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Abstract: Four naturally occurring zeolites AZLB-Ca and AZLB-Na (Bowie, Arizona), NM-Ca
(Winston, New Mexico), and NV-Na (Ash Meadows, Nevada) were studied to evaluate structural
modifications after treatment with HCl acid. AZLB-Ca and AZLB-Na are chabazite-like species
and become amorphous when boiled in concentrated HCl acid as confirmed by powder X-ray
diffraction. In contrast, NM-Ca and NV-Na which are clinoptilolite-like species withstood boiling
in concentrated HCl acid. This treatment removes calcium, magnesium, sodium, potassium, aluminum, and iron atoms or ions from the framework while leaving the silicon framework intact as
confirmed via X-ray fluorescence and diffraction. SEM images on calcined and HCl treated NV-Na
were obtained. BET surface area analysis confirmed an increase in surface area for the two zeolites
after treatment, NM-Ca (20.0(1) to 111(4) m2/g) and NV-Na (19.0(4) to 158(7) m2/g). 29Si and 27Al
MAS NMR were performed on the natural and treated NV-Na zeolite and the data for the natural
NV-Na zeolite suggested a Si:Al ratio of 4.33 similar to that determined by X-Ray fluorescence of
4.55. Removal of lead ions from solution decreased from the native (NM-Ca, 0.27(14), NV-Na,
1.50(17) meq/g) compared to the modified zeolites (30 min HCl treated NM-Ca 0.06(9) and NV-Na,
0.41(23) meq/g) and also decreased upon K+ ion pretreatment in the HCl modified zeolites.
Keywords: Clinoptilolites, Acid modification, heavy metals, toxic substances, purification, lead
removal.

