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ABSTRACT

In this study, five salts of pyrophosphoric heteropoly acid were synthesized as ion
exchanger to remove Ca2+ in manganiferous water and characterized by Fourier Transform
Infrared spectroscopy and scanning electron microscope. Their performances like ion-
exchange capacities, selectivities were tested and the results were compared with zirconium
phosphate and molecular sieves (13X and 5A). It can be found that Ca exchange reaction is
easy to occur on these ion exchangers. The outcomes for zirconium tungstophosphate
(ZWPP) were the best among the mentioned salts, its dynamic exchange capacity has been
verified through static and column experiments. The specific surface areas, pore structure,
and particle size of ZWPP were also calculated, therein ZWPP being classified into materials
with nanoparticles and mesoporosity. Therefore, the salts of pyrophosphoric heteropoly
acids, especially ZWPP, can be used as a potential ion exchanger for Ca removal in
processed water and effluents from metallurgical industries.
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1. Introduction

Large quantities of discharged industrial wastes
produced in the production of electrolytic metal man-
ganese (EMM) have complicated components, and
their direct emission forms serious environmental pol-
lution. On the other hand, the tons of electrolytic man-
ganese residue (EMR) produce a large sum of
manganese slag percolate which not only pollute
water resources and soil but also waste manganese
resource, as it contains a great deal of manganese
resources and small amounts of other elements
such as calcium and magnesium. Due to growing

awareness of the green economy and circular econ-
omy, efficient technologies have attracted lots of atten-
tion to effectively recycle manganese and revitalize
wastewater with the expectation of economization of
energy sources and thus reduction of emissions. How-
ever, the situation is often encountered that a tiny
minority of impurities such as Ca2+ will be concen-
trated in the process of recycling manganese. More-
over, it is easy for Ca to form slightly soluble or
insoluble salts especially in such effluents from EMM
and EMR, bearing a great amount of SO2�

4 . Conse-
quently, a greater impact will be brought about that a
mass deposit and suspension will form and thus a
sharp increase in turbidity will occur; this will give
rise to serious disturbance to routine operation and*Corresponding author.
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practices both in wastewater treatment and manganif-
erous production. As a result, there is bound to be a
quality deterioration in both recirculated manganese
materials and final manganiferous products. There-
fore, the removal of Ca2+ in lower content is of signifi-
cance before waste treatment and reutilization.

Various conventional methods including biological
[1], physical [2], or chemical processes [3] have been
used to remove metal ions. However, these methods
are not always efficient and they even have some dis-
advantages when it comes to low solute concentration
[4]. Ion-exchange technology, due to its high removal
rate, simple devices, and easy operation, has been
much used with respect to the scholarly track and
hold. But people have to attach great consideration to
poor thermal stabilities, poor resistance to radiation,
and high exchange potential for highly charged metal
ions and unsatisfied recognition to the ions with the
same valence during organic resins applications. By
contrast, advancement in inorganic ion exchangers is
not only due to their high stability, simple synthesis,
and good compatibility to the environment, but also
for their unusual selectivity for ionic species. Inorganic
ion exchangers have been gaining popularity in waste-
water treatment [5], especially for treatment of radio-
active wastewater and organic wastewater [6–8] where
high removal efficiency is required, even in water
purification they have very good application prospect.
Some encouraging results with ammonium molyb-
dophosphatepolyacrylonitrile or transition metal hexa-
cyanoferrate immobilized on diverse supports were
reported as ion exchangers [9,10]. However, they have
questionable thermal stability at elevated tempera-
tures. Recently, some ion exchangers based on zirco-
nium [11,12] were reported to remove radioactive
cesium with high exchange capacity and considerable
distribution coefficient, which is considered to play an
increasing role in the selective removal of specific
radio nuclides.

To remove Ca2+ in the manganese slag, percolate
ion exchange method should be a fine default choice.
But people have to pay careful consideration to good
capacity and high selectivity for Ca while choosing
ion exchangers.Salts of heteropoly acid and subse-
quent ion exchangers are likely to be promising
exchange materials because of their specific selectivity
for certain ions even in low concentrations, especially
in the treatment of water system containing the same
valence ions that are superior. For example, the high
concentration Mn2+ (about 2,000mg L−1) will have
much of an effect on the removal of Ca2+ in relatively
low level (about 300mg L−1). With these consider-
ations, five pyrophosphate heteropoly acid salts were
synthesized as the starting precursors for novel Ca ion

exchangers, and their performances including
exchange capacities and dynamic exchange behaviors
for calcium and manganese were tested. The selectiv-
ity for Ca2+ was also tested in the wastewater from
electrolytic manganese industry. All these evaluations
were compared with zirconium phosphate (ZrP) and
molecular sieves such as 13X and 5A which have
special selectivity to calcium.

