
1 3

Phys Chem Minerals (2015) 42:723–733
DOI 10.1007/s00269-015-0757-6

ORIGINAL PAPER

New data on Cu‑exchanged phillipsite: a multi‑methodological 
study

G. Diego Gatta1,2 · Piergiulio Cappelletti3 · Bruno de’ Gennaro4 · Nicola Rotiroti1 · 
Alessio Langella5 

Received: 6 March 2015 / Accepted: 13 May 2015 / Published online: 28 May 2015 
© Springer-Verlag Berlin Heidelberg 2015

surfaces of zeolite crystals or dispersed in the amorphous 
fraction, with electron diffraction patterns correspond-
ing to those of CuO (tenorite-like structure) and Cu(OH)2 
(spertiniite-like structure). X-ray and TEM investigations 
show that Cu is mainly concentrated in different species 
(crystalline or amorphous) within the sample, not only in 
phillipsite. The experimental findings based on X-ray and 
TEM investigations, along with the hysteresis loop of the 
ion exchange tests, are discussed and some general con-
siderations about the mechanisms of exchange reactions 
involving divalent cations with high hydration energy are 
provided.

Keywords  Zeolite · Phillipsite · Cu-exchange capacity · 
Rietveld structure refinement · TEM investigation

Introduction

Phillipsite, one of the most common natural zeolites, is 
generally found in vugs of massive volcanic rocks, in 
basalts and tuffs as an alteration product of glass, or in 
sediments altered by diagenesis in “closed and/or open 
hydrologic systems” (Galli and Loschi-Ghittoni 1972; Got-
tardi and Galli 1985; Langella et  al. 2001; Passaglia and 
Sheppard 2001; Sheppard and Hay 2001; Gatta et al. 2009). 
Phillipsite crystals (ideal composition K2(Na,Ca0.5)3[Al5
Si11O32]·12H2O) (Passaglia and Sheppard 2001; Coombs 
et al. 1997) usually occur in spherical radial aggregates and 
are ubiquitously twinned (Černý 1964; Rinaldi et al. 1974) 
and intergrown with several other zeolites (e.g. faujasite, 
offretite, gismondine, garronite and gobbinsite) (Passaglia 
and Sheppard 2001; Rinaldi et al. 1975).

The crystal structure of phillipsite was solved by Rinaldi 
et al. (1974) on the basis of single-crystal X-ray diffraction 
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data, and recently re-investigated by Gatta et  al. (2009). 
The symmetry of natural phillipsite is monoclinic, with 
space group P21/m, with a  ~9.9, b  ~14.3, c  ~8.7  Å and 
β ~124.8°. Wide ranges of Si/(Si + Al), K/(K + Ba) and 
Na/(Na +  Ca) ratios have been reported for natural phil-
lipsites (Alberti 1978; Passaglia and Sheppard 2001; Gatta 
et al. 2009). Actually, the wide variation in the extra-frame-
work population reflects the chemical composition of the 
precursor reacting glass, as well as the chemical compo-
sition of the fluids interacting with the precursor, or post-
formational exchange processes (de’ Gennaro et  al. 1982, 
1999). A recent study has provided new insights into the 
crystal-chemistry of phillipsites collected in different out-
crops from one of the largest volcanoclastic deposits of 
the Mediterranean area, the Neapolitan Yellow Tuff (NYT, 
Southern Italy) (Gatta et al. 2010). One of the main results 
reported by Gatta et al. (2010) was the significantly differ-
ent populations of extra-framework cations (i.e., K, Na and 
Ca) and H2O molecules observed in crystals from differ-
ent localities. A small but significant control of the crystal-
chemistry on the unit-cell parameters was also observed 
(Gatta et al. 2010).