1. Introduction
Natural zeolites, which are composed of hydrated aluminosilicates containing group
I and II metals, [1] are an abundant resource [2] with desirable chemical properties for
many different applications such as catalysis and ion exchange [3]. Zeolites have a crystalline structure with small voids commonly called pores that act as a site for the zeolite
to capture or stabilize different cations or molecules. They have been utilized to remove
salinity/sodicity [4], copper [5], Cr6+ [6], Mn2+ [7], heavy metals [8], ammonia [9], phosphorus [10], purify urine [11], zinc [12] from wastewater and also anions such as Cl - and CO32[13]. Zeolites contain cations to stabilize the negative charge in their structure with Na+,
K+, Ca2+, and Mg2+ being the four most common with others possible [14]. While it is possible to synthesize a single phase of clinoptilolite, [15] as much as 4.75 mg Fe/g of Mexican
natural zeolite consisting of clinoptilolite, mordenite, and feldspar phases was reported
[16].
During the ion exchange process, zeolites absorb toxic metal ions dissolved in solutions into their pores while releasing the other cations present in the structure into the
solutions. Thus, water contaminated with Pb2+ ions, which are toxic to humans, could be
made safe by stirring with a zeolite to remove the Pb2+ ions from the solution. The Pb2+
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ions would be contained inside the zeolite and could be easily filtered off and the Na+ ion
that was previously in the zeolite would now be dissolved in the water rendering it safer
for human consumption [17].
We had recently obtained samples of four naturally occurring zeolites which were of
the chabazite and clinoptilolite (based on Si:Al ≥ 4.0 [18]) varieties. The chabazite form has
been explored for its unusual composition [19] and chemical upgrading, [20], and the clinoptilolite zeolite has been studied for various membrane applications [21-23]. Additionally, both chabazite and clinoptilolite were subjected to treatment with base and applied
for Pb2+ and Cd2+ removal [24]. We decided, based on a report of chemical etching on a
glass surface using HCl [25], to explore if modification under acidic conditions while
maintaining structural integrity was possible and what impact this would have on their
properties and potential use in remediation. A report dealing with the treatment of naturally occurring clinoptilolites in Cuba using 0.6 M HCl discovered that milder forms of
acid treatment were required as higher concentrations led to the decomposition of the
zeolites [26]. We discovered that treatment with concentrated HCl removes metal ions
from the pores leaving the silicon framework intact with the clinoptilolite variety whereas
the chabazite ones became amorphous. Structures were assessed on the bases of solidstate 29Si and 27Al NMR, BET measurements, SEM images, and powder X-ray fluorescence
and diffraction. Lead removal studies on the clinoptilolite samples suggested differing
capacities between the two samples after calcination and deterioration of Pb 2+ storage capacity upon modification.
2. Materials and Methods
2.1. Materials:
The zeolites were generously donated from St Cloud Mining Company and consisted
of St Cloud Mining Bowie chabazite (AZLB-Na, -325 mesh), St Cloud Mining Bowie chabazite (AZLB-Ca, -325 mesh), St Cloud Winston clinoptilolite (NM-Ca, -325 mesh), and St
Cloud Mining Ash Meadows clinoptilolite (NV-Na, -325 mesh) where AZLB =Arizona
Land Basin, NM = New Mexico, NV = Nevada, Na is the dominant cation, Ca is the dominant cation. HCl (12.1M) and HNO3 (15.6M) acids were obtained from Fisher. Lead nitrate
was obtained from Mallinckrodt Chemical Works.
2.2. Zeolite Modifications:
2.2.1 Calcined Zeolites
The calcined zeolite samples were obtained by heating the zeolites at 550°C for 5
hours under air. After cooling the zeolite, the samples were stored in a desiccator to prevent the absorption of water.
2.2.2 Hydrochloric Acid Treated Zeolites
The HCl acid-treated samples were prepared by refluxing a solution of the acid and
zeolite at a ratio of 10 mL of concentrated HCl per gram of zeolite. This was based on a
procedural modification from the literature [25] and the samples were placed in an oil
bath for 10, 20, 30, or 40 minutes and, upon removal, allowed to cool for 20 minutes. The
zeolite was quickly filtered off after cooling and washed with water 3 times at a ratio of 5
mL per gram of zeolite initially used. The zeolite was dried overnight in an oven at 70 ᴼC
and then calcined at 550 ᴼC in a flow of air for 5 hours. After cooling, the zeolite was stored
in a desiccator to prevent the absorption of water.
2.3 X-ray Diffraction:
X-ray diffraction spectra of the zeolites were collected using a Scintag XDS 2000 Diffractometer (Scintag Division of Thermo Dearborn, Michigan) using a copper target to
generate X-rays and a graphite monochromator with a scan range of 5-60ᴼ 2θ, a step size
of 0.020ᴼ, a count time of 0.600 seconds, and a step scan rate of 2.0 deg/min. The samples
were packed into an aluminum sample plate of dimensions of 30 mm wide by 90 mm long
by 8 mm depth.
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The data was analyzed using DMSNT v 1.37 (1994-1998) Scintag Inc. (Division of
Thermo Dearborn, Michigan). The spectra were background-subtracted using a manual
spline curve fit. Sample phase identification was conducted using QualX2 [27] after the
raw data was transformed using PowDLL [28].
2.4 Energy Dispersive Spectroscopy:
EDS/XRF was performed to obtain an elemental composition of the zeolites using a
Xenemetrix EX-6600 EDS machine (Migdal HaEmek, Israel) with a rhodium target to generate the X-Rays. Samples were prepared by mixing the zeolite with corn starch at a ratio
of 4:1 weight zeolite: corn starch. The mixture was added to an aluminum cup with a
diameter of 3 cm and a depth of 0.75 cm. Once packed by hand pressure, the cup was
loaded into a hydraulic press and pressure applied for 1 minute up to 700 psi, once
reached the sample was held for 1 minute at 700 psi and then for 1 minute the pressure
was released.
2.5 Surface Area Analysis:
Surface area analysis was performed using an ASAP 2020 machine made by Micrometrics (Norcross, Georgia). The program used for the analysis was the “5-point BET
Analysis” program supplied by the manufacturer. Some modifications were required and
consisted of adding parameters from the standard micropore analysis program (from the
manufacturer) to the 5 Point BET Program. The samples were degassed at 350 ᴼC at 1 mm
Hg for 4 hours and backfilled with nitrogen gas. The BET analysis was performed using
nitrogen gas and the micropore analysis was performed using helium gas. Calibration of
the machine was checked by running a standard supplied by Micrometrics.
2.6 Lead Removal Studies:
An analysis of the amount of lead absorbed or adsorbed by the zeolite was performed
using a Buck Scientific Model 200A atomic absorption spectrometer. A Fisher hollow cathode tube for lead analysis was used at an operating current of 10 mA. The detector was
set to a wavelength of 283.3 nm with a slit width of 0.7 nm.
A 335 mg/L concentrated lead nitrate solution was made using water with a pH of
4.5 which was adjusted using HNO3 acid. 0.250 grams of previously dried zeolite was
added to 150 mL of the 335 ppm lead nitrate solution and stirred for 5 days at room temperature [29]. After 5 days the solution was centrifuged, the sample was diluted and analysis was performed on the AAS.
2.7 NMR Study of Zeolite:
Al MAS and 29Si MAS NMR analyses of calcined NV-Na and 30 min HCl NV-Na
were performed at ambient temperature on a Varian Infinity-Plus NMR spectrometer
equipped with a 6 mm MAS broadband probe operating at 79.41 MHz for 29Si, 104.2 MHz
for 27Al, and 399.75 MHz for 1H. Samples were spun at the magic angle at 4 kHz. A standard one-pulse was used for all experiments. The 29Si pulse width was 4 µs, the pulse delay
was 120 s, the acquisition length was 20.5 ms, and between 650-700 scans were collected.
Exponential multiplication of 100 Hz was used before the Fourier transform. Chemical
shifts were referenced against an external sample of talc at -98.1 ppm relative to TMS (tetramethylsilane) at 0 ppm. The 27Al pulse width was 1 µs, the pulse delay was 0.2 s, the
acquisition length was 2.1 ms, and between 8,000-10,000 scans were collected. Exponential
multiplication of 100 Hz was used prior to the Fourier transform. Chemical shifts were
referenced against an external sample of 1M Al(NO3)3 at 0.0 ppm.
27

