.L-1). At the breakthrough point, most of the active 
sites in the sorbent are occupied and the concentrations of divalent ions at the outlet of 
the column are increasing gradually until reaching saturation. At this point (exhaustion 
point) the concentrations at the outlet and inlet of the column are similar (C/C0 ~1) and 
all exchange sites are metal-loaded. At the same time, the concentration of sodium ions 
at the outlet of the column decreases, as less and less sodium sites remain for the 
exchange process. The volume of water treated before the breakthrough point is 
considerably higher for the case of copper ions (253 BV, i.e 14 h) in comparison for zinc 
ions (108 BV, i.e 6 h) or manganese, nickel and cobalt ions (81 BV, i.e. 4.5 h). The 
decrease of the Na+ ions concentration in the water (at the outlet) coincides well with the 
breakthrough point (81 BV) of Ni2+, Co2+ and Mn2+. This implies that until 81 BV, the 
ion-exchange process involves sodium ions. From 81 BV, the concentration of sodium 
in the effluent decreases while the sorption of zinc and copper ions continues (and has 
not reached the breakthrough point yet), which shows that the ions sorbed onto TiP1 are 
possibly displaced by zinc and copper ions.   
 
After the exhaustion point, the sorption profiles of Co2+, Ni2+, Mn2+ and Zn2+ ions exceed 
C/C0 > 1, which indicates that the concentration of each divalent metal ions at the outlet 
is somewhat higher than at the inlet. This can be explained by preferential sorption 
processes, where some divalent ions can be displaced by other ions present in the water. 
For this case, it can be seen that the displacement of ions occurs in favor of copper ions. 
In Figure 11, copper, nickel and manganese ions are the first to breakthrough followed 
by zinc and finally copper ions. During the first period (up to 162 BV, i.e 9 h), zinc and 
copper ions are displacing cobalt, nickel and manganese ions, which are already bound 
to the sorbent. In a second period (until the exhaustion point of copper ions is reached), 
Zn2+ ions, which have previously sorbed onto TiP1, are displaced by Cu2+ ions. When 
the concentrations at the outlet reaches the feed concentrations (C/C0 ~ 1), the column 
feed is in equilibrium with all five metal ions sorbed on the surface of TiP1.  
Therefore, the selectivity order of metal ions exchanged on TiP1 can be established as: 
Cu2+ >> Zn2+ >Mn2+, Ni2+, Co2+, which is in very good agreement with the batch sorption 
data for this sorbent. The column data were also modeled using the Thomas approach 
and an example can be found in Figure 11 with the experimental sorption data of copper 
ions. The Thomas model is derived from the equation of mass conservation in a flowing 
system. The axial and radial dispersion in the column are considered to be negligible and 
the rate driving force follows the second order reversible kinetics. The effect of the flow 
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rate and of the metal ions concentration in the water were also tested. All details for these 
experiments and data treatment can be found in Article 4 (for single component systems) 
and in Article 5 (for multi-component systems). 
Moreover, full loading of the sorbent and complete breakthrough of the five divalent 
metal ions is achieved at 575 BV (i.e. 32 h), which corresponds to an IEC of 4.2 meq.g-1. 
The overall sorption performance is in good agreement with the data obtained in batch 
mode (3.5 meq.g-1) for this sorbent and the same water system.  

In order to assess the sorbent properties in industrial water systems, TiP1 was tested 
towards closed-mine waters that had preliminary undergone a lime treatment. It 
contained large amounts of calcium and magnesium ions and a number of heavy metal 
ions present at different amounts. The obtained results are summarized in the next 
subsection. 

4.2.2 Closed-mine water case 

The sorption breakthrough profiles of each element present in the closed-mine water are 
shown in Figure 12, together with the release of exchanged sodium ions. 

 

Figure 12. Sorption breakthrough curves of TiP1 towards a closed-mine water. C is the 
concentration of metal ions at time t and C0 is the initial concentration of 
metal ions in the polluted water. The dashed lines are guidence for the eye.  
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Competitive sorption can be seen with a preference order that follows:  
Cu2+, {Cd2+, Al3+} > Zn2+ > Mn2+ > Ni2+, Ca2+, Mg2+. The volume of water treated that 
follows the limits set by the European regulations is relatively high for copper (277 BV), 
followed by cadmium (219 BV), zinc (156 BV) and aluminum (85 BV) ions. The 
summary of water volume (for the model and closed-mine water systems) that can be 
treated in accordance with the European regulations can be found in Article 5, Table 2 
therein. This sorption profile suggests that removal of all heavy metal ions present in the 
water is possible if the column is stopped at an early stage (when the ions of interest 
have not broke through yet) and also that recovering of single ions such as copper, 
cadmium or aluminum could be achieved if columns in series would be used.  
Cadmium and aluminum ions profiles may be considered separately from the other ions 
due chemical reasons related to pH of the water. At the pH of column conditions 
(pH 4-4.5), aluminum ions can form Al(OH)2

+ and Al(OH)2+ complexes which might be 
related to the preferential sorption observed for this ion 61,62. In the case of d10-cadmium 
ions, it  can be related to the size of  Cd(H2O)6

2+  (in comparison to zinc ions) and faster 
exchange of coordinated water molecules 63.  