2. Experimental

2.1. Reagents and instruments

Aqueous solutions of K4P2O7, ZrOCl2, TiCl4,
Na2MoO4, Na2WO4, Na2SiO3, H3PO4, HCl, NaOH,
and HNO3 were prepared by dissolving correspond-
ing reagents of analytical grade in deionized water.
13X and 5A, obtained from commercial sources, which
have special selectivity to calcium.

PHS-3C digital pH meter (Tianjin Shengbang Sci.
Instrument Co), HY-5A-type cyclotron oscillator
(Jintan Ronghua Instrument Co., Ltd., China), M6
Atomic Absorption Spectrometer (AAS) (Thermo
Electron Co., England), FT-IR Spectrometer (TENSOR
27，Bruker), scanning electron microscope (SEM)
(Leo, USA, 435 VP) and Automatic surface area and
porosity analyzer (Micromeritics ASAP 2420 V2.05
Isixport, USA).

2.2. Preparation for ion exchangers

2.2.1. Synthesis of salts of BAPP-type heteropoly acids

Five kinds of salts of heteropoly acids were pre-
pared at room temperature. First, 1.0 mol L–1 potas-
sium pyrophosphate and 1.0mol L–1 solution A
(Na2MoO4, Na2WO4, or Na2SiO3) were mixed against
a certain ratio under a constant stirring. The pH of the
mixture was adjusted by addition of hydrochloric acid
or sodium hydroxide to the set point. A certain
amount of 0.1 mol L–1 solution B （TiCl4, ZrOCl2）was
added drop wise into the mixture above with continu-
ous and gentle stirring until white precipitate was no
longer generated. Then a diluted HCl or NaOH solu-
tion was added into the solution slowly until the pH
of the mother solution reached to requirements for the
following aging. This mixture was allowed to stand
for 24 h, then the precipitates were filtered, washed
with deionized water to neutral, and dried at 40˚C in
a vacuumed oven. The dried precipitates were then
cracked and converted to H+ form with a HNO3 solu-
tion of 0.1 mol L–1 [13]. BAPP exchangers were then
obtained with the necessary separation, water rinsing
to the neutral and desiccation.
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2.2.2. Synthesis of ZrP

ZrP was synthesized by adding 2.5 mol L–1

phosphorous acid into a mixture of pyrophosphate
zirconium and 1.0mol L–1 hydrochloric acid gradually
with continuous stirring until the mole ratio of PO3�

4

to Zr4+ got to 2:1. Then the precipitate obtained was
allowed to stand with the mother liquor for 24 h,
filtered off by vacuum, washed with deionized water,
and dried at 60˚C in an oven [14]. The ZrP was finally
got by treating the precipitate with deionized water.

2.2.3. Conversion of 13X and 5A into H+ form

The H+ form adsorbent was obtained by adding
13X or 5A spherical particles into 1.0 mol L–1 nitric
acid against a solid–liquid ratio of 1:3 and shaking
thoroughly [15]. Several repetitions of convertion were
conducted to ensure complete transformation of
molecular sieves. 13X and 5A particles in H+ form
were finally obtained by washing particles with deion-
ized water to the neutral and dried at 40˚C at
vacuum.

2.3. Determination of ion exchange capacities

2.3.1. The saturated ion-exchange capacity StIEC(X)

StIEC(X) was determined by static equilibrium
through batch experiment. A 0.50 g exchanger (dry
basis) in H+ form was placed in a 100mL Erlenmeyer
flask. After an addition of a solution containing metal
ion X, the Erlenmeyer flask was placed on an oscilla-
tor for 12 h at a vibration of 180 rmin–1. The concen-
tration of X in supernatant was measured by AAS.
The above operation was repeated until no further
variation in the concentration of X was noted with the
lapse of time, indicating the achievement of exchang-
ing balance [16]. The ion-exchange capacity StIEC(X)
was calculated as:

StIECðXÞ ¼
Xn

i¼1

ðC0;X � Ci;XÞ V

M�m
(1)

where C0,X is the initial content of metal ion X in solu-
tion, mg L−1; Ci,X is the final content of metal ion X in
solution, mg L−1; V is the initial volume of X solution
taken for analysis, L; m is the initial dry mass of ion
exchanger taken for analysis, g; n is the number of
experiments and M is the atom weight of metal ion X,
g mol–1.