2.8 Scanning Electron Microscopy
SEMs were performed on a Hitachi S4700 Scanning Electron Microscope at a voltage
of 15-20 kV and 10-20 µA.
2.9 ATR-FTIR
FTIR was performed on a PerkinElmer Spectrum one (neat samples) with a Perkin
Elmer universal ATR sampling attachment.
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3. Results and Discussion
3.1. X-Ray Diffraction
3.1.1. Initial Phase Assignment
The spectra obtained for AZLB-Ca, Fig. 1 and AZLB-Na, Fig. 2 suggests the presence
of chabazite if one compares the patterns to that obtained from simulations [30] of singlecrystal X-ray data [21]. In particular, we note the presence of the intense reflections for
Miller indices (1 0 0) and (3 1 1) at 2θ of 9.40° and 30.40° respectively which are ascribed
to chabazite [30]. These suggest that the samples were dominantly chabazite, however
differing ratios of erionite and AlPO4-D were also evident in the samples [30,31]. Interestingly, no phases indicative of clinoptilolite, heulandite, or alpha quartz were observed in
either sample AZLB-Ca or AZLB-Na, Figs. 1 and 2 respectively.
The X-ray powder spectra for the clinoptilolite samples, NV-Na Fig. 3 and NM-Ca
Fig. 4 also contained large differences. Evidence for clinoptilolites is in the presence of
reflections at 9.88°, 11.19° and 22.49° in 2θ ascribable to the (0 2 0), (2 0 0) and (3 3 0) Miller
indices respectively [30,32,33]. In the case of the calcined NV-Na sample (Fig. 3) signals
for these peaks are quite intense and the sample appears to be quite pure. There was a
match for clinoptilolite-Na (card [00-900-1391]) at a FoM of 0.75 determined using QualX2
[27]. Raw data from the diffractometer were converted with PowDLL [28] for use with the
QualX2 program. In the case of NM-Ca (Fig. 4), the most intense peak is located at about
a 2θ of 26.6° and the program QualX2 [27] could not find a match to clinoptilolite. This is
probably because this calcined NM-Ca sample is mostly alpha quartz which has its most
intense reflection at a 2θ of 26.65° due to the (1 0 1) Miller phase [34]. There is some evidence of clinoptilolite in the sample judging by small peaks at the 2θ angles mentioned
above but it is clearly not the dominant constituent. No chabazite or erionite species were
observed in either sample NV-Na or NM-Ca.

Figure 1. The XRD pattern of calcined AZLB-Ca. Abbreviations ERI=erionite, CHA=chabazite,
APD=AlPO4-D , RI=Relative intensity. Identification based on data in reference [30].
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Figure 2. The XRD pattern of calcined AZLB-Na. Abbreviations ERI=erionite, CHA=chabazite,
APD=AlPO4-D, RI=Relative intensity. Identification based on data in reference [30].

Figure 3. The XRD pattern of calcined NV-Na. Abbreviations, CLI = clinoptilolite, RI= relative intensity. Identification based on data in reference [30]. Solid vertical lines represent card [00-9001391] clinoptilolite-Na at a FoM of 0.75 as determined using QualX [27]. Raw data converted with
PowDLL [28].