The total ion-exchange capacity for this multi-component system was calculated to be 
3.2 meq.g-1 in continuous column mode, which is in very good agreement with the IEC 
calculated in batch condition (3.1  meq.g-1)  for sorption of the same mine water system 
on TiP1. It shall also be mentioned that breakthrough curves with a more regular S-shape 
could be most likely achieved with a slower flow rate. In this experiment, the contact 
time was estimated to be about 3 min. Regarding the kinetics data, a contact time of 
about 5-10 min would be more suitable to achieve an optimal treatment of this water.  
In addition, it is worth mentioning that the TiP1 sorbent could also be used in water 
softening systems where, sodium ions would exchange with calcium and/or magnesium 
ions. The resulted TiP1 materials loaded with calcium or magnesium could be then 
further used for waste water treatment.  

Regeneration of the TiP sorbents was performed with diluted HCl (for sorption of nickel 
ions on LTP, Article 4) and HNO3 (for sorption of model-mine and closed-mine water 
systems on TiP1, Article 5). All sorbed metal ions could be successful desorbed, 
resulting in a much more concentrated solution (in metal ions). Precipitation could be 
further used for recovering the metal ions from the solution. After regeneration with 
acids, a solution of Na2CO3 was passed through the column to convert the TiP sorbent 
back into its sodium form. The Na+ uptake under a continuous regime was found to be 
6.2 meq.g-1, which is in excellent agreement with the value calculated for batch 
experiment (6.3 meq.g-1). Regeneration and conversion to the sodium form were 
successfully achieved over six cycles. The sorption performances are in the same range 
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for the first four cycles and the IEC slightly decreases in the two last cycles. More 
information about the regeneration can be found in Article 4 and Article 5.  

 

Main Remarks 

This is the first time that a complete study of sorption on TiP systems in continuous mode 
has been described. Regarding all data reported in this section, there is a clear 
correlation between batch and column studies, which would lead to the possibility of 
predicting the sorption performance (selectivity, Na+ uptake and IEC) in column mode 
on the basis of batch data. Relatively fast kinetics processes (5-20 min) have been 
determined for divalent metal ions sorption onto TiP1, which facilitates its applicability 
in continuous column modes. In continuous flow cases, equilibrium would be reached in 
a shorter period of time, allowing usage of relatively high flow rates. In single 
component systems, the new TiP sorbents (and in particular TiP1) have displayed an 
ion-exchange capacity in a similar range (2.8 - 3.2 meq.g-1) for all the transition metal 
ions studied. For the first time, competitive sorption on TiP is documented for 
multi-component waters (model-mine and closed-mine waters) with a high affinity for 
copper ions, pointing towards the possibility of isolating single metal ions from a 
mixture. It has been demonstrated that TiP materials could be successfully regenerated 
to their proton form and further converted back to their sodium form for over six cycles. 
These results are very promising data for future scale-up experiments with 
multi-component systems.  

 

 

  



P a g e  | 45 

 

CHAPTER 5. 