A solid knowledge of the crystal-chemistry of phil-
lipsites from the NYT, and the search for an efficient and 
inexpensive sequestering agents for heavy metals, led us to 
extend our investigation to this naturally-occurring and low-
cost microporous material, exploring its cationic exchange 

capacity with Cu. Among zeolites, phillipsite is considered 
a microporous compound with a significant affinity for Cu 
(Ming and Mumpton 1995; Tsitsishvili et al. 1992; Colella 
et al. 1998). However, earlier studies reported only indirect 
evidence for the sequestration ability of this zeolite for Cu, 
whereas structural characterizations of Cs+-, NH4

+-, Sr2+- 
and Ba2+-exchanged phillipsite were successfully performed 
by Rietveld method by Gualtieri (2000) and Gualtieri et al. 
(1999a, b, 2000). In this light, the aim of this study is to pro-
vide direct evidence of the sequestration ability of phillipsite 
for Cu by investigating the mechanisms on the atomic scale 
with a multi-methodological approach.

Materials and experimental methods

Mineralogy

The sample used for the present investigation comes from an 
outcrop of NYT within the caldera of Campi Flegrei, namely 
Grotta del Sole locality, and labelled “P7” in Fig. 1. The Nea-
politan Yellow Tuff (15,000 years BP) (Insinga et  al. 2006) 
is the product of a powerful phreatomagmatic eruption of 
Campi Flegrei volcanic district (Southern Italy) and occurs as 
a thick and widespread pyroclastic deposit on the periphery 
of Campi Flegrei, within the city of Napoli and in the Cam-
panian Plain. The setup of favourable physical–chemical 

Fig. 1   Sketch map of the 
Campi Flegrei volcanic district 
(modified after Gatta et al. 
2010). The sample used for the 
present investigation comes 
from an outcrop of NYT within 
the caldera of Campi Flegrei, 
namely Grotta del Sole locality 
(labelled “P7”)
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conditions soon after the emplacement of this pyroclastite led 
to the crystallization of zeolites, mainly phillipsite and subor-
dinate chabazite and analcime (de’ Gennaro et al. 2000). The 
chemical composition of phillipsites from NYT was reported 
in previous studies by various authors (Passaglia and Vezza-
lini 1985; de’ Gennaro et al. 1990; Gatta et al. 2010).

The starting material used in this multi-methodological 
study was collected on an abandoned quarry front, which 
favoured the sampling at different stratigraphic heights. 
This was necessary in order to obtain a homogeneous and 
representative sample of the outcrop. After the removal of 
all traces of surface alterations, the samples were ground 
and sieved. The 60–125 mesh grain-size fraction was 
selected for further enrichment operations as it turned to 
be the richest in zeolites. A combination of ultrasonic bath, 
centrifugation and a final magnetic separation (Frantz iso-
dynamic separator) resulted in a 95 wt% zeolite-rich sam-
ple composed of dominant phillipsite and minor chabazite. 
Phillipsite mostly occurs as clusters of needle-shaped crys-
tals ranging from a few to several tens of microns in size.

Experimental methods

X-ray powder diffraction data (XRPD) of the investigated 
samples were collected with an automated Panalytical 
X’Pert Pro modular diffractometer equipped with a RTMS 
fast detector X’Celerator. Operating conditions were: mon-
ochromatic CuKα radiation, 40 kV, 40 mA, 2θ-range from 4 
to 100°, step size of 2θ = 0.017°, counting time of 240 s per 
step. Powders with grain size  <10 microns were obtained 
by means of a McCrone micronising mill (agate cylinders 
and wet grinding time 15 min). To minimize preferred ori-
entations, the sample was carefully side-loaded onto an alu-
minium sample holder with an oriented quartz mono-crys-
tal underneath. The diffraction patterns were successfully 
indexed on the monoclinic unit-cell previously reported by 
Rinaldi et  al. (1974) and Gatta et  al. (2009) (i.e., a  ~9.9, 
b ~14.3, c ~8.7 Å, β ~124.8°), and the reflection conditions 
are consistent with the space group P21/m. The Rietveld 
structure refinement (Rietveld 1969) was then performed. 
Further details pertaining to the refinement protocol, atomic 
positions, thermal displacement parameters and bond dis-
tances of the natural phillipsite “P7”, used for the present 
study, are reported in Gatta et al. (2010). The sample “P7” 
was selected as the most suitable due to its high Na content 
(Table  1 in Gatta et  al. 2010), since the exchange process 
was aimed at obtaining a monocationic Na-form.