Figure 4. The XRD pattern of calcined NM-Ca. Abbreviations, CLI = clinoptilolite, RI=relative intensity. Identification based on data in reference [30].

The AZLB-Na and AZLB-Ca zeolites lost all crystallinity when boiled in HCl acid for
30 minutes which is demonstrated by the loss of all sharp reflections and the spectra appearing as broad bumps (Figs. 5 and 6) as a result of random scattering due to an amorphous material. In contrast, the NV-Na and NM-Ca zeolites did not lose all crystallinity
during the boiling process in HCl acid (Figs. 7 and 8, respectively). This is conclusive evidence of the instability of these chabazites subjected to HCl modification and the inherent
stability of the clinoptilolites as evident in the 30 min HCl NV-Na, Fig. 7, card [00-9001393] clinoptilolite-Na at a FoM of 0.66, and 30 min HCl NM-Ca, Fig. 8, card [00-901-4410]
boggsite [35] of formula Ca3.4O70.76Si24 at a FoM of 0.77, both determined using QualX2 [27].
In particular, NM-Ca registered the least change possible because it is mostly composed
of alpha quartz, Fig. 8.
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Figure 5. The XRD patterns of calcined AZLB-Ca and 30 minute HCl AZLB-Ca.

Figure 6. The XRD patterns of calcined AZLB-Na and 30 minute HCl AZLB-Na.

Figure 7. The XRD patterns of Calcined NV-Na and the 30 minute HCl NV-Na.
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Figure 8. The XRD patterns of Calcined NM-Ca and 30 minute HCl NM-Ca.

3.2 Surface Area Analysis
Based on the fact that the chabazite samples lost crystallinity upon treatment with
conc. HCl, we only conducted surface area analyses on the clinoptilolite samples. Thus
NM-Ca and NV-Na were both subjected to boiling concentrated HCl acid for a varying
amount of time from 10-40 minutes as listed with the surface area analysis results (Table
1). This indicated that 30-minute etching of the zeolite produced the highest surface area
with 40-minute etching resulting in a decrease in the surface area which is likely due to
the acid collapsing some of the crystalline structure. Therefore, in this case, the optimum
time for boiling the clinoptilolite zeolite in HCl acid is 30 minutes. In the case of NV-Na,
the surface area increased from 19 to 158 m2/g and the pore volume increased from 0.04
cm3/g to 0.12 cm3/g. The NM-Ca increased in surface area from 20 to 111 m2/g and the pore
volume increased from 0.04 to 0.10 cm3/g.
The values for the micropore, mesopore, and external surface areas provide valuable
insight into what is happening during the etching process, Tables 1 and 2. There is a dramatic increase in micropore area of the HCl acid-etched zeolites, 4.800 to 94.99 m2 /g for
calcined NV-Na to 30 min HCl NV-Na and 2.730 to 55.15 m2/g for calcined NM-Ca to 30
min HCL NM-Ca, suggesting that either new micropores are forming and/or the existing
micropores are being deepened increasing their surface area. In the case of the calcined
NM-Ca sample versus the 10-Min HCl NM-Ca sample, Table 2, the 10 min HCl NM-Ca
sample has a smaller average micropore diameter going from 4.584 to 4.388Å and this
likely represents new micropores being formed thus lowering the average value for the
micropore diameter. The 30 min HCl NM-Ca sample seems to reach a maximum average
micropore diameter of 4.597 Å before declining in the 40 min HCl NM-Ca sample to
4.588Å which is probably due to the crystallinity of the zeolite collapsing based on the loss
of surface area of the sample, see Table 1. In contrast, NV-Na appears less stable to HCl
treatment and the average micropore diameter increases from 4.586 to 4.600Å for calcined
NV-Na to 30 min HCl NV-Na respectively.
In the case of mesopores, calcined NV-Na has a value of 91.00Å which decreases to
31.06Å in the 10 min HCl NV-Na sample. This is attributable to the formation of new
mesopores thus lowering the average diameter of mesopores. The same trend is observed
with the calcined NM-Ca sample which has an initial average mesopore diameter of
93.71Å (calcined NM-Ca) and changes to 40.31Å (10 min HCl NM-Ca) sample. In the case
of the NM-Ca zeolite, the average mesopore diameter continues to become lower with
longer treatment in HCl acid, however, the NV-Na zeolite reaches equilibrium around a
32Å average mesopore diameter (Table 2).