2.3.2. The apparent ion-exchange capacity (AIEC) and
static absorption rate

A 50mL metal ion X in solution was placed in a
100mL Erlenmeyer flask. After measuring the initial
pH of the solution, a 0.50 g (dry mass) amount of
exchanger was added into the flask and stirred contin-
uously. Then the pH was recorded until equilibrium
was attained. The pH was plotted against time to
observe absorption rate. The concentration of X metal
ion in supernatant was measured by AAS. AIEC(X)
was determined from the following equation:

AIECðXÞ ¼ ðC0;X � Ci;XÞV
m

(2)

where C0,X is the initial concentration of metal ion X
in solution, mg L−1; Ci,X is the final concentration of
metal ion X in solution, mg L−1; V is the initial volume
of metal ion X taken for analysis, L; m is the initial
dry mass of ion exchanger taken for analysis, g.

2.4. Column dynamic exchange

For dynamic study, the fixed-bed adsorption
experiments were conducted using a laboratory-scale
column at ambient temperature. About 7 g dried Zir-
conium tungstophosphate (ZWPP) was packed into a
column with an inside diameter of 0.012m and a bed
height of 0.135m. Deionized water was used to wash
the exchanger several hours to remove bubbles in the
column before the experiments. The feed Ca2+ solution
with 300mg L−1 was passed downstream through the
column at a constant flowing rate of 0.5 mLmin–1. The
outgoing solution was sampled periodically to mea-
sure Ca concentration in it. The breakthrough curve
was plotted by Ct/C0 against time t.

2.5. Selectivity studies

Distribution coefficients (Kd) [17] were determined
using one-component solution and real manganiferous
wastewater (Table 1), and the selectivities were charac-
terized by selectivity factor α(α =Kd(X1)/Kd(X2)). The
exchanger was placed into manganiferous wastewater
with a dosage of 10 g L−1. After being vibrated 12 h on
the oscillator, the concentrations of metal ions in
supernatant were measured by AAS, and the distribu-
tion coefficients Kd(X) were determined from the
following equation:

KdðXÞ ¼ C0;X � Ci;X

Ci;X
� V

m
(3)
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where C0,X is the initial amount of metal ion X in solu-
tion, mg L−1; Ci,X is the final amount of metal ion X in
solution, mg L−1; V is the initial volume of metal ion X
taken for analysis, L; and m is the initial dry mass of
ion exchanger taken for analysis, g.

2.6 Characterization

FT-IR was used to confirm the structures of the
adsorbents. The dry exchangers were blended sepa-
rately with KBr and pressed into pellets for analysis
under a resolution of 2 cm−1 and a wave number
range from 400 to 4,000 cm−1.

Surface and pore morphology were observed by
SEM at 40.0 kV. Simple particle size distribution was
calculated by a software named Nano Measurer from
SEM pictures.

Pore type and surface area were analyzed through
BJH (Barrett Joiner Halenda) and BET (Brunauer
Emmet Teller) models, respectively, using the auto-
matic surface area and porosity analyzer.

3. Results and discussion

3.1. Characterization

The FT-IR spectra of the five heteropoly acid salts
exchangers (Fig. 1) show the presence of extra water
molecules besides hydroxyl groups and metal oxide
groups in the materials. The strong and broad peak
around 3,500 cm−1 and sharp peak around 1,600 cm−1

are assigned to the symmetric stretching vibration of
interstitial water and bending vibration of free water,
respectively [18]. The adsorption band at 1,340
cm−1should be due to metal oxides insoluble in the
structure and the broad band at 1,100–500 cm−1 exhib-
its the characteristic of metal-oxo stretching bands in
the structure [19]. The broad band at 1,000 –1,100 cm−1

due to the bending vibration of P–O–P and the peak
near 520 cm−1 is bending vibration of O–P–O. 600 and
400 cm−1 are the characteristic absorption peaks of Zr-
O or Ti–O. The smaller peaks near 765 and 910 cm−1

should be assigned to vibration adsorption of
W–O–W, Mo–O–Mo, or Si–O–Si [20]. All above could
be ascribed to their Lacunary Keggin structure.

