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Sorption performances of TiO(OH)(H,PO4)-H,0 in
synthetic and mine waters¥

Myléne Trublet,*® Marina V. Maslova,® Daniela Rusanova® and Oleg N. Antzutkin®

The sorption properties toward Cu?*, Zn?*, Ni?*, Mn?* and Co?" ions, in synthetic and industrial waters with
pH of 3.9-7.2, and the chemical stability of a titanium phosphate ion-exchanger synthesized at mild
conditions and containing solely —H,PO,4 groups, TIO(OH)(H,PO,4)-H,O (TiP1) are investigated. TiP1
displays the highest Na™ uptake (6.3 meq. g~%) among TiP ion-exchangers and a maximum sorption
capacity of ca. 1.55 mmol g™t (ie. 3.1 meq. g~1) for the studied ions, which is higher than the ones
reported for exchangers composed predominantly of —HPO,4 groups. The sorption isotherms were best
described by the Temkin model while the Langmuir and the Freundlich models appear to be insufficient
in describing all data. TiP1 shows fast kinetics with an equilibrium reached within 10-20 minutes and
diffusion processes play a role in the initial period of sorption that is overpowered by chemisorption
reactions in the overall rate controlling step. The selectivity order of the metal ions on TiP1 is determined
as: Cu?* > Zn** > Mn?" > Co?*, Ni?*, following the order of stability of MOH* complexes and the
corresponding activation parameters for a water molecule exchange in [M(H,O)gl** ions. The surface
sorption data are in good correlation with the EDS data for these systems, supporting the idea of
chemical sorption with no metal hydroxide precipitation. Additional sorption studies show that the
quality of industrial waters after sorption reaches the EU recommendation for drinking water. The faster
kinetics and the higher exchange capacity reveal that the presence of —H,PO,4 groups strongly enhances
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1. Introduction

In the areas of extensive production of copper and zinc
concentrates, as in Northern Sweden, the quality of surface and
underground waters in closed mines and of effluent waters is of
vital importance for people's health and for the natural envi-
ronment. Even though zinc and copper metals are among the
essential elements, their metal discharge into free water must
be kept at a very low level. The amount of accompanying (to the
main metal concentrates) heavy metal ions such as Ni, Mn, Co,
etc. should be kept in accordance with the latest EU environ-
mental recommendations. Traditional methods for decreasing
the amount of heavy metals in industrial waters include lime
precipitation/coagulation when metal ions are present at high
concentrations and then ultra-filtration combined with sorp-
tion on various ion-exchangers for additional fine purifica-
tion."> The choice of the technique is determined by the
concentration of metal ions in the water and adsorption has
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the sorption properties of titanium phosphate sorbents.

been preferred as a method for levels below 1-10 mg L. The
ion-exchange technique has been one of the most frequently
enquired methods for final treatment of waters polluted by
heavy metals. It often leads to almost complete removal of metal
ions from the industrial waters when the sorbents have a high
selectivity and broad pH compatibilities.® The limitations of this
technique are mostly governed by the physicochemical prop-
erties of ion-exchangers themselves; namely, their chemical and
mechanical stabilities, pH ranges of use and selectivity dia-
pason toward the different metal ions of interest.*

The titanium(v) based ion-exchangers (Ti-IE) and especially
amorphous titanium phosphates (aTiP) have caught the
researchers’ attention due to their high selectivity toward tran-
sition metal- and radioactive ions, their excellent thermal and
radiation stabilities and resistance to oxidation.>” The ion-
exchange behavior of these systems is governed by (i) the
number of exchangeable ions, (ii) the structural features of the
TiP matrix as well as (iii) the porosity characteristics of TiP
sorbents and all these play different roles in the diffusion of
metal ions into complex structures of Ti-IE.

It has been observed that the synthetic conditions of TiP-1E
are often high temperature demanding, performed at hydro-
thermal conditions and/or are time consuming.®*** Further-
more, when the TiP sorbents are synthesized at relatively mild
conditions (such as amorphous ~-HPO, based sorbents) their
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ion-exchange capacities are somewhat low."*** The exchange
capacities of TiP sorbents have also been found to depend
considerably on the pH of the solution.''® Maslova et al. have
reported that the cation exchange capacity of 1.00-1.65 meq.
g ' was observed at low pH for amorphous silica-modified TiP
with general formula Ti(OH),,(HPO,), . ySiO, -nH,0," that is
a relatively low capacity for these systems. Therefore, there is
a need to develop a TiP sorbent that brings together relatively
mild synthetic conditions and a relatively high ion-exchange
capacity.

For the characterization of the actual cationic exchange sites
of TiP-IE, which are directly related to the stoichiometric
amount of exchangeable ions, direct and indirect potentio-
metric titration methods have been employed. It has been
found that the total exchange capacity determined by different
titration techniques depends clearly on the degree of crystal-
linity of the TiP sorbents, the Ti:P molar ratios and the
sorbents’ stability in alkaline conditions. For example, Troup
et al. reported that the amount of exchangeable ions increases
when the crystallinity of the material decreases.*'*° All these
factors need to be taken into consideration when the titration
data are analyzed.

Adsorption isotherms can be built with respect to any metal
ions when purification of waters using different exchangers is
considered. These curves show the amount of metal ions of
interest uptaken by the ion-exchanger as a function of the metal
ion at equilibrium concentration and at constant temperature.
The most commonly found isotherms for the sorption of tran-
sition metals on TiP-IE belong to the Langmuir, and Freundlich
types. It has been shown that for certain cases the sorption of s-
and 3d-metal ions on TiP-IE can be described better with
Langmuir isotherms than with Freundlich isotherms.'**' Jia
et al. have reported that lead(ir) removal by TiP was better rep-
resented by the Langmuir model, while zinc(n) and cadmium(u)
adsorption data could be well described by both models.
Indeed, a mechanism of transition metal sorption on the TiP
systems that would describe the processes in detail has not been
established. It shall also be noted that our literature survey has
found sorption data for various metal ions almost entirely on
alpha-TiP (Ti(HPO,),-H,0) and alpha-type TiP-IE, ie. on
sorbents containing -HPO, functional units.»!%31721,23-23
Reports on sorption of transition metals ions on -H,PO, based
TiP-IE have been scarce and mostly related to the Ti,O3(H,PO,)-
2H,0 sorbent. The Temkin approach has not been explored for
modeling the sorption processes on Ti-IE.