Table 1. The surface area analysis measurements for calcined and HCl etched zeolites.
Sample

5 Point BET Surface

Pore Volume

Micropore Volume

Micropore

External Surface

area (m2/g)

(cm3/g)

(cm3/g)

Area (m2/g)

Area (m2/g)

NV-Na Calcined

19.0(4)

0.04

0.002

4.8

14.23

10 min HCl NV-Na

147(6)

0.11

0.049

93.28

52.05

20 min HCl NV-Na

141(6)

0.11

0.043

81.43

59.87

30 Min HCl NV-Na

158(7)

0.12

0.051

94.99

63.15

40 min HCl NV-Na

138(6)

0.11

0.041

75.06

63.49

NM-Ca Calcined

20.0(1)

0.04

0.001

2.73

17.27

10 min HCl NM-Ca

82.0(3)

0.08

0.021

38.71

43.36

20 min HCl NM-Ca

89.0(3)

0.08

0.022

41.61

47.75

30 min HCl NM-Ca

111(4)

0.1

0.029

55.15

56.22
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0.08

0.028

53.53

48.28

Table 2. The average mesopore and micropore diameter.
Sample

Average Micropore

Average Mesopore

Diameter (Å)

Diameter (Å)

NV-Na Calcined

4.586

91.00

10 min HCl NV-Na

4.597

31.06

20 min HCl NV-Na

4.591

32.44

30 Min HCl NV-Na

4.600

31.72

40 min HCl NV-Na

4.598

32.95

NM-Ca Calcined

4.584

93.71

10 min HCl NM-Ca

4.388

40.31

20 min HCl NM-Ca

4.584

39.62

30 min HCl NM-Ca

4.597

36.36

40 min HCl NM-Ca

4.588

34.63

3.3 X-Ray Fluorescence/EDS
The NM-Ca zeolite has a much greater mole percentage concentration of Ca (6.31%)
compared to that for NV-Na (1.14%) while containing less Na, (0.10 to 0.25 respectively),
clearly justifying the label, Table 3. There is also more Fe in NM-Ca compared to NV-Na
(2.67 to 0.79% respectively) and correspondingly less Si (76.26 to 84.36% respectively). The
X-ray fluorescence data results in Table 3 show by way of the reduction in molar percentage concentrations that etching the zeolites in concentrated HCl acid effectively removes
sodium, calcium, potassium, magnesium, iron, and aluminum while it appears the silicon
remained mostly unaffected. Table 4 lists the weight percentage data supplied by the
Table 3. The XRF data for zeolites in mole %.
Experimental Run

Na

Ca

K

Mg

Fe

Al

Si

P

Si:Al2 Ratio

NV-Na

0.25±0.08

1.14±0.04

3.34±0.08

0.30±0.08

0.79±0.01

9.27±0.24

84.36±0.70

0.442±0.08

4.55

30 Min NV-Na

0.02±0.04

0.05±0.01

0.30±0.02

0.16±0.04

0.04±0.002

4.16±0.11

95.04±0.49

0.17±0.03

11.42

NM-Ca

0.10±0.04

6.31±0.11

4.29±0.10

0.52±0.05

2.67±0.04

9.51±0.17

76.26±0.46

0.27±0.04

4.01

30 Min NM-Ca

0.04±0.04

0.42±0.04

2.54±0.08

0.17±0.05

0.07±0.002

4.71±0.13

91.83±0.56

0.17±0.04

9.75

manufacturer [36] and that obtained by converting the molar percentages in Table 3 to
weight percentages. This requires the assumption that only the ions listed in Table 3 were
present and that they are present in the zeolite in the oxide form indicated in the table.
Additionally, XRF is not good at determining very low concentrations. However, there
are large differences in the weight percentages between our determinations and those determined by the manufacturer. This may well be due to natural variation in the samples
used in the studies. Our determinations of the concentrations of Al2O3 would appear to be
much lower whereas those for SiO2 are higher compared to those listed by the manufacturer. However, this does correlate with the X-ray powder diffraction pattern where
quartz was found in NM-Ca, Fig. 8. On this basis, NV-Na is composed mostly of K2O,
Al2O3, and SiO2 in contrast to NM-Ca where CaO, K2O, Fe2O3, Al2O3, and SiO2 are the major
contributors. This calculation allows for a stoichiometric formula for NV-Na of
[Na2O]0.01[CaO]0.11[K2O]0.27[MgO]0.02[Fe2O3]0.11[P2O5]0.05[Al2O3]0.80[SiO2]8.63 and NM-Ca of
[CaO]0.60[K2O]0.34[MgO]0.04[Fe2O3]0.36[Al2O3]0.83[SiO2]7.79.
Table 4. The weight percentages from our calculated data and that of the manufacturer.
NV-Na
Experimental