Cation exchange capacity (CEC) of the phillipsite sam-
ple was evaluated using the batch exchange method (Cerri 
et  al. 2002). We subjected 1.0  g zeolite samples in Nal-
gene™ tubes with 35 mL of 1 M NH4Cl solution to continu-
ous stirring under a constant temperature of about 60  °C. 
Every 2  h, the exhausted solution was separated from the 

solid by centrifugation and replaced with the same volume 
of a fresh one. At the end of the runs, the concentrations of 
cations released from zeolites, analyzed by inductively cou-
pled plasma optical emission spectrometry (ICP-OES, using 
a Perkin Elmer Optima 2100DV apparatus), allow for the 
estimation of the CEC, in mEq/g. Usually, ten repetitions of 
the treatment were required to attain a <0.1 mg/L concentra-
tion of cations.

The phillipsite sample was then used for equilibrium 
studies of the exchange reaction 2Na+ ⇆ Cu2+. The sam-
ple was previously exchanged in its monocationic form 
(Na) following a procedure similar to the one described to 
obtain the cation exchange capacity. The procedure aims at 
obtaining a concentration of the outgoing cations (e.g., K+, 
Ca2+, Mg2+), estimated through ICP-OES analysis, lower 
than 1  mg/L. The obtained mono-cationic form was then 
washed and dried overnight.

The sodium-form of the phillipsite sample was allowed 
to react at 25 °C in 25 mL sealed Nalgene™ test tubes with 
10  mL solutions, containing varying amounts of Na+ and 
Cu2+ at 0.1 total normality, prepared starting from the rel-
evant reagent-grade Carlo Erba RPE nitrates. Reversibility 
ion exchange tests were performed following the recommen-
dations of Fletcher and Townsend (Fletcher and Townsend 
1981). The solid-to-liquid ratio was varied between 1/100 
and 1/500. The reaction time was fixed at 3 days, which was 
beforehand proved to be sufficient to attain equilibrium. Cu2+ 
and Na+ concentrations in the liquid phase were measured 
by ICP-OES, whereas the concentration of the exchangeable 
cations in solids was calculated by mass balance.

In order to prepare a copper form of the selected zeo-
lite, a sample of Na-exchanged zeolite was contacted with 
0.1  N Cu2+ solution—Cu(NO3)2 Carlo Erba RPE—for a 
week, replacing the exhausted solution with a fresh one 
every 12  h and analyzing the eluted by ICP-OES for Cu 
and Na content. Natural, Na- and Cu-exchanged forms 
were analyzed by XRPD (Fig.  2). Interestingly, the final 
Cu-exchanged polycrystalline material was green-bluish, as 
shown in Fig. 3.

The polycrystalline material of the Cu-exchanged form 
was characterized by synchrotron X-ray powder diffrac-
tion at the ID09A beamline at the European Synchrotron 
Radiation Facility (ESRF), Grenoble (France). Data were 
collected in transmission mode using monochromatic 
beam of 0.4145  Å with a MAR555 flat panel detector. 
Data reduction was performed with the FIT2D software 
(Hammersley et al. 1996). The diffraction pattern was suc-
cessfully indexed with the unit-cell parameters of phillip-
site reported by Gatta et al. (2009); a few un-indexed weak 
Bragg peaks are due to a minor fraction of chabazite. In 
order to describe the extra-framework configuration of the 
Cu-phillipsite, a structure refinement was performed by 
Rietveld method (1969) using the GSAS package (Larson 
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and Von Dreele 1994), starting from the structure model 
of phillipsite reported by Gatta et  al. (2009). Geometri-
cal soft-restraints on T-O distances were applied on the 
basis of the experimental findings of Gatta et  al. (2009), 
with an estimated standard deviation of  ±0.08  Å. The 
whole diffraction pattern was fitted using a pseudo-Voigt 
profile function (Thompson et  al. 1987) and the back-
ground curve was modeled with a Chebyshev polynomial 
(20 terms). The first cycles of refinement were conducted 
without any extra-framework site. The channel population 
was then allocated on the basis of the maxima in the differ-
ence-Fourier map of the electron density. The best figures 
of merit were obtained for a structure model with three 