The model that describes the sorption reaction kinetics is
essential to understand the rate of adsorption/desorption
processes occurring during the water purification processes.
For the 3d-metal ions, it has been shown that the main factor
that determines the kinetics of ion-exchange reactions on Ti-IE
relates to the fact of how strongly the metal ions interact with
the functional groups of the sorbent.?® In other words, it should
be established whether or not the process of chemisorption is
the dominant rate-controlling step of the adsorption process
that can overpower the diffusion processes. Experimentally, the
rates at which metal ions are transferred from the bulk solution
to the TiP particles, determine the efficiency of the adsorption.
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When the kinetics of sorption processes are analyzed, data are
fitted with the different kinetic models. Kapnisti et al. have
found that kinetics of cesium(i) ions sorption on TiP-IE can be
well described using the pseudo-second order rather than the
pseudo-first order model.** Similarly, Ortiz-Oliveros et al. have
concluded that sorption of Eu(m) on alpha-TiP is governed by
chemisorption and follows the pseudo-second order reaction
kinetics. They also have suggested that the intraparticle diffu-
sion process appeared to play an important role in the two-stage
sorption process.”” Whether chemisorption or diffusion is the
preferred mechanism of ion exchange during water purifica-
tions, it should be emphasized that it is strongly related to the
sorbent particle size and porosity characteristics which deter-
mine the sizes of the solvated ions that may enter the sorbent
matrix.”®

This work focuses on the applications of a titanium(w)
phosphate sorbent (TiP1), synthesized at relatively mild condi-
tions and containing solely -H,PO, functional groups. The
sorption properties of TiP1 toward removal of Cu®*, Zn**, Ni**,
Mn** and Co*" ions from synthetic and industrially polluted
waters were thoroughly investigated in different waters with pH
3.9-7.2. Batch experiments were used for these purposes and
the equilibrium concentrations of these metals in solution
before and after the sorption processes were determined. The
contact time required for removal of these ions and the corre-
sponding maximum metal uptakes were estimated. The results
obtained were modeled using Langmuir, Freundlich and Tem-
kin sorption isotherms. The surface of TiP1 was probed with
EDS before and after sorption took place. To gain details of the
sorption dynamics, kinetic experiments were also performed
and data were evaluated using pseudo-first and pseudo-second
order adsorption kinetic models as well as the liquid film and
intraparticle diffusion models. Furthermore, the TiP1 sorbent
was probed as a cation-exchanger on closed mine waters
supplied by Boliden Mineral AB, Sweden.

2. Experimental section

2.1. Synthesis of TiO(OH)(H,PO,)-H,O ion-exchanger

For the synthesis of TiO(OH)(H,PO,)-H,O (abbreviated TiP1 in
this article), an acidic solution of TiOSO, (containing 82.4 g L™
TiO, and 542.7 g L' H,S0,) obtained by the method of Motov
and Maximova®® was used as a source of titanium(iv).

The sorbent was synthesized at mild conditions following
the synthetic procedure reported by Trublet et al.® Elemental
analysis of TiP1 gave 40.21% and 36.89% of TiO, and P,Os,
respectively, which is in very good agreement with the theoret-
ical values for the chemical formula of TiP1: TiO(OH)(H,PO,)-
H,O0. Further details regarding the synthesis and characteriza-
tion of TiP1 can be found in Trublet et al.®

It has been shown that the modification of titanium phos-
phate ion-exchangers into an alkaline form increased their
sorption capacity.'>'** Therefore, TiP1 in H'-form (H-TiP1, ie.
as synthesized) was mixed with a solution of 0.5 M Na,CO; with
a mass (g) : volume (mL) ratio = 1:50. The suspension was
covered and kept under stirring at ambient conditions for 24
hours before being rinsed with deionized water until pH ~ 6.

This journal is © The Royal Society of Chemistry 2017
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The sodium uptake by H-TiP1 was determined using an
Inductive Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES) by ALS Scandinavia AB, Luled. The resulting sorbent
loaded with sodium (Na-TiP1) was used for all the sorption
experiments described in this study.

2.2. Chemical stability of TiO(OH)(H,PO,)-H,O ion-
exchanger

The chemical stability of H-TiP1 was studied using batch
experiments at ambient conditions. The solid was inserted into
solutions with different pH respecting a solid (g) to liquid (mL)
ratio of 1 : 50. The pH of the solutions, varying between 2 and
10, were adjusted with HCl or NaOH solutions. The mixtures
were kept in closed vessels under constant stirring for 24 hours.
The Ti and P amount in the filtrates were determined by ICP-
AES and the degree of H-TiP1 hydrolysis for each element was
calculated using eqn (1):

C,, solution

Degree of hydrolysis (%) = xV (1)

i

MTiPl

X m

where M is the molar mass (g mol™"), C;, solution is the equi-
librium concentration in the solution after 24 hours (mg L"), m
is the mass of the sorbent (g) and V is the reaction volume (L); i
refers to either Ti or P.

2.3. Potentiometric titrations of TiO(OH)(H,PO,)-H,O ion-
exchanger

The direct titration of H-TiP1 with a strong base was carried out
to determine the number of functional groups and the corre-
sponding pK, values for this sorbent. H-TiP1 (0.1 g) was placed
in 10 mL of deionized water. The mixture was equilibrated
under constant stirring until the pH became stable. After
equilibration, a standard solution of 0.100 M NaOH (titrant) was
added using a burette. After each addition, the pH of the
suspension was recorded when the pH changes were less than
0.01 units per min, using an Ag/AgCl-pH glass electrode. The
addition of NaOH was continued until the pH of the solution
reached 12.5.

A similar titration of H-TiP1 in the presence of dissolved salt
(0.1 M NaCl) was performed. In this case, the ion-exchange
between H' and Na® was initiated before the titrant was added.
Upon addition of NaOH, the solution was progressively neutral-
ized, while the ion-exchange process was carried to completion.
The resulting pH titration curve (Fig. S1 in the ESIf) was less
defined than the direct titration curve in the absence of NaCl.
Similar observation has also been described by Helfferich.>*

For the indirect titration (Fig. S2 in the ESIf), 0.3 g of H-TiP1
was mixed with 50 mL of 0.100 M NaOH. After equilibration of
the mixture, 20 mL of the liquid phase (filtrated using a syringe
filter with 0.1 pm membrane) and 30 mL of the remaining H-
TiP1 suspension were titrated separately with 0.100 M HCL
The addition of HCI was continued until the pH of the solution
reached ca. 1.6.

The Hendersson-Hasselbach equation was used to deter-
mine pK,, and pK,, of H-TiP1:*

This journal is © The Royal Society of Chemistry 2017
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pH = pK,, + log (%) (2)

where i equals 1 or 2 and « is the degree of neutralization
calculated from the amount of base added. To calculate «, the
number of moles of NaOH added at a given pH was divided by
the maximum number of moles of NaOH consumed to reach
the corresponding equivalent point. By plotting pH vs. log(a/(1
— a)), pK,, was determined.

All pK, values discussed in this study are based on the data
from these titrations.

2.4. Adsorption isotherms and kinetics modeling

For all sorption experiments, commercial sulfate salts (ZnSO,-
-7H,0, CuSO,-5H,0, MnSO,-H,0, CoSO,-7H,0 and NiSO,-
-7H,0) were used as sources of metal ions as received. The pHs
of the solutions were between 4.2 and 5.9 (for sorption
isotherms) and 3.9-7.2 (for kinetics and industrial water sorp-
tion experiments). To determine the sorption capacity of the
TiP1 sorbent toward Zn>*, Cu®*, Ni**, Co®>" and Mn**, sorption
studies were performed using 40 mL of metal solutions with
0.2 g of Na-TiP1. The experiments were performed in duplicate
for eight different starting concentrations (1, 2.5, 5, 7, 9, 10, 15,
20) x 102 mol L. For each metal ion, the suspensions were
stirred continuously for 24 hours to ensure that equilibrium was
reached and were then filtered. The pH of the filtrates were
measured (pH ~ 4.1-6.0) and found to be in similar range as the
starting pH values. The final metal concentrations remaining in
the filtrates were determined using ICP-AES by ALS Scandinavia
AB, Lulea. The amount of each metal ion adsorbed by Na-TiP1,
g. (mg g~ '), was calculated by the following equation:

o= Gy ©)
where Cj is the initial concentration of the metal ion in solution
(mg L™Y), C. is the concentration of the metal ion at equilibrium
(mg L7") and V/m (L g7") is the volume to mass ratio of the
solution to the amount of Na-TiP1 used in the sorption
experiments.