mole %

Formula

Run
Na

0.10

Na2O

NM-Ca

Calculated

Manufacturer

Calculated

Manufacturer

Wt%

Wt %a

Wt%

Wt%a

0.13

3.5

0.05

0.3
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Ca

6.31

CaO

1.09

0.8

6.02

3.4

K

4.29

K 2O

2.68

3.8

3.44

3.2

Mg

0.52

MgO

0.21

0.4

0.36

1.4

Fe

2.67

Fe2O3

1.07

0.7

3.63

1.6

Al

9.51

Al2O3

8.04

11.9

8.25

11.9

Si

76.26

SiO2

86.25

69.1

77.94

64.9

P

0.27

P2O5

0.53

0.33

>0.05

100

86.7

MnO

0.02

TiO2
Total

0.1
100

90.32

reference [36]

a

3.4 Lead Removal Study
We were interested in comparing the lead absorption and/or adsorption capacities
between the calcined material and the 30 min HCl modified clinoptilolites which had
more micropores and a larger surface area. First, AZLB-Na and AZLB-Ca removed
2.05(27) and 2.00(11) meq/g of Pb2+ and this was slightly more than the removal with the
clinoptilolites as evident in Table 5. This difference, i.e., better removal with chabazites
than clinoptilolites was previously noted [24]. Two other natural clinoptilolites report an
ion exchange of 0.730 meq/g Pb2+ [37], and 0.433 meq/g Pb2+ [38]. NV-Na calcined is significantly better at the ion exchange of Pb2+ than these natural clinoptilolites at 1.50±0.17
meq/g, Table 5. NM-Ca, 30 min HCl NV-Na, and 30 min HCl NM-Ca s are not efficient at
the ion exchange of Pb2+ with ion exchanges of 0.27, 0.41, and 0.06 respectively, Table 5.
The results of this lead removal study prove that treating the zeolite in HCl acid decreases the ability of the zeolite to remove lead ions from the solution. Theoretically, if the
removal of lead was based on ion exchange, the Pb2+ ion would likely exchange with K+
due to the radius of Pb2+ being 133 pm versus K+ having a radius of 137 pm [39]. However,
if lead ions are exchanged solely with K+ ions, we would have expected NM-Ca to have a
higher rate of removal than NV-Na. The increase in uptake by NV-Na may be attributed
to the fact that it contains less quartz than NM-Ca, thus a more clinoptilolite structure, as
was evident in the X-ray powder diffraction spectra, Figs. 3 and 4.

Table 5. The Pb2+ removal by the zeolites at a time of 5 days at 35°C. [13]
Sample

Meq/g of Pb2+ (3 samples)

AZLB-Na

2.05 (27)

AZLB-Ca

2.00(11)

NV-Na calcined

1.50(17)

NM-Ca calcined

0.27(14)

30 Min HCl NV-Na

0.41(23)

30 Min HCl NM-Ca

0.06(9)

In order to increase the lead ion uptake, the zeolites were stirred in a 1M KCl solution
at 25°C for 5 days. They were then filtered and washed with water until the filtrate was
clear of chloride ions which was monitored by tests with silver nitrate solution [40]. After
drying and calcining at 550 °C for 5 hours, these treated zeolites were tested similarly for
their ability to remove lead ions from polluted water.
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Table 6. The Pb2+ removal by the K+ charged zeolites at a time of 5 days at 35°C.
Sample

Meq/g of Pb2+ (3 samples)

K+ charged NV-Na

0.84(5)

K+ charged NM-Ca

0.34(3)

K+ charged 30 Min HCl NV-Na

0.22(5)

K+ charged

0.07(9)