TiP sorbents 
accomplishments  

During the course of this work, it has been demonstrated that soft chemistry routes could 
be used to synthesize different types of TiP ion-exchangers. Three distinct TiP sorbents 
with different ion-exchange units (−H2PO4, −HPO4 or a mixture of both) were 
synthesized using TiOSO4 as a starting titanium source. It has been reported that leaching 
of titanite could be achieved at relatively low energy costs but few studies have linked 
the possibility to leach titanite and to synthesize TiP sorbents. Preliminary studies have 
been performed at LTU (not discussed in this thesis) and more work is ongoing on this 
subject.  
For the first time, TiP sorbent entirely composed of –H2PO4 units (TiP1: 
TiO(OH)(H2PO4)·H2O) with a certain degree of crystallinity, has been synthesized under 
mild conditions. i.e. 80 °C during 30-60 min, P2O5:TiO2 molar ratio equal to 1:1, post-
synthesis treatment with diluted acid (HCl, HNO3 or citric can be used). It has been 
shown that a change in the P2O5:TiO2 molar ratio, being higher than 2:1, would lead to 
crystalline α-TiP (Ti(HPO4)·H2O). This is the first time that crystalline α-TiP could be 
synthesized in such mild conditions. It was also demonstrated that a change in the time 
of heating (24 hours instead of 30-60 min) would lead to a mixed type TiP sorbent (LTP) 
composed of TiP1 and α-TiP units. The TiP materials could be synthesized using 
different types (powders and solutions) of TiOSO4 sources with different grades (from 
leaching to synthesis grade) and in each case, the three TiP sorbents could successfully 
synthesized, in a reproducible way. The three TiP ion-exchangers were fully 
characterized using different spectroscopic (NMR, Raman, etc.), X-Ray Diffractometric 
and analytical (potentiometric titration, elemental analyses, etc.) techniques (Article 1, 
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3 and 4). EXAFS and solid-state 47/49Ti NMR data have also been acquired to further 
understand the structural arrangement of diverse TiP systems. More analyses are 
ongoing in order to get a better structural model for these materials (Article 6, in 
preparation, not appended to this thesis).  

TiP1 was then further tested due to the presence of dihydrophospate groups and 
promising properties displayed in batch conditions. The IEC of TiP1 in batch condition 
was estimated first with single component systems of five transitions metal ions (Cu2+, 
Zn2+, Mn2+, Co2+ and Ni2+) and was found to be in the same range for the five metal ions 
(2.8 - 3.2 meq.g-1). Additional sorption experiments displayed relatively fast kinetics with 
an equilibrium reached within 5-20 min. In order to assess the selectivity of TiP1 in batch 
conditions, the sorbent was further tested on a model mine water (containing equimolar 
amount of the five studied transition metal ions) and on closed-mine waters. The IEC 
was estimated to be between 3.1-4.0 meq.g-1, which indicates that the presence of various 
ions do not significantly affect the sorption capacity of TiP1. The selectivity in batch 
conditions was found as Cu2+ > Zn2+ >> Mn2+ > Co2+, Ni2+. 

Continuous column set-ups are preferred when the sorbent is used in industrial facilities. 
Therefore, the sorption behavior of TiP systems should be assessed under continuous 
flow (column) conditions. Very few articles reported data of TiP systems under such 
regime and complete studies (including regeneration, effect of the flow rates and 
concentrations, modeling) cannot be found in the literature. For the first time, complete 
sorption studies towards single and multi-components systems have been performed in 
continuous column set-ups. The mixed type sorbent (LTP) was first tested towards single 
component systems containing nickel ions. It was found that the TiP1 units were most 
likely the active ones while the α-TiP units somewhat underwent a partial phase 
rearrangement. More work is ongoing to understand how the structure in LTP is 
rearranged. The sorption breakthrough curves of various metal ions on LTP and TiP1 
displayed a S-shape and could be well modeled using the Thomas model. Regeneration 
of the sorbents was also studied and it was found that it could be successfully regenerated 
over four cycles with the same IEC and additional two cycles with a lower IEC. 

Multi-component water systems were tested in continuous column mode using TiP1 
sorbent. Competitive sorption of the different ions present in the water was observed on 
TiP1 and the selectivity order could be expressed as:  

Cu2+ >> Zn2+ > Mn2+ > Co2+, Ni2+, (Ca2+) in the model-mine water  
Cu2+, {Cd2+, Al3+} > Zn2+ > Mn2+ > Ni2+, Ca2+, Mg2+ in the closed-mine water  

During sorption in continuous mode, it was observed that TiP1 had a higher affinity 
towards heavy metal ions rather than calcium or magnesium ions. Similarly to single 
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component systems, the breakthrough curves could be well  described by the Thomas 
model although it could not be applied when preferential sorption took place. It was also 
demonstrated that the sorbent could be successfully regenerated with diluted acid and 
reused over several sorption cycles with multi-component systems. The IEC was 
estimated to be between 3.2 and 4.2 meq.g-1 on these systems, which is in very good 
agreement with the IEC found in batch experiments.  

Overall, the sorption data in continuous column mode are in excellent agreement with 
the batch data, which would allow to test unknown systems in a lab batch scale and to 
further adapt it to a bigger pilot scale. These results are the first one reported for TiP 
systems and it is a significant step forward in understanding the sorption behavior of 
these ion-exchangers under different set-ups. A scale-up  trial of sorption experiments 
using ca. 1 kg of  TiP1 towards closed-mine water in continuous mode will be the next 
step together with the titanite leaching from mine waste.  
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“You shoot me down but I won't fall, I am titanium” 

   − D.G 
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