Adsorption data for zZn**, Cu**, Ni**, Co®>" and Mn** ions
were analyzed and were modeled using Langmuir, Freundlich
and Temkin adsorption curves.

The Langmuir model is expressed using the following line-
arized equation:*

C. 1 C.
+

de  Dlmax

Gmax @
where g is the maximum monolayer coverage in mg ¢~ ' and
b is the affinity constant (also called Langmuir isotherm
constant) in L mg ™. By plotting 1/g. versus 1/Ce, gmax and b were
determined from the intercept and the slope of the straight line,
respectively.

The linearized equation of the Freundlich model is
expressed as follows:*

1
In g. = In(4g) + " In C, (5)

RSC Adlv., 2017, 7, 1989-2001 | 1991
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where Ag is a constant related to the adsorption capacity in (mg
g™ (L mg™")"" and 7 is the parameter indicating the system
heterogeneity. The Freundlich constants were determined from
a plot of In g versus In Ce..

The Temkin model is described by the following linearized
equation:**

¢. = BIn(At) + B In(C,) (6)

RT
where B = = br corresponds to the difference in enthalpy
T

between the zero and the full coverage (J mol '), R is the
universal gas constant (8.314 ] mol ' K™ '), T'is the temperature
in Kelvin and Ay is the affinity at zero loading. A plot of g. vs.
In(C.) enables the determination of the constants by and Ay
from the slope and the intercept, respectively.

From the sorption isotherm experiments, the highest
concentration at which the metal ions were completely adsorbed
was estimated. It was found that the lowest concentration where
complete removal of the ions was observed was 2.5 mM (for the
cobalt ions). Therefore, the kinetic studies for each metal ion of
interest were performed, in duplicate, using batch experiments,
with an initial concentration in metal ions of 2.5 mM. The solu-
tions of metal salts were added to the sorbent (Na-TiP1) at a mass
(g) to volume (mL) ratio of m : V=1 : 200. The mixtures were kept
under stirring for 2.5, 5, 7.5, 10, 15, 20, 30, 45 and 60 minutes
before being filtrated and analyzed for metal content.

The experimental data obtained were fitted to the pseudo
first-order and pseudo second-order reaction models, and to the
liquid film and intraparticle diffusion models in order to vali-
date the most probable sorption dynamics.

The pseudo-second order kinetics is expressed by the
following linearized equation:*

N @)
4 kgl g
with k, being the rate constant of the pseudo second-order (g
mg ' min~'). k, was determined from the intercept of the
straight line t/q, versus t.
The mathematical models describing the pseudo first-order
and the two diffusion kinetic models tested in this study are
provided in the ESL.{

2.5. SEM and EDS characterization

The morphology and the chemical composition of TiP1, before
and after sorption, were studied by scanning electron micros-
copy (SEM, Magellan 400, FEI Company) and by energy
dispersive spectrometry (EDS, 80 mm? X-max detector, Oxford
Instruments), respectively, at an accelerating voltage of 15 kV.
The samples were coated with carbon before the SEM and EDS
analyses and the calibration was done using copper sheet.

3. Results and discussion
3.1. Chemical stability and potentiometric titrations of TiP1

The chemical stability is an important operational characteristic
of a sorbent. The chemical stability of H-TiP1 was investigated in
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Fig.1 Effect of pH on TiP1's stability in aqueous solutions. Amounts of
(@) Tiand (M) P calculated using eqn (1). The lines are a guide for the
eye.

a wide pH range using batch experiments. The effect of pH
(ranging from 2 to 10) on the hydrolysis of the sorbent is shown in
Fig. 1. It can be seen that the amount of Ti(iv) units released into
the aqueous solutions is insignificant and remains close to 0% for
pH from 2 to 10. The hydrolysis of P-units shows that maximum
2.5% of the corresponding groups are liberated in the entire pH
range. This fact is likely related to the gradual displacement of
phosphate groups by hydroxyl groups when pH increases. At low
pH (2-4) the degree of hydrolysis is only 1.3-1.8%. H-TiP1 was
synthesized at very acidic conditions, pH < 1, which could explain
its greater stability at lower pH values. A similar behavior has been
reported for amorphous titanium hydroxophosphate (aTiP)
although the maximum hydrolysis of P-units (ca. 3.0%) was
observed for pH higher than 3.>* Another study on TiP-IE showed
that the sorbent was hydrolyzed up to 4% at pH between 2 to 6 (for
24 h) before a dramatic increase of hydrolysis up to 14% at pH =
7.3% Such drastic dissolution of the amorphous TiP1 was not
observed in the present study and the sorbent is considered
relatively stable in acidic and neutral conditions whilst it
moderately deranges P-units in basic media.

The direct titration curve of H-TiP1 is shown in Fig. 2a. Upon
the addition of NaOH, the two protons from the -H,PO, groups
exchange with Na" ions according to the reactions (R.1) and (R.2).

14 ] pH
12 -
1 y=0.90x+7.03
10 1 R2=0.967
8 -
M,MJ*'
.—rﬂ“G“
‘ 2l
4 (a) | (b)
2 - 2 1
O—ww L L o e o | r T \O T T T 1
0 5 10 15 20 <-06-04-02 0 02 04 06 038
V (0.100 M NaOH), mL log(at/(1-at))
Fig. 2 (a) The pH titration curve (direct titration) of TiP1 with NaOH

and (b) determination of pKj, following the Henderson—Hasselbalch
equation.

This journal is © The Royal Society of Chemistry 2017
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TiO(OH)(H,PO,) + Na* — TiO(OH)(HNaPO,)  (R.1)

TiO(OH)(HNaPOy) + Na* « TiO(OH)(Na,PO,)  (R.2)

Two inflection points in the titration curve, corresponding to
the two-stage reaction, can be therefore expected. A clearer
inflection point is observed during the first step of the titration
around pH = 5 suggesting that the first H" from the -H,PO,
units is exchanged with Na' (R.1). The second less prominent
inflection point around pH = 8 indicates the ion-exchange
between the second H" and Na* (R.2).

The ion-exchange capacity (IEC) of H-TiP1 relates to the
degree of completion of the second reaction (R.2) when the Na*
exchange by the sorbent has reached its maximum. In the
titration curve (Fig. 2a), it corresponds to the amount of Na*
ions added before reaching the plateau (observed at pH ~ 12).
From the titration data, the IEC for H-TiP1 is therefore esti-
mated to be 6.0 meq. g~ which corresponds to about 60% of
the theoretical exchange capacity (TEC) calculated based on the
chemical formula of TiP1 (10.2 meq.g '). The first ion-exchange
process between H' and Na' (R.1) occurs very early in the
titration and thus it is not possible to determine an accurate
value of pK, from the direct titration. As for the second ion-
exchange process (R.2), pK, was determined using eqn (2)
and the resulting plot is shown in Fig. 2b. The pKa, value,
related to the y-intercept, was estimated to be 7.0 which is in
good agreement with pK, = 7.1-7.2 determined from the
indirect titration of TiP1 (shown in Fig. S2, ESIY).