SEM was used to observe the surface and pore
morphology of the exchangers as shown in Fig. 2.
The salts are all composed of particles of nanodimen-
sion and display special porous structures. Their sur-
faces are wrinkled and rucked up with the tolerable
evenly distributed porosities, which are more conduc-
tive to adsorption of metal ions to adsorbents. Among
them, ZWPP is more rugged and looser, its porous
structure is more apparent. The particle sizes were
also simulated and calculated. The results are listed
in Table 2, and it can be found that the analogous
particles have a size distribution between 300 and
600 nm.

The surface and porosity of ZWPP were analyzed
on a Micromeritics analyzer. The results suggested
that ZWPP may be in a list of mesoporous materials,
as discussed in Section 3.6.

3.2. Saturated ion-exchange capacity

The ion-exchange capacity is one of the most
important properties of an exchanger, as exchange
capacity measurements provide a simple and direct
way of characterizing an ion-exchanger sample. The
ion-exchange capacities of five salts of heteropoly acid
for Ca2+ and Mn2+ were tested and compared with
ZrP and two zeolites. The data are listed in Table 3.

Table 1
Chemical composition of wastewater

Major ingredient Ca2+ Mn2+ Mg2+ SO2�
4 F− HCO�

3

Contents (mg L−1) 308.5 1,997.4 985.9 7,497.0 133.5 102.7
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Fig. 1. FT-IR spectrum of ion exchangers.
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The initial concentrations of Ca2+ and Mn2+ were
modulated at 300 and 2,000mg L−1, respectively, simu-
lating the wastewater from EMM industry. The results

showed that the exchange abilities of these exchangers
varied depending on their different chemical compo-
nents and structures.

Fig. 2. SEM images: (a) ZWPP; (b) ZMPP; (c) ZSPP; (d)TWPP; (e) TMPP; and (f) ZrP.
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Adsorption performances of zirconium salts for
Ca2+ adsorption are superior to titanium salts,
although they all have some gaps with molecular
sieves. It is imperative that Mn existence impose stiff
competition on Ca exchange due to its chemical and
charge properties, and much high concentration in
potential applications in wastewater treatment for
EMM industry. Therefore, the ion-exchange capacities
of manganese were determined at the initial Mn con-
centration of 2,000mg L−1 similar to real picture in
slag leachate from EMM industry. Taking the above
facts into account, ZWPP and ZSPP are much better
than the others, as shown in Table 3.

3.3. Apparent ion-exchange capacity

The AIEC (Table 4) may likely reflect the effective
exchange ability of an exchanger better while the
StIEC is just nearly equal to the exchange capacity of
the exchanger in theory. The AIEC(Ca) of zirconium
salts is more than double of those for molecular sieves
and ten folds of ones for titanium salts, although their
AIECs(Mn) are also relatively higher, but considering
the initial content of Mn2+ is nearly seven times of the
level of Ca2+, zirconium salts also appear to be prom-
ising ion exchangers. There are two kinds of exchange

reactions: one is ion replacement on the surface of an
exchanger, and the other is the ion diffusion within
the inside of the exchanger. The AIEC(Ca)/StIEC(Ca)
of zirconium salts are 37 and 40%, bigger than any
others, and as about five times as molecular sieves.
Among them, ZWPP, valued as 39.21%, is supreme,
which proves that the exchange reactions mainly
occurred inside the exchangers. It can be deduced that
the exchange-adsorption rates of zirconium salts may
be greater than others, thereby sooner equilibrium for
it.

3.4. Static and column dynamic exchange analysis

The static absorption-rate [21] can be observed by
pH titration curve. The faster and the greater the pH
change, the higher the exchange-adsorption rate is,
and consequently, the shorter time the equilibrium
takes. The pH titration curves for Ca2+ are shown in
Fig. 3(a). It can be observed that the obvious pH shifts
downward for solutions with molecular sieves
occurred around at 20min and thereafter lasted for
about 20min. The variation was about 2.0 in pH. Then
the pH values did not change significantly. These
showed that the ion exchange mainly happened
within the period of 20–40min on the zeolites. By con-
trast, the pH of solutions with heteropoly acid salts
changed immediately and sharply once the exchanger
particles had been added into the solutions. The
exchange for the salts above finished within only
about 5–10min [22] with a pH change of 3.0–4.5, and
thereafter the curve went flat and remained that way
smoothly. The pH curves for Mn2+ are shown in
Fig. 3(b) and presented quite similar profiles to that in
Fig. 3(a). In other words, exchange capacities and
absorption rates for salts of heteropoly acids are
significantly superior to the molecular sieves.