30 Min HCl NM-Ca

The results listed in Table 6 show that charging NV-Na with KCl decreased its ability
to remove lead as there was a significant decrease in the quantities removed, 1.50(17) for
NV-Na calcined to 0.84(5) meq/g for the K+ charged sample. There were no significant
differences with the other zeolites as this method did not have high enough precision as
is evident in the data in Tables 5 and 6. However, charging these zeolites with potassium
ions by stirring in a potassium chloride solution was ineffective at increasing the zeolite’s
ability to remove Pb2+ ions from the solution. It is also possible given the high percentage
concentration of Si in the two zeolites, removal of the Fe 3+ and Al3+ ions result in a more
electrically neutral species thus reducing the capacity for ion exchange.
3.5 27Al NMR
Aluminum NMR is very sensitive to the geometry with 6-coordinate species resonating around 4-11 ppm and 4-coordinate downfield in the range 55-66 ppm depending on
the nature of the aluminosilicate species [41]. Only one signal at 55 ppm belonging to tetrahedral aluminum species was evident in the 27Al spectrum of a clinoptilolite found in
Cuba [26]. As is evident in Fig. 9, which displays the 27Al NMR of the calcined NV-Na
sample, the Al in that sample is composed mainly of 4-coordinate Al species as the spectrum consists mainly of a large single resonance at 54.49 ppm. A much smaller quantity is
in the octahedral conformation which corresponds to the peak at 2.60 ppm. Applying a
framework equation [41] which equates the position of the 27Al isotropic chemical shift to
the angles on the Al (i.e., δAl = 132 - (0.5 • ∠Al-O-Si)) would suggest a mean ∠Al-O-Si of
155°. However, this derivation is not valid for zeolites with a high percentage of Si as other
factors also pertain [42].
Subjecting the zeolite to HCl resulted in changes in the 27Al NMR spectrum as evident
in Fig. 10. The peak for the 4-coordinate species in calcined NV-Na shifts from 54.99 to a
broad peak with peaks at 53.96 and 59.64 ppm for the 30 min HCl NV-Na. Additionally,
there is a slight shift in the octahedral resonance from 2.60 to 2.03 ppm. This indicates that
the ratio of tetrahedral to octahedral aluminum has changed, however, it is unknown
whether this is due to conversion or the dissolution of one of the forms following HCl
treatment [19].
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Figure 9. The 27Al NMR of calcined NV-Na externally referenced to 1M Al(NO3)3 at 0.0 ppm.

Figure 10. The 27Al NMR of 30 min HCl NV-Na externally referenced to 1M Al(NO3)3 at 0.0 ppm.

3.6 29Si MAS NMR
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3.6.1 Calcined NV-Na
The 29Si NMR spectrum of clinoptilolite has been reported to consists of peaks at
-112.8, -106.9, and -100.6 ppm with the peak at -106.9 having the highest intensity [43]. The
spectrum for calcined NV-Na contains many signals as listed in Fig. 11, but the one with
the most area occurs at -106.02 ppm (27.12%). Peaks at -112.14 (13.46%) and -100.1 (23.43%)
ppm are also obtained and these are probably from the clinoptilolite regions within calcined NV-Na. Peaks at -95.99 (19.56%), -101.11 (2.48%), -108.58 (13.90%) ppm are also evident in the deconvoluted analysis, Fig. 10. The peak at -95.99 ppm may be either due to
SiOH and Si(OH)2 groups as Si resonances for these groups lie in this range [43] or related
to the presence of Fe3+ complexes rather than Al3+ [26]. Studies on a natural clinoptilolite
from Cuba reported peaks and area percentages of -94.90 (5.7%), -97.8 (2.3%), -100.90
(34%), -106.90 (45.3%) and -112.70 (13.7%) [26]. These peaks are very close in position and
area to that ascribed to a heulandite zeolite which has the following peaks and areas, -93.44 (4.25%), -98.44 (31.26%), -104.63 (56.11%), and -111.41 (8.37%) [44]. However, in
our NV-Na sample, the peaks at -101.11 (2.48%) and -108.58 (13.90%) are probably due to
impurities with the one at -108.58 ppm possibly due to regions of pure (SiO2)n [45].
The Si:Al ratio was calculated from the 29Si MAS NMR data using Equation 1 [43].
=∑

∑
.

(

∗

)
(

)

(1)

In this equation, n represents the number of aluminum atoms connected to silicon through
an oxygen bridge, and a value of 4.34 for the Si:Al ratio pertains to justify a mostly clinoptilolite designation.

Figure 11. The 29Si NMR spectrum of calcined NV-Na referenced externally to a sample of talc at 98.1 ppm relative to tetramethylsilane (TMS) at 0 ppm. The shaded inset depicts the obtained resonances on top and the deconvoluted components of the fit below.