In general, the potentiometric titration curves in both cases
are similar to the titration curves of phosphoric acid, i.e. PO,*~
— HPO,*” — H,PO,  — H,PO, protonation/deprotonation.

These results are in accordance with the presence of two
functional groups in the chemical formula of TiP1: TiO(OH)(H,-
PO,)-H,0 and clearly demonstrate the availability of the second
proton to exchange during sorption processes with metal cations.

3.2. TiP1 and Na* uptake

Measuring the sorption capacity toward Na' is a traditional way
to probe the sorption properties of an ion-exchanger. It has
been reported that loading ion-exchangers with alkaline ions
improved considerably their sorption characteristics and that
the amount of exchangeable Na" represented the actual IEC of
the sorbents.***%*° In this work, the sodium form of TiP1 was
obtained by treating H-TiP1 with 0.5 M Na,CO; for 24 h, under
stirring, at ambient conditions. Fig. 3 shows the comparison of
the TEC and the Na" uptake of various TiP-IE. It can be seen that
TiP1 displays one of the highest TEC among the TiP sorbents
and the Na* uptake (for TiP1) was determined to be 6.3 meq. g~
which is in very good agreement with the IEC calculated from
the direct titration data (6.0 meq. g ). This Na* uptake repre-
sents ca. 62% of the TEC (10.2 meq. g ') and is among the
highest values (see Fig. 3) reported for TiP-IE in various
studies.**>'¢3%37:38 [t has been shown that the conversion of aTiP
into its alkaline form could result in a Na* uptake from 2.5 to 3.8
meq. g~ ', which is 44-67% of the TEC (estimated about 5.6
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Fig. 3 Comparison of the TEC and the average Na* uptake of (a) a-
TiP:  Ti(HPO4)z-H,04 (b))  TizOs(HoPO4)z-2H,0%  (c)
TiO1.25(0H)g.47(H2PO4)0.77(HPO4)0 13- 2.3H,0,*¢3¢ (d) aTiP: Ti(OH)y 36(-
HPQO4)132-2.3H,0,24 (e) aTiP: Ti(OH),(HPO,4)-0.86H,O/Ti(HPO4),,%8 (f)
aTiP: Ti(OH)12(HPO4)128(H2PO4)0 .24 2.5H,0% and (g) TiO(OH)(H,-
PO,4)-H50 [this work].

meq. g ').7?*® This difference can be explained by the coexis-
tence of different phases formed during the loading of Na" into
TiP1 matrix that may prevent the complete exchange between
H' and Na'. It has been reported for alpha-TiP that in similar
conditions three phases were formed: o-Ti(HPO,),, o-
Ti(HPO,)(NaPO,), o-Ti(NaPO,), and that only at substantially
high pH, up to 75% H' to Na' ion-exchange can be attained.*
Likewise, the formation of three phases in the case of TiP1 is
most likely to happen: TiO(OH)(H,PO,), TiO(OH)(HNaPO,) and
TiO(OH)(Na,PO,) and the latter one would start forming after
pH > 6. It is also worth mentioning that partial hydrolysis of H-
TiP1 could also occur (during Na,CO; treatment), leading to
phosphate groups partition and hence an experimentally ob-
tained ion-exchange capacity lower than the calculated TEC.
This high Na* uptake can also be related to the textural
properties of the adsorbent that have been recently reported.® It
has an amorphous nature as confirmed by powder XRD and its
structure remains almost unaltered until 200 °C despite the
release of water molecules. The TiP1 sorbent possesses a surface
area of 114 m”> g~ !, which is substantially higher than the areas
reported for various titanium phosphate sorbents.'®'*?27:3%
90% of this surface area is an external surface area which,
combined with the mesoporous net of interconnected spaces,
ensures the possibility of multiple ways of sorption.®
Thermodynamically, the H'/Na" exchange has been studied
only on alpha-TiP. It has been determined that with the increase
of the temperature (from 25 to 55 °C), hydrolyses of the sorbent
was increasing, leading to the formation of TiO,-nH,O species
that could also become potential cationic exchanger (at pH > 6).
It has also been found that the Gibbs free energy of the
exchange processes HH < HNa and HNa < NaNa are both
positive (14.0 k] mol~" and 20.8 k] mol ™", respectively) although
the beneficial negative enthalpy and entropy for the first
process.*” Similar characteristic behavior can be expected for
TiP1 where incomplete Na" exchange is observed, although the
formation of TiO,-nH,O0 is not anticipated at these conditions.

3.3. TiP1 sorption capacity and sorption isotherms
modeling

Often the concept of metal uptake is considered only in terms of
total amount of metal ions removed from waters without

RSC Adv., 2017, 7, 1989-2001 | 1993
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and (e) Mn?* ions on TiP1.

considering the possibility of precipitation of metal hydroxides
at the conditions of experiment and data reported for exchanger
capacity appear to be somewhat higher.***' To investigate
adsorption processes in detail, pH controlled experiments and
low concentrations of metal ions shall be applied. In this work,
to determine the sorption capacity of Na-TiP1 toward divalent
cations, salts of Zn**, Cu*", Ni**, Co*" and Mn** ions were used
in a concentration range of 1-20 mmol L™ ". The experimental
data show a complete removal of these metal ions, at initial
concentrations between 5 and 7 mmol L™* for Zn**, Cu®*, Ni**
and Mn”" and up to 2.5 mmol L™ for Co**. The experimental
sorption data for these ions on Na-TiP1 compared with the
Temkin, Langmuir and Freundlich model profiles are shown in
Fig. 4. It can be seen that the experimental sorption isotherm
curves show similar tendencies for all metal ions. The initial
part of the curves is nearly vertical and bends in attempt to
reach a plateau (between 1.4 and 1.6 mmol g ') indicating
somewhat saturation of the solid surfaces. These types of
isotherms are called H (“High affinity”) curves: the metal ions
have a great affinity toward the surface of the sorbent and are
completely adsorbed at low initial concentrations.*” High
affinity isotherms are not typically observed for TiP-IE. The
amorphous TiP sorbents are often characterized with steady
increasing sorption of L-type.*'” To the best of our knowledge,
these are the first reported sorption data for amorphous

1994 | RSC Adv., 2017, 7, 1989-2001

TiO(OH)(H,PO,)-H,O0 sorbent with only H,PO,-active exchange
units, displaying H-type of sorption.