independent cation sites (modeled with a mixed Na + Cu 
scattering curve) and five independent H2O sites with par-
tial site occupancy (Table 1). The weight of the soft con-
straints was decreased in the last cycles of refinement, to a 
final value of F = 100 (as implemented in GSAS). When 
convergence was achieved (Fig.  4), no significant cor-
relation was observed in the variance–covariance matrix 
and no significant residuals were found in the difference-
Fourier map of the electron density. The broad diffraction 
peaks and the anomalously high background suggest a 
low crystallinity of the material (dominant phillipsite and 
minor chabazite) coupled with a simultaneous presence of 
an amorphous fraction.

Table 1   Data pertaining to the structure refinement parameters, atomic positions, site occupancy factors (s.o.f.), isotropic displacement param-
eters (Å2) and bond-distances (Å) of the Cu-exchanged phillipsite

For the T1, T2, T3 and T4 sites, the neutral scattering curve of silicon was used. For the A1, A2 and A3 sites, a mixed scattering curve of 
(50 %Na + 50 %Cu) was adopted. The W1-5 sites were modelled with the neutral scattering curve of O. The resulting s.o.f. are given as elec-
tron number. One Uiso value was used to model all the tetrahedral sites (i.e., T1–T4), one for the oxygen atoms of the tetrahedral framework 
(i.e., O1–O9), and one for the H2O sites (i.e., W1–W5), respectively. Several cation-H2O or H2O–H2O sites are mutually exclusive, as e.g. A2–
W2 = 1.00(7) Å, A2–W3 = 1.7(7) Å, A2–W3 = 1.4(2) Å, A2–W4 = 1.05(7) Å, W2–W2 = 1.2(1) Å, W2–W3 = 1.0(1) Å, W2–W3 = 0.9(1) Å, 
W3–W3 = 0.2(3) Å, or W5–W5 = 1.11(9) Å

Site (Wyck.) x y z s.o.f. (e−) Uiso

T1 (4f) 0.737(2) 0.013(2) 0.278(3) 14 0.0232(8) T1–O2 1.641(2) A1–W5 (x2) 2.03(5)

T2 (4f) 0.431(2) 0.141(1) 0.028(3) 14 0.0232(8) T1–O3 1.641(2) A1–O8 2.94(8)

T3 (4f) 0.057(2) 0.008(2) 0.285(3) 14 0.0232(8) T1–O5 1.640(3) A1–W1 2.71(6)

T4 (4f) 0.111(2) 0.140(1) 0.020(3) 14 0.0232(8) T1–O7 1.641(2) A1–O3 (x2) 3.06(5)

O1 (4f) 0.093(5) 0.088(2) 0.176(4) 8 0.038(3) A1–O5 (x2) 3.02(2)

O2 (4f) 0.641(5) 0.584(2) 0.168(4) 8 0.038(3) T2–O2 1.642(2)

O3 (4f) 0.616(3) 0.105(2) 0.192(5) 8 0.038(3) T2–O3 1.641(3) A2–W2 2.12(8)

O4 (4f) 0.027(4) 0.905(2) 0.185(4) 8 0.038(3) T2–O6 1.642(3) A2–W5 2.84(8)

