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Abstract
In this study, natural clinoptilolite