Table 1 displays the sorption parameters (including the
correlation coefficient R*) related to the ion-exchange process of
the metal ions on Na-TiP1 in accordance with all three models
(Langmuir, Freundlich and Temkin). The Langmuir model
describes the formation of a continuous monolayer of adsor-
bate molecules on the homogeneous surface of the adsorbents.
In this model, the solid surface is assumed to contain a finite
number of equivalent sites and each site can hold at most one
metal ion. Once adsorbed, the metal ions are immobilized onto
the surface and no interactions between them occur.** The
Freundlich model is one of the earliest empirical models
describing the adsorption onto heterogeneous surfaces. It is
based on the assumption of a multilayer sorption process with
an exponential distribution of active centers.*® The Temkin
model is an extension of the Langmuir adsorption model which
considers interactions between the adsorbed molecules. It is
based on a linear variation of the heat of adsorption with the
degree of covering of the sorbent surface. According to this
model, the weakest adsorbing sites are practically free of metal
ions while the strongest adsorbing centers are nearly completely
occupied.** Among the three models, the Freundlich simulation
gave the least satisfactory results when the model was compared
to the experimental data with the exception of Co®>" ions where

This journal is © The Royal Society of Chemistry 2017
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Table 1 Adsorption data (Gmaxexp) for Zn?*, Cu?*, Ni#*, Co?* and Mn®* ions on TiP1 and Temkin, Langmuir and Freundlich linear model

parameters

Temkin model Langmuir model Freundlich model
Metal  Experimental Ar br Gmax,cale Fmax,calc b Ap (mg g™")
ions  gmaxep (mmolg™)  (Lmg™) (Jmol™’) R (mmolg™) (mgg ') (Lmg") R n (@Lmg )" R
Zn** 1.6 52.9 225.7 0.866 1.8 117.6 0.43 0.871 5.1 34.4 0.715
cu** 1.5 243.0 287.5 0.883 1.5 96.6 1.55 0.998 5.8 37.6 0.768
Ni** 1.4 84.0 318.2 0.936 1.2 69.9 1.96 0.972 4.9 25.4 0.872
Co** 1.6 207.9 304.7 0.902 1.4 82.0 5.30 0.926 6.6 37.9 0.947
Mn** 1.5 126.6 311.3 0.827 2.0 108.7 0.50 0.843 5.2 30.1 0.662

both models, Temkin and Freundlich gave acceptable fits (see
R?values in Table 1 and Fig. 4d). For the Langmuir and Temkin
models, the correlation coefficient R* is high and comparable
(R?* ~ 0.8-0.9 in Table 1). A good fit of sorption data implies that
both g. data as a function of C. and the corresponding linear
plot should be in good agreement when one set of fitting
parameters is used. Hence, it is important to take into consid-
eration both the linear regression data (Fig. S3t) and the
simulated isotherm curves for different model fittings when
a final conclusion is drawn. A detailed look at the full sorption
curves (Fig. 4) clearly reveals that all experimental data can be
better modeled using the Temkin approach. The maximum
capacities determined by Langmuir fits (¢max,calc in Table 1) for
Zn**, Co®" and Ni** were found to be 1.8, 1.4 and 1.2 mmol g~ *,
respectively, while gmaxexp gave a sorption capacity of 1.6 for
Zn** and Co*" and 1.4 mmol g~ " for Ni**. For Mn*>" ions, the
difference in gmax,exp aNA Gmax,calc i More than 30% while for
Cu*" ions there is a complete agreement where g, was found
to 1.5 mmol g~ * for both cases. The latter fact still needs to be
considered in terms of overall fitting of the sorption data (in
Fig. 4b) where the curvature of the Temkin model supports in
larger extent all experimental data. The selectivity order of metal
ions on TiP1 obtained from the Temkin model based on the
difference in enthalpy between the zero and total coverage (br,
Jmol 1) is: Zn** > Cu** > Co>" > Mn*" > Ni*".

It is also worth mentioning that all sorption experiments
were performed using metal salts solutions with their intrinsic
PpH values varying from 4.2 to 5.9. These pH values ensure
inability of the corresponding M(OH), precipitates to be
formed. The influence of pH on the precipitation of metal
hydroxides at the concentration range of M>* (1-20 mmol L)
used in this work is shown in Fig. S4 in the ESI.{ These findings
imply that the sorption data can be undoubtedly modeled using
Langmuir, Freundlich and Temkin approaches.

3.4. TiP1 and synthetic water

In order to investigate further the properties of TiP sorbent with
-H,PO, functional units, an additional sorption experiment was
performed with Na-TiP1. Five different metal salts (with 5 mmol
of each metal) were mixed in one liter of deionized water. The
solid TiP1 (g) to liquid (mL) ratio was chosen to 1 : 250 and the
concentration of each metal was determined before and after
adsorption experiments. The experiment was done in duplicate

This journal is © The Royal Society of Chemistry 2017

and the uptake of the metal ions by TIP1, g. (mmol g~ '), was
calculated according to eqn (3).

Fig. 5 shows the maximum metal uptake of the five studied
divalent ions by Na-TiP1 when all the metal ions are present in
water in equal amounts. In this experiment, TiP1 removed in
total ca. 1.57 mmol g~ divalent metal ions which correlate well
with the maximum sorption capacities determined from the
sorption isotherms (see Fig. 4). This implies that the maximum
exchange capacity of TiP1 is 3.1 meq. g~ which is about 30% of
the TEC and about 50% of the maximum IEC determined
experimentally from the amount of exchangeable Na'. A similar
observation have been reported for analogous titanium phos-
phates of formula: TiO; ,5(OH)g.47(H2PO4)0.77(HPO4)o.132.3H,0
where the experimental exchange capacity was found to be 2.6-
2.8 meq. g~ " against 8.15 meq. g~ for the TEC and 4.2-4.7 meq.
g~ ' for the IEC calculated from the Na' uptake.'>'® The selec-
tivity series for the metal ions on TiP1 was found to be: Cu®* >
Zn** > Mn*" > Co*", Ni*".

This selectivity order appears to follow the thermodynamic
parameters of a water molecule exchange in [M(H,0)q]*"
complexes and somewhat to be related to the formation of
MOH" species in solution (as given in Table 2). These data
indicate that the sorption of transition metal ions on TiP1 can
be going through a step of outer-sphere-complex formation on
the sorbent surface via labile metal complexes, involving
interchange of coordinated water molecules. The rate of

09 -
08 -
07 -
506 -
E 05 -

g-l

0.3 -

“m e R

C02+ Cu2+ Mn2+ N i2+ Zn2+

Fig. 5 Equilibrium sorption capacities of TiP1 toward Co®*, Cu?*,
Mn2*, Ni?* and Zn?* ions in a synthetic water.
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Table 2 Activation parameters with rate constants for a water molecule exchange in IM(H,0)el?* and formation constants of MOH* ions*

Tons activation parameters [Cu(H,0)** [Zn(H,0)e** [Mn(H,0)e]** [Co(H,0)e)** [Ni(H,0)e]**
AH, kJ mol 11.5 15.9 (ref. 44) 32.9 46.9 56.9

AS,J K * mol™* -21.8 — 5.7 37.2 32.0

k, 298 K, s " 4.4 x 10° 2 x 107 (ref. 45) 2.1 x 107 3.2 x 10° 3.2 x 10*
AG, kJ mol ~? cale. for 298 K 17.9 17.6-19.2 (ref. 46) 31.2 35.8 47.4

Ig K, MOH"

Ref. 47 6.3 5.0 3.4 4.3 41

Ref. 48 7.0 5.0 3.9 — 4.9

complex formation could be the factor determining the affinity
of metals ions to the surface of TiP1 sorbent. It is interesting to
note that somewhat similar order of metal ion selectivity (Cu**
= Zn*" = Mn** > Ni** > C0®") was determined on alpha-TiP in
a crystallographic study by Szirtes et al.*® and it had been related
to the increasing of interlayer distance after the metal uptake
due to “pristine alpha-phase in a mixture with transition metal
containing forms” which did not change substantially the
crystal parameters of alpha-TiP.