O5 (4f) 0.894(2) 0.043(2) 0.273(3) 8 0.038(3) T2–O8 1.642(3) A2–O7 3.25(9)

O6 (4f) 0.298(2) 0.377(2) 0.081(3) 8 0.038(3) A2–O6 3.23(7)

O7 (4f) 0.793(3) 0.489(4) 0.495(3) 8 0.038(3) T3–O1 1.641(3) A2–W4 3.15(7)

O8 (2e) 0.517(7) 3/4 −0.019(8) 8 0.038(3) T3–O4 1.640(2)

O9 (2e) 0.048(6) 1/4 −0.030(7) 8 0.038(3) T3–O5 1.642(2) A3–W1 2.14(9)

A1 (2e) 0.834(5) 1/4 0.172(3) 14.2 0.072(8) T3–O7 1.651(3) A3–O2 (x2) 3.16(4)

A2 (4f) 0.546(9) 0.355(4) 0.530(9) 3.7 0.04(2) A3–W2 (x2) 2.68(11)

A3 (2e) 1.269(4) 1/4 0.545(5) 17.5 0.22(2) T4–O1 1.642(2) A3–W3 (x2) 2.77(9)

W1 (2e) −0.056(7) 3/4 0.451(8) 4.8 0.026(8) T4–O4 1.641(3)

W2 (4f) 0.504(9) 0.791(4) 0.520(6) 4.6 0.026(8) T4–O6 1.642(3)

W3 (4f) 0.436(8) 0.742(12) 0.419(7) 3.7 0.026(8) T4–O9 1.641(3)

W4 (4f) 0.539(9) 1.072(3) 0.539(7 4.6 0.026(8)

W5 (4f) 0.254(6) 0.789(3) 0.096(6) 4.3 0.026(8)

a = 9.9453(7)Å b = 14.202(1)Å c = 8.686(1)Å β = 124.728(8)° Sp. Gr. P21/m

N. obs 2229

N. variables 71

Rp 0.0941

wRp 0.1352

χ2 1.035

R(F2) 0.1474

Δρmax (e
−/Å3) −1.3/+ 1.4
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Cu-phillipsite was also investigated by transmission 
electron microscopy (TEM). The sample was prepared by 
gentle grinding in an agate mortar, suspension in isopro-
pyl alcohol and deposition on a holey carbon coated grid. 
TEM observations were carried out on a field emission gun 

FEI Tecnai F20 super twin electron microscope, equipped 
with Gatan Slow Scan CCD 794 and operated at 200  kV 
at the Dip. Scienze della Terra—Università degli Studi di 
Milano. The microscope is equipped with an EDS detector, 
for qualitative and semi-quantitative chemical analyses.

Fig. 2   X-ray powder diffraction patterns of natural PHI (red), Na-PHI (black) and Cu-PHI (blue). The only well-visible Bragg peak of the minor 
chabazite is that at the 2θ ~9.4°, expected to be the most intensive one (see text for details)

Fig. 3   Macroscopic picture of Na-PHI (left side) and Cu-PHI (right side) samples
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Results and discussion

The exchange isotherm of the pair Na+/Cu2+ on phillipsite, 
reported in Fig. 5, lies below the diagonal over the whole 
composition range, demonstrating a substantial selectiv-
ity lack of phillipsite for Cu2+. Moreover, it seems that the 
total cation exchange capacity of the sample is not avail-
able for the exchange reaction. Actually, the exhaustive 

procedure of exchange gave rise to a final Cu equivalent 
fraction in zeolite of ~0.70. The isotherm also displays an 
evident hysteresis loop inasmuch as direct (2Na+ → Cu2+) 
and back (Cu2+ → 2Na+) exchange runs gave results that 
could be fitted by two distinct curves over the whole com-
position range.