3.6.2 30 min HCl NV-Na
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There are dramatic changes to the 29Si NMR spectrum of the 30 min HCl NV-Na, Fig.
12, compared to NV-Na, Fig. 11. A peak (ppm) and area percentage profile of -91.13
(1.83%), -94.01 (1.97%), -97.51 (9.25%), -102.81 (22.40%), -108.37 (39.36%) and -112.33
(25.19%) is obtained. Thus we have the disappearance of the intense clinoptilolite peak at
-106.02 present in NV-Na and an increase in the peak at -108.37 which was ascribed above
to (SiO2)n entities. The peaks at -91.13 and -94.01 may be due to SiOH and Si(OH) 2 groups
and the peaks at -97.51 and -102.81 ppm correspond to silicon being connected to either 1
or 2 aluminum atoms via oxygen atom bridges [43]. As the nature of this modified zeolite
is not known precisely, the Si:Al ratio cannot be assessed.

Figure 12. The 29Si NMR spectrum of 30 min HCl NV-Na referenced externally to a sample of talc
at -98.1 ppm relative to TMS at 0 ppm. The resonances on top are from the sample and the deconvoluted components of the fit are below.

3.7 SEM
Scanning electron micrographs of calcined NV-Na and 30 min HCl NV-Na were obtained as presented in Fig. 13. The overall morphology of calcined NV-Na looks smoother
than those published at an equal magnification (i.e., 10 µm) and somewhat larger, approx.
20 µm compared to 5 µm [46]. HCl treatment results in a much less “smooth” surface
comparing the images in Fig. 13 (b) for calcined NV-Na and (e) for 30 min HCL NV-Na
and there appear to be many more voids which correlates positively with the increase in
surface area measurements from the BET calculations. The 5 µm images for the samples
consist of smooth surfaces albeit with smaller particle sizes for the 30 min HCl NV-Na.
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Figure 13. The SEM images of calcined NV-Na at a 100µm scale (a), a 10µm scale (b), and a 5µm
scale (c) and that of 30 min HCl NV-Na at a 50µm scale (d), a 10µm scale, (e), and a 5µm scale (f).

3.8 FTIR
The FTIR spectra for the calcined and HCl-modified clinoptilolites are displayed in
Fig. 14. All contain a small absorption around 1650 cm-1 which has been ascribed to a deformation vibration of residual water bound up inside of the zeolite [47]. The very large
broad absorption is due to stretches of the Si-O or Al-O bonds of a tetrahedral nature in
the zeolite. It is noteworthy that the center of this absorption shifts from 1024 to 1071 cm-1
for the calcined NV-Na to 30 min HCl NV-Na. Quartz is known to have a large absorption
around 1088 cm-1 [48] and the fact that this peak for the 30 min HCl NV-Na occurs at 1071
cm-1 would suggest that most of the non-Si elements were removed in the HCl treatment,
leaving behind essentially porous quartz. The peaks around 795 cm-1 are due to the symmetric stretch of Si-O or Al-O bonds of a tetrahedral nature of the zeolite [49]. Finally, the
peak that appears in calcined NV-Na at 672 cm-1 is indicative of an octahedral species most
likely aluminum or iron [47].
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Figure 14. The FTIR spectra of Calcined NV-Na, 30 min HCl NV-Na, Calcined NM-Ca, and 30 min
HCl NM-Ca.

4. Conclusions
Of the four zeolites studied AZLB-Ca, AZLB-Na, NV-Na, and NM-Ca, the two chabazites (AZLB-Na and AZLB-Ca) lost structural integrity after boiling in concentrated HCl
acid. These materials lost all crystallinity as is evident by the amorphous pattern generated in the powder X-ray diffraction patterns. Zeolites NV-Na and NM-Ca, which are clinoptilolites, withstood boiling in concentrated HCl acid as can be seen by the remaining
sharp peaks in their powder X-ray diffraction spectra. Results from X-ray fluorescence
measurements confirmed that concentrated HCl acid was effective at removing aluminum, calcium, magnesium, sodium, potassium, and iron from the framework. These two
results suggested that NM-Ca had a higher concentration of quartz impurities than NVNa. The increase in pore size/ or increase in the number of pores by removing atoms from
the structure was confirmed via BET surface area analysis. A lead removal study
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performed to determine whether the increase in pore size/ or increase in the number of
pores after the acid treatment would result in increased capturing of lead ions, found that
the acid treatment decreased the ability of the zeolite to absorb lead ions from the solution.
This increase in surface area of the natural zeolites due to the acid treatment was not useful at increasing the cation removal or ion exchange capabilities.
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