Furthermore, it is worth noting that the AG values for
[Cu(H,0)6]** and [Zn(H,0)s]*" complex are similar (17.9 and
17.6 k] mol ") as well as are the values for [Mn(H,0)s]** and
[Co(H,0)6]*" (31.2 and 35.8 k] mol ). Hypothetically speaking
it means that there would be a competition during the sorption
of these metals on the sorbent surfaces if all ions are present at
a time and other factors may play an important role. Conversely,
if sorption experiments are performed using one type of metal
ions at a time then the order of selectivity may be different. In
this study, it has been shown (Table 1) that according to by
coefficients in Temkin model (related to the enthalpy sorption
of the metals ions to the sorbent surface) the following selec-
tivity order is obtained Zn?* > Cu?* >> Co>* >Mn?* > Ni*".
That order appears different in a first instance to the order
obtained from the synthetic water sorption on TiP1 (Cu®>" > Zn**
> Mn>" > Co**, Ni*") but indeed it only reflects the small
difference in the energy of a water molecule exchange in
[M(H,0)s]** that make the metal ions to ‘swap places’. Such
observation could not be made for Langmuir model data and
the corresponding sorption data.

o 2 maTiP  mTiP1
é ]
1.5 4
E 4
2
g 14
Q' -
s 1
Eos |
£
% ]
E 0 - T T T —
Zn2+ Cu2+ Ni2+ C02+ Mn2+
Metal ions

Fig. 6 Maximum sorption capacities of aTiP: Ti(OH)y 2(HPO4)1 28
(HaPO4)g 24-2.5H,0% and TiP1 toward Zn?*, Cu?*, Ni?*, Co?* and
Mn2* ions (both sorbents in their sodium forms).
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In Fig. 6, the maximum sorption capacities of an aTiP and
TiP1 are compared. The sorption data reported for Na-aTiP are
taken from Maslova et al.*® For the studied divalent ions, the
highest sorption capacities for TiP1 obtained from the sorption
isotherms is estimated to be between 1.4 and 1.6 mmol g *
which corresponds to an averaged IEC of ca. 3.0 meq. g .
Maslova et al. reported that the sorption capacities observed for
various aTiP are about 0.5-0.7 mmol g~ ' (corresponding to an
IEC of 1.0-1.4 meq. g ') for these divalent ions.*® The sorption
capacity of TiP1 is thus nearly two to three times larger than for
aTiP (where -HPO, groups are the dominating exchange units).
The ion-exchanger studied by Clearfield et al. of chemical
formula TiO; 55(0H).47(H,PO4)o.77(HPO4)o.13-2.3H,0, contain-
ing mostly -H,PO, functional units, has shown an IEC of 2.6-
2.8 meq. g~ ! which is somewhat smaller than the IEC of TiP1 in
this study.'® For most of the aforementioned sorbents, the
sorption isotherms were well described by the Langmuir
model'**¥1445° or Langmuir-Freundlich model** but the Tem-
kin model was not applied. It has also been reported that Dowex
HCR S/S cation exchange resin could experimentally exchange
about 2.6 meq. g~ ! of Zn>* and about 2.9 meq. g~ * of Ni** which
is slightly less than for TiP1 studied here but in this case, the
Freundlich and the Temkin models seemed to be both
reasonably suitable for describing the sorption isotherm data.>
Thus, even if TiP1 does not reach its full ion-exchange capacity
regarding the amount of exchangeable Na®, its IEC is consid-
erably higher than the ones reported for other TiP-IE.

3.5. TiP1 and kinetics modeling

Several mathematical models have been proposed to describe
the kinetics of ion-exchange reactions. The models have been
generally classified either as adsorption reaction models or as
adsorption diffusion models. The diffusion processes have been
categorized as: (i) diffusion across the liquid film surrounding
the adsorbent particles (namely liquid film diffusion) and (ii)
diffusion in the pores and/or along the pore walls (a.k.a intra-
particle diffusion). The adsorption reaction models (iii) pseudo-
first and (iv) pseudo-second order originated from the kinetics
of chemical reaction. The pseudo-second order model is based
on the assumption that chemisorption is the rate limiting step
and that the sorption capacity is proportional to the number of
active sites occupied on the sorbent.>"**>*

The kinetic sorption curves for each of the divalent ions,
Zn**, Cu®*, Ni**, Co®" and Mn** (with an initial concentration of

This journal is © The Royal Society of Chemistry 2017
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Fig.7 Pseudo-second order modeling (- - -) of the experimental kinetic data (#) for (a) Zn?*, (b) Cu?*, (c) Ni?*, (d) Co?* and (e) Mn®* ions on TiP1.

2.5 mM and intrinsic pH range from 3.9 to 7.2 at the end of the
experiments) are shown in Fig. 7. For all cases, it can be seen
that the kinetic process is relatively fast and that the equilib-
rium is reached within 10-20 minutes. Various TiP ion-
exchangers (including Na-aTiP) have shown somewhat slower
sorption kinetics with an equilibrium reached within 30-
100 min for mono- and divalent ions.'*'”** Therefore, it can be
affirmed that TiP1 has improved sorption properties and has
the fastest sorption kinetics compared to previously developed
and tested TiP-IE, including aTiP.

In order to reveal the dynamics of the sorption mechanisms
of metal ions onto ion-exchangers, the four aforementioned
kinetic models were applied. The linear plots of the pseudo-
second order model fitted to the experimental data for the
different metal ions are shown in Fig. S5.1

The R” coefficients and the parameters related to this model
are gathered in Table 3. The pseudo-second order model gives
a very good description of the sorption kinetic processes for
each metal ion studied in this work and the correlation coeffi-
cients (R®) are all close to 1. The sorption capacities calculated
with this model, ge caic, are in very good agreement with the ones
obtained from the experimental points, ge cxp- Thus, it can be
concluded that chemisorption is most likely the rate limiting
step of the ion-exchange reactions in the case of divalent ions on
TiP1. Only a few other kinetic results of TiP-IE can be found in
the literature proposing either pseudo-second order* or

This journal is © The Royal Society of Chemistry 2017

diffusion processes® as the rate determining steps in adsorp-
tion kinetics of TiP-IE.