The poor selectivity exhibited by phillipsite for the 
divalent cation is well explained according to the Eisen-
man’s theory of cation exchange selectivity (Eisenman 
1962; Sherry 1969), which predicts that zeolites having 
medium–high Si/Al ratios prefer in uni-divalent exchanges 
monovalent cations or divalent cations with low energy of 
hydration. The obtained results are confirmed by previous 
literature data. Colella et al. (1998), by analyzing the 2Na+/
Cu2+ exchange process on a pure phillipsite, reported a 
quite low and incomplete selectivity of the zeolite towards 
the incoming cation, as well as a hysteresis between the 
direct and back exchange, although less marked if com-
pared to the one of this study. This behavior of the exchange 
process was tentatively explained by Colella et al. (1998) as 
a consequence of a difficult access of the incoming cation 
to the extra-framework sites, mostly due to the large size of 
its hydrated form (Cu2+ hydration energy equal to −2100 
vs. −405  kJ/mol for Na+). The lack of reversibility evi-
denced by the hysteresis was explained as follows: the dif-
ficult access of Cu2+ in the zeolite structure leads to a dis-
tortion of the channels that, in some instances, hinders the 
counter exchange with Na+. This aspect could find a vali-
dation also if one considers that the exchange is occurring 
between a mono- and a divalent cation. Colella et al. (1998) 
concluded that an unambiguous explanation of the copper 

Fig. 4   Experimental (crosses) and calculated (solid line) diffraction 
patterns of Cu-exchanged phillipsite. Calculated peak positions and 
difference plots are shown at the bottom of the pattern

Fig. 5   Isotherm at 25 °C for the exchange of Cu into Na-phillipsite 
at 0.1 total normality. Circles forward reactions; triangles reversals
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exclusion requires a more detailed structural analysis. Such 
an attempt was carried out in the present investigation. 
The implementation of more advanced techniques allowed 
shedding new light on this aspect by means of Rietveld 
structure refinement and TEM investigation, which is usu-
ally considered not suitable to examine labile phases such 
as zeolites. Such structural analysis seems to demonstrate 
that the supposed exchange process 2Na+→Cu2+ actually 
does not represent the main reaction mechanism, at least 
under the aforementioned operating conditions.

The quality of the X-ray synchrotron structure refine-
ment is severely affected by the low crystallinity of the 
material, but the refined model suggests that a small, but 
significant, fraction of Cu likely shares with Na the three 
independent cation sites (i.e., A1, A2 and A3; Fig.  6; 
Table  1). In particular, the site electron contents of A1, 
A2 and A3 (i.e., Σe−(A1) = 14.2 e−, Σe−(A2) = 3.7 e−, 
Σe−(A3) =  17.5 e−) reflect the higher presence of Cu at 
A1 and A3 sites. The presence of Cu at the A2 site can-
not be unambiguously inferred. A1 and A2 site coordinates 
are in line with the I and II sites, respectively, reported by 
Gualtieri et  al. (2002) in their comparative study on ion-
exchanged phillipsites. The extra-framework population of 
the Cu-phillipsite is represented by three cation sites and 
five independent H2O sites (i.e., W1, W2, W3, W4, W5; 
Fig.  6; Table  1). Cation and H2O sites show partial site 
occupancies and several of them are mutually exclusive, 
making the description of the coordination scheme ambigu-
ous. The significantly high displacement parameters of the 
cation sites, modelled isotropically here, reflect a multi-
elemental site population, resulting in a positional disor-
der. The coordination spheres of the A1, A2 and A3 sites 
are here described assuming the longest bond distances 
of  ~3.2  Å. The coordination polyhedron of the A1 site is 