Moreover, it was observed that the solutions with
the molecular sieves, especially for 13X, became
cloudy and turbid after exchanging, and the particles
of molecular sieves turned to be smaller than before

Table 2
Particle size distribution

Samples Particle size range (nm) Content (%) Average particle size (nm)

ZWPP 300–600 95.06 350
ZMPP 200–400 92.61 340
ZSPP 300–500 88.95 340
ZrP 400–600 82.06 480
TWPP 300–600 94.02 390
TMPP 300–500 86.20 350

Table 3
StIEC of exchangers

Samples IEC (Ca)a (mmol g−1) IEC (Mn)b (mmol g−1)

ZWPP 0.6235 1.2055
ZMPP 0.2944 1.3708
ZSPP 0.6160 0.9851
ZrP 0.6709 0.5870
TWPP 0.2797 0.6806
TMPP 0.2802 0.5799
5A 0.8323 0.6054
13X 1.0841 0.6511

aC0, Ca = 300mg L−1.
bC0, Mn = 2,000mg L−1.
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and some were broken. That is to say, their physical
structures were destroyed to some extent. The muddi-
ness did not appear in the solutions with various salts

including ZrP; little change in particle size was hinted,
of course, it could not be judged explicitly without
any further observation due to their unevenness in
size derived from the nature of present preparation.
We may do further observation when the crunch
comes.

3.5. Adsorption selectivity

Selectivity for Ca2+ was characterized by
distribution coefficients (Kd(X)) and selectivity factor
(α =Kd(X1)/Kd(X2)).

Distribution coefficients for the metal ions were
determined in one-component solution (Table 5) and a
real manganiferous wastewater (Table 6) in which the
major cations were Mn2+, Mg2+ and Ca2+ as shown in
Table 1.

The higher distribution coefficient means better
selectivity for the target ion. The results showed that
the Kd(Ca) of zirconium salts are bigger than those for
ZrP and molecular sieves. It indicated that the

Table 4
AIEC of exchangers

Samples AIEC(Ca)a (mmol g−1) AIEC(Mn)b (mmol g−1) AIEC (Ca)/IEC (Ca) (%)

ZWPP 0.2445 0.3616 39.21
ZMPP 0.1098 0.4727 37.28
ZSPP 0.2320 0.3538 37.66
ZrP 0.1372 0.1525 20.45
TWPP 0.0275 0.1386 9.81
TMPP 0.0125 0.1051 4.45
5A 0.0549 0.0098 6.59
13X 0.0873 0.0144 8.05

aC0, Ca = 300mg L−1.
bC0, Mn = 2,000mg L−1.
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Fig. 3. pH-t curve: (a) for Ca2+ and (b) for Mn2+.

Table 5
Distribution coefficients in one-component solution

Sample Kd (Ca)
a Kd (Mn)b Kd (Mg)c

ZWPP 91.2777 22.4290 11.8385
ZMPP 8.4128 18.1335 9.9795
ZSPP 26.4702 20.2935 13.2379
ZrP 19.1043 10.8893 12.2056
TWPP 19.8466 6.4736 5.2999
TMPP 42.1868 14.2596 5.6029
5A 26.7106 5.41850 2.7725
13X 17.1786 4.12330 2.1539

aC0, Ca= 308.5mg L−1.
bC0, Mn= 1,997.4mg L−1.
cC0, Mg= 985.9mg L−1.
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Table 6
Distribution coefficients and selectivity factors of exchangers in manganiferous waste water

Sample Kd (Ca)
a Kd (Mn)b Kd (Mg)c Kd (Ca)/Kd (Mn) Kd (Ca)/Kd (Mg)

ZWPP 16.7370 2.3091 4.1113 7.2484 4.0709
ZMPP 12.1257 2.5555 4.1489 4.7449 2.9226
ZSPP 12.7994 2.6412 6.9553 4.8460 1.8403
ZrP 3.2080 1.3144 9.6544 1.0589 0.3323
TWPP 4.8743 0.6506 2.8259 7.4924 1.7248
TMPP 2.7806 0.4165 4.1444 6.6767 0.6709
5A 4.4472 0.3750 0.5561 11.8604 7.9975
13X 3.1947 0.2002 0.5426 15.9618 5.8883

aC0, Ca=308.5mg L−1.
bC0, Mn= 1,997.4mg L−1.
cC0, Mg= 985.9mg L−1.
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zirconium salts have better selectivities to Ca, and it is
understandable that Kd(Mn) and Kd(Mg) for the zirco-
nium salts were quite big due to relatively large Mn
and Mg quantities in the wastewater. This should be
paid enough attention to in practical applications. In
fact, the different exchangers made of different com-
positions of salts can be chosen for different treatment
depending on enrichment factors for recovery or
removal of metal.

When other ions coexist, the selectivity toward tar-
get ion X1 will be affected by them and this effective-
ness can be characterized by selectivity factor
(α =Kd(X1)/Kd(X2)). The higher the selectivity factor,
the better the separation is. The salts of heteropoly
acids have certain selectivities for Ca and still look
worse than do the molecular sieves more or less
(Table 6) due to the vial of materials themselves. It
was concluded that the cations and anions of these
pyrophosphate heteropoly salts affect selectivity for
calcium in the complex system. All zirconium salts are
more selective and rendered bigger coefficients than
titanium salts. As the same cation was considered,
selectivities of tungstopyrophosphate salts toward Ca
are better than those for spiked samples with Mo and
Si; and among them, ZWPP served the best selectivity
which was very close to the ones of molecular sieves.

3.6. Breakthrough curve and BET analysis for ZWPP

In view of remarkable performances for Ca2+

exchange, ZWPP was further studied here through
column exchange and adsorption–desorption process
on an automatic analyzer.

The breakthrough curve can be used to describe
the performances of packed bed and its shape is a
substantial characteristic in determining the opera-
tional and dynamic behavior of an adsorption on fixed
bed [23]. The breakthrough curve of ZWPP was
expressed with the ratio of the outlet to the inlet con-
centration (Ct/C0) vs. time t (min) in Fig. 4. The break-
through and exhaustion points were set at 10 and 95%
(Ct/C0), respectively. The total mass of metal adsorbed
qtotal on the column was calculated as 63.92mg and
the equilibrium metal uptake capacity qe was 9.13 mg
g−1 under the given feed concentration and flow rate.
The equilibrium capacity is almost consistent with sta-
tic adsorption result (9.78mg g−1). It indicated that the
ZWPP has good dynamic adsorption-performance and
promising application.

The specific surface areas and pore diameter distri-
bution of ZWPP were tested using the automatic sur-
face area and porosity analyzer. The surface areas
before and after calcium adsorption were 53.00 and

58.19m2g−1, respectively, which was estimated using
multipoint BET equation in the P/P0 range of
0.05–0.35 (Fig. 5). The data for pore distribution was
placed in Fig. 4. It showed that the calcium ion
exchanger is a kind of mesoporous material, for the
pore size came out in the range of 13.58–16.76 nm
(Fig. 6). Adsorption isotherm hysteresis loop (Fig. 7) is
classified to be type H1 (both ends open tubular struc-
ture). This kind of isotherm usually reflects the micro-
pore filling phenomena of adsorbents such as
molecular sieves or activated carbon and reversible
chemisorption process, similar to Langmuir isotherm.

4. Conclusion

Five salts of pyrophosphate heteropoly acids were
synthesized and characterized using FT-IR, SEM, and
so on. Their ion-exchange capacities, exchange behav-
iors, and selectivities for Ca2+ were tested and also
compared with ZrP and two typical Ca-zeolites. All of
them possessed specific capacities and selectivities for
Ca2+, even in complex industrial effluent. The results
suggested that ZWPP was more remarkable. So, the
dynamic capacities, special surface areas, and pore
diameter of ZWPP were observed through column
experiment and BET analysis. The data verified that
ZWPP have good dynamic performances for Ca
exchange with its mesoporosity and nanoparticles.
Moreover, the stabilities, especially physical and
mechanical stabilities of the salts, should be further
studied and unambiguously characterized to develop
ideal ion exchangers. Therefore, the salts of pyrophos-
phate heteropoly acids, especially ZWPP, can be used
as promising precursor or materials for Ca removal
from processing water and effluents in metallurgical
industries.
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