Additionally, the pseudo-first order model and the two
diffusion models have been tested in this study and the data are
summarized for each metal ion in the ESI (Table S1, Fig. S6 and
S71). The data corresponding to the first stages of the sorption
(10-20 min, ie. before the plateau) were analyzed using the
corresponding mathematical models and reasonable fits with
R®> ~ 0.7-0.9 were obtained. It can be seen that the sorption
capacities calculated with the pseudo-first order model, ge caic
(in Table S1t), largely diverge from the experimental sorption
capacities, geexp, (With the exception of Ni** ions) which

Table 3 Kinetic data of the pseudo second-order model for sorption
of Zn?*, Cu®*, Ni?*, Co®*, Mn®* ions on TiP1

qe observed

from the

experimental data Pseudo second-order parameters
Metal
ions  geexp (Mg g™") Gecate (Mg g™") ke (g mg™' min™") R
Zn* 31.9 31.9 0.2648 0.999
cu** 41.6 45.9 0.0038 0.996
Ni** 30.7 32.3 0.0132 0.998
Co** 311 324 0.0167 0.998
Mn* 25.3 25.4 0.2367 0.999

RSC Aadv., 2017, 7, 1989-2001 | 1997
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indicates that the sorption reaction is not likely to follow the
first order kinetics.*® As for the diffusion models, they have
shown good fits for the early sorption steps. It is likely that the
diffusion mechanism take part in the initial period of the
sorption while chemical reactions have a substantial role in the
overall process. A similar observation was made by Ortiz-Oli-
veros et al. where the sorption of Eu(m) on alpha-TiP was
characterized by the pseudo-second order and the diffusion
models.” From a thermodynamic point of view it has been re-
ported for amorphous TiP that increasing the temperature
(from 20 to 50-60 °C) favors the adsorption of metal ions, as
expected. The negative AG values (all between 18.9 and 20.5 kJ
mol ' for Zn**, Ni** and Co**, and 30.9 k] mol™* for Cu®")
indicated that the adsorption processes were facilitated by
spontaneity in nature. All these data have been reported in
relation to a pseudo-second-order kinetics of adsorption on
aTiP.*%”

For all metal ions studied here, the data clearly show that
over a longer period the pseudo-second order model gives the
best correlation coefficient of all experimental data.

3.6. TiP1 and closed mine waters

Sorption experiments with three different waters from closed
mines were performed, Water 1 (pH 3.9), Water 2 (pH 7.0) and
Water 3 (pH 7.2); the waters with higher pH values had under-
gone a lime treatment before receiving. In these experiments,
0.2 g of Na-TiP1 was mixed with 50 mL of the waters and the
concentrations of different metal ions before and after sorption
were determined by ICP-AES. For comparison, sorption experi-
ments using Na-aTiP sorbent with Water 1 was also performed.
Table 4 displays the starting (C,) and the equilibrium concen-
trations of different metal ions after the sorption experiments.
The EU recommendation levels for various elements, listed in

View Article Online
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Table 4, were taken from the EU regulations of drinking water
which also apply to effluent waters. It is important to note that
Na-TiP1 (and Na-aTiP for Water 1) gives water quality results
that reach most of the European emission recommendations
at ppm levels. Only manganese and calcium ions could, in some
cases, remain above the EU guidance lines. Indeed, the starting
concentration of manganese ions in Water 1 is about 4.64 mg
L~' while the EU recommendations require a minimum
amount of 0.05 mg L~ '. After sorption experiments with Na-
aTiP and Na-TiP1, the final concentrations were measured
from 0.35 (Na-aTiP) down to 0.02 mg L' (Na-TiP1) which
corresponds to ca. 99% of Mn”>* ions removed. A similar
observation was made for Water 2 where the starting concen-
trations of Mn>" ions was 17.20 mg L™ " and was lowered to 0.42
after sorption on Na-TiP1. In the case of calcium ions, the
starting concentrations were relatively high in the three waters
(182 mg L', 384 mg L " and 1180 mg L~ for Water 1, Water 2
and Water 3, respectively, related to the lime pretreatment
performed at the mine site). The equilibrium concentrations
after sorption with Na-TiP1, were reduced to 2.9, 87.3 and
923.0 mg.L ", respectively, while the EU recommendations for
calcium ions is 100 mg.L~". In the case of zinc ions (Cp ~
10.7 mg L' for Water 1 and Water 2), the studied Na-TiP1
sorbent has shown to have very good sorption properties by
lowering the concentrations down to 0.05-0.02 mg L™ * which is
below the EU guidance lines of 1.5 mg L™". Similar observations
were made for aluminum, cadmium, copper and iron ions
where the starting concentrations were in some cases above the
EU recommendations and were lowered to reach the European
directives.

The experimental IEC for Na-TiP1 toward all metal ions
present in mining waters was estimated to be about 3.1-3.3
meq. g ' for Water 1 and 3. It represents about 50-63% of the

Table 4 Drinking water level recommendations of various elements: Cq — initial concentrations of the metal ions in the closed mine waters, Na-
aTiP and Na-TiP1relate to the concentrations of metal ions at equilibrium after sorption with the corresponding TiP-IE. All the concentrations are

expressed in mg L™

Recommended Water 1 Water 2 Water 3
concentrations
Na- Na- Na-

Elements Co aTiP TiP1 Co TiP1 Co Na-TiP1
Ca“ 100 182.0 95.40 2.90 384.00 87.30 1180.0 923.0
Fe? 0.2 1.940 0.026 0.008 0.090 0.004 0.254 0.024
K¢ 12 9.530 0.500 1.350 3.480 0.885 9.640 <0.003
Mgc 50 50.90 50.80 33.00 18.30 17.00 7.710 7.680
Al 0.2 7.960 0.044 0.035 0.011 0.010 0.765 0.069
cd? 0.005 0.039 0.000 0.000 0.002 0.000 0.001 0.000
cu’ 2.0 4.250 0.023 0.018 0.022 0.005 0.029 0.006
Mn? 0.05 4.640 0.352 0.021 17.20 0.42 0.066 0.006
Ni? 0.02 0.165 0.053 0.006 0.102 0.013 <0.0005 <0.0005
Pb? 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00
sr? 4 0.23 0.028 0.004 0.36 0.00 0.83 0.399
7Zn° 1.5 11.7 0.09 0.05 9.69 0.02 0.16 0.064
IEC (meq.g™ ") n.a 1.6 3.1 n.a 4.0 n.a 3.3

“ n.a: not applicable. ” Data collected from European directive 98/83/EC. ©

US Environmental Protection Agency.
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Data collected from European directive 80/778/EEC. ¢ Data collected from
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Table 5 EDS analysis data (M = Cu, Mn and Ni, respectively)

View Article Online
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NaTiP1-Cu NaTiP1-Mn*“ NaTiP1-Ni
wt% M (EDS) 10.6 11.1 5.5
wt%, M (isotherms) 8.4 7.7 7.1
wt% Na 3.3 1.6 6.4
Ti/PO, molar ratio 0.9 0.9 1.2

EDS spectra

“ Mn Ka (0.900 keV) partially overlaps with Na Ko (1.040 keV) while Mn La (0.637 keV) overlaps with O Ka (0.525 keV).