represented by five oxygen atoms belonging to the tetrahe-
dral framework (i.e., O3 ×  2, O5 ×  2, and O8; Table  1) 
and three H2O molecules (i.e., W1 and W5 × 2; Table 1), 
whereas that of A3 is represented by two oxygen atoms of 
the tetrahedral framework (i.e., O2 × 2; Table 1) and five 
H2O molecules (i.e., W1, W2 × 2, and W3 × 2; Table 1). 
More difficult is the description of the scarcely occupied 
A2 site, with two oxygen atoms of the framework (i.e., O6 
and O7; Table  1) and at least three H2O molecules (i.e., 
W2, W4 and W5; Table 1), forming a highly distorted coor-
dination polyhedron. Na and Cu can have significantly dif-
ferent coordination environments in zeolites. On the basis 
of EXAFS spectra, Cu was found to have a two- or three-
fold coordination in some Cu-exchanged zeolites (e.g., in 
Cu-Y, Cu-ZSM-5 or Cu-MOR), with Cu–O bond distance 
of about 2 Å (Zhang et al. 2007). Where Na and Cu popu-
late the same site, the coordination shell is expected to be 
different. For example, Cu at the site A1 might simply bind 
to two W5 at  ~2.03  Å (Table  1). Several cation-H2O or 
H2O–H2O sites are mutually exclusive (as deducible by the 
bond distances e.g. A2–W2 = 1.00(7) Å, A2–W3 = 1.7(7) 
Å, A2–W3  =  1.4(2) Å, A2–W4  =  1.05(7) Å, W2–
W2 = 1.2(1) Å, W2–W3 = 1.0(1) Å, W2–W3 = 0.9(1) Å, 
W3–W3 = 0.2(3) Å, or W5–W5 = 1.11(9) Å, Table 1). As 
previously observed for natural phillipsites (e.g., Rinaldi 
et  al. 1974; Gatta et  al. 2009, 2010), the tetrahedral bond 
distances reflect a highly disordered Si/Al-distribution 
between the tetrahedral sites (Table 1).

The TEM investigation shows that the sample treated 
with Cu contains idiomorphic crystals of phillipsite 
(Figs.  7, 8) immersed in a significant fraction of amor-
phous material. Sub-spherical nano-clusters of crystalline 
species (as shown by the high-resolution images), with an 
average size of 5 nm, lie on the surfaces of zeolite crystals 

Fig. 6   Two views of the crystal structure of the Cu-phillipsite based on the present Rietveld structure refinement
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or dispersed in the amorphous fraction (Fig. 9). The elec-
tron diffraction pattern of the nano-aggregates shows 
inter-planar distances consistent with those of CuO (ten-
orite-like structure, a  ~4.65, b  ~3.42, c  ~5.13, β  ~99.47°, 
space group: C2/c) and Cu(OH)2 (spertiniite-like structure, 
a ~2.93, b ~10.54, c ~5.23, space group: Cmc21) (Fig. 10). 
A few crystals of chabazite have also been found (Fig. 8), 
as previously shown by X-ray diffraction.

The combination of X-ray powder diffraction, with 
a Rietveld structure refinement, along with the TEM 

investigation provided the key to understand: (a) the poor 
selectivity exhibited by phillipsite for the divalent cati-
ons, and in particular for Cu, as observed by Colella et al. 
(1998); (b) the colour of the Cu-exchanged sample, which 
appears to be governed by the presence of Cu-oxy-hydrox-
ides. The X-ray structure refinement of Cu-exchanged 
phillipsites does not show a high Cu/Na fraction at the 
extra-framework sites; this suggests that Cu is mainly con-
centrated in different species (crystalline or amorphous) of 
the sample, and not only in phillipsite. The TEM experi-
mental findings show that Cu is also concentrated in sub-
spherical CuO (tenorite-like) and Cu(OH)2 (spertiniite-like) 
nano-clusters dispersed in the amorphous phase or on the 
crystal surfaces. As expected, no Cu-bearing nano-com-
pounds were observed in the X-ray diffraction patterns. 
The presence of nano-aggregates on the crystal surface of 
clinoptilolite, in response to cation exchange experiments, 
was reported in a recent study on the sorption of lead by 
natural and Fe(III)-modified clinoptilolite-rich sample 
(Kragović et  al. 2013). The X-ray powder diffraction pat-
terns did not show any evidence of crystalline Fe-bearing 
phases after an Fe(III)-treatment, and the EDS analyses 
showed that: (1) the amount of Fe and Pb in idiomorphic 
crystals of clinoptilolite was negligible (i.e. below the EDS 
detection limit), and so Fe and Pb were not concentrated 
in the zeolite structure (i.e. as extra-framework population); 
(2) Fe and Pb were mainly concentrated in the amorphous 
fraction. Under the TEM, Kragović et al. (2013) observed 
the presence of sub-spherical and amorphous Fe–Pb-bear-
ing nano-clusters dispersed on the surface of the clinop-
tilolite crystals. Those experimental findings explained 
the absence of Fe- or Pb-bearing oxides/hydroxides in the 
X-ray diffraction patterns of the lead-saturated natural and 
Fe(III)-modified samples.

Fig. 7   Cu-treated sample: Idiomorphic crystals of phillipsite 
immersed in an amorphous fraction (visible in the bottom-left corner)

Fig. 8   TEM diffraction pattern of a single crystal of phillipsite (randomly oriented, left) and chabazite (down the pseudo-threefold axis, right) 
found in the Cu-treated sample
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The results obtained in this study on phillipsite can be 
interpreted by means of a double mechanism:

1.	 In the first steps, the main process is an ion exchange 
interaction between solution and phillipsite samples 

(kinetic aspect dominant), enabling the access of a cop-
per ions slice to the extra-framework sites of the zeo-
lite. This mechanism is facing difficulties due to the 
uni-divalent exchange, in accordance with Eisenman 
(1962) and Sherry (1969) theory.

2.	 The interaction between the zeolite, in its sodium 
form, and the solution, having a starting measured pH 
of  ~3.5, causes a sudden increase of the solution pH 
to alkaline values (pH = 8–9). This increase, related to 
the low solubility of the copper hydroxide [Cu(OH)2 
solubility =  4.8 ×  10−20], leads to a precipitate for-
mation, making this the prevailing mechanism. Lastly, 
a partial transition from hydroxide to copper oxide 
occurs during the subsequent filtration step (solid-
phase separation from liquid and solid-phase drying), 
thus providing a further possible explanation for the 
colour change of the polycrystalline sample.

The experimental findings of this study and those 
reported by Kragović et  al. (2013) force us to reconsider 
the role played by surface phenomena on zeolite crystals 
and by the (X-ray) amorphous fraction when transition ele-
ments are used. The results of the present study on phil-
lipsite show under a new perspective all processes, defined 
as ion exchange, which involve natural zeoltitized materi-
als and cations of different nature for which the equilibrium 
runs behaviour shows unusual phenomena, e.g. hysteresis 
of exchange isotherms as indication of a partial reversibil-
ity of the exchange reaction. The partial reversibility might 

Fig. 9   (Left) Sub-spherical nano-clusters of CuO and Cu(OH)2 dispersed in the amorphous fraction. (Right) TEM high-resolution image show-
ing the crystalline nature of nano-clusters of CuO and Cu(OH)2

Fig. 10   Diffraction pattern of the nano-clusters. The inter-planar 
distances are compatible with those of CuO (tenorite-like, a  ~4.65, 
b ~3.42, c ~5.13, β ~99.47°, space group: C2/c) and Cu(OH)2 (sperti-
niite-like, a ~2.93, b ~10.54, c ~5.23, space group: Cmc21)
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be likely controlled by the precipitation mechanisms of 
new phases on the surfaces of zeolitised material. In the 
case of natural zeolites, such “anomalies” occur when cati-
ons, at least divalent and characterized by high hydration 
energy, are involved in the exchange reactions. It will be, 
therefore, necessary to better investigate the mechanisms 
active in these cases, evaluating the operating parameters of 
the ion exchange processes, such as the solid–liquid ratio, 
starting solution concentration, or “scale up” effect of the 
equilibrium runs.
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