Na' uptake by the sorbent and it is in the same range as the IEC
obtained from the sorption isotherms (~3.0 meq. g~') and the
synthetic water (3.1 meq. g ') data shown in this study. The IEC
obtained for Water 2 was found to be 4.0 meq. g '. Such
difference in the IEC can be related to both the water compo-
sition and the individual metal ion concentrations in the waters
(called “effect of the metal mixture”) and indicates that the total
metal content in the waters shall be taken into consideration
when sorption performances of TiP sorbents are analyzed. The
sorption data for Na-aTiP shows an IEC of about 1.6 meq. g "
(see Table 4) which is in accordance with previously reported
ion-exchange capacities for analogous Na-aTiP (see Fig. 6).**
Regardless the fact that TiP1 only reaches about 30% of its TEC
for such waters, it should be emphasized here that the uptake of
heavy metal ions by Na-TiP1 is about 2-3 times higher than for
Na-aTiP and is among the highest value reported for TiP-IE in
various studies.®1%16:21:23,30,37

3.7. EDS data and sorption processes

To investigate the sorption profile of Na-TiP1, samples before
and after adsorption are compared using SEM/EDS techniques.
The data for Na-TiP1 sample (i.e. the sample before adsorption)
are shown in the ESI (Table S2 and Fig. S8t). Albeit the semi-
quantitative nature of EDS the observed wt% for Na, P and Ti
are in good agreement with the calculated wt% based on the
formula of Na-TiP1 with 62% Na-exchange (as determined
analytically) and the EDS mapping data confirms the existence
of these elements. The data for M-TiP1 samples with
adsorbed M = Cu**, Mn?" and Ni*" are summarized in Table 5
(while the mapping data are enclosed in Fig. S9 in the ESI}). It
shall be noticed that the EDS determined wt% of adsorbed
metal ions are in the range of expectation of adsorbed metal
ions (that are obtained from the sorption isotherms of the
corresponding ions in the range of 7-9 mmol L™"). Discrepancy
in the wt% can be ascribed to difference in the experimental
point conditions and partial signal overlaps but in all cases it
can be concluded that no precipitation of metal hydroxides had

This journal is © The Royal Society of Chemistry 2017

occurred (that if present would have resulted in much higher
metal wt% in the samples).

Similar experiment was performed on the sample that
underwent adsorption of synthetic water containing Cu®*, Zn*",
Mn>*, Co** and Ni** ions. The data are displayed in Fig. 8. The

25um

Fig. 8 A SEM image and EDS analysis data of NaTiP1 sorbent after
sorption with the synthetic water. (A) wt% determined with EDS and (B)
wt% of the filtrates determined analytically.
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wt% for Cu, Zn, Mn and Co metal ions as determined with EDS
are in accordance with the wt% of metal ions as determined
from the sorption data in Fig. 5 (Section 3.4.). Due to the over-
lapping of signals and the lowest amount of Ni** adsorbed
(0.48%) on NaTiP1 it was not possible to distinguish its pres-
ence on the sorbent surface (although analytically the nickel
amount was confirmed). The Ti/PO, molar ratio is kept almost 1
in all cases confirming the stability of the structure and the
different Na wt% reflect the decreasing amount of the Na-ions
due to its replacement with metal ions.

The TiP1 (H,PO,-exchanger) sorption performances when
compared to the corresponding amorphous aTiP (HPO,-
sorbent) can be summarized as follows: (i) it has almost 3 times
higher IEC when transition metal ions sorption is considered
and it shows more than 50% higher IEC when industrial waters
are probed. Practically, it has also shown to be a very efficient
sorbent for alkali-earth ions (Ca**, Mg®" and Sr**) where aTiP
had a mild effect on water content (as seen in Table 4); (ii) it can
act in a pH range of 4-7 where the aTiP activity at ca. pH 6 is
already less than 50% of the expected exchange capacity of 0.5-
0.7 mmol g~" (as also seen in the titration curves in Sahu
et al*); (iii) it has a higher chemical stability, does not
considerably change its structure at elevated temperatures and
can be easily obtained in amorphous form.

All findings point toward the fact that the sorption processes
are naturally facilitated on this sorbent. The reasons for this can
be related to the spatial arrangement of the H,PO, groups in the
structure that are expected to be exterior to the TiOg-matrix
(similarly to the known structure of gamma-TiP), hence pre-
disposing for bigger interlayer spacing. Thus, a sorption to take
place via intercalation mechanism is also possible (which is
hindered in the case of only HPO, groups present). This can be
related to the fact that only high affinity adsorption isotherms
have been observed for TiP1 (and have not been reported for
other TiP exchangers). The fact that it is able to perform at
different conditions and on different type metal ions shows that
the adsorption processes are most likely governed by similar
mechanism involving formation of labile metal-aqueous species
on the surface of TiP1.

4. Conclusions

The sorption behavior of divalent ions (Zn**, Cu**, Ni**, Co**
and Mn>" ions) on amorphous TiP1, of chemical formula
TiO(OH)(H,PO,), -H,0, was studied in detail. The -H,PO,
functional groups of this ion-exchanger were characterized
using potentiometric titrations. Indirect and direct titrations
data allowed pK,values of the exchangeable protons to be
determined (as pK,, = 7.0 and pK,, = 2.2) and were found to be
comparatively close to the pK,-values of the phosphoric acid
thus disclosing the sorption active units of this sorbent. The
chemical stability tests revealed that TiP1 was partially hydro-
lyzed (less than 2.5% in terms of P-units) in a wide pH range of
2-10. The adsorption isotherms for Zn>*, Cu®>*, Ni**, Co®>" and
Mn>" ions on Na-TiP1 sorbent were modeled using Langmuir,
Freundlich and Temkin models. The results obtained when
comparing Freundlich model with the experimental data were
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less conclusive than for the other two models. It was found that
the Langmuir model could only fit the sorption data at low
initial concentrations and that Temkin model could better
depict the whole adsorption process on Na-TiP1 sorbent. Four
different kinetic models were used to analyze the kinetics of the
ion-exchange processes. Although the diffusion processes in the
initial stages of the sorption appeared to play a role in the rate of
the sorption of metal ions on Na-TiP1, the diffusion (liquid and
intraparticle) and the pseudo-first order kinetic models could
not well describe all experimental sorption data. The only
model that could delineate the overall kinetics of sorption on
Na-TiP1 was the pseudo-second order model suggesting that the
chemisorption of metal ions on TiP1 was the rate limiting step.
The sorption kinetics of the five metal ions studied here was
somewhat faster than for other known ion-exchangers: sorption
equilibrium was reached within 10-20 minutes. The sorption
capacity of Na-TiP1 toward metal ions was determined experi-
mentally to be ca. 3.1 meq. g~', which is two to three times
larger than the reported data for titanium phosphates
composed mainly of -HPO, groups. The selectivity series of the
studied metal ions toward TiP1 was determined from the
sorption experiments with the synthetic water and was estab-
lished to be: Cu*" > Zn*" > Mn*" > Co®", Ni**. The order follows
closely the order of decreasing rate constants and correspond-
ingly changing thermodynamic parameters of a water molecule
exchange in [M(H,0)e]**. The TiP1 sorbent has also shown to be
a very good cation-exchanger when batch experiments were
performed using closed mine polluted waters. The resulting
concentrations of various elements (including the studied
metal ions) after adsorption on Na-TiP1 were below the Euro-
pean directive levels and the sorption capacities were in good
agreement with the values found during the sorption. EDS data
unveiled the adsorption processes on TiP1 and confirmed that
no metal hydroxides precipitations were formed on the ion-
exchanger's surface during the adsorption of metal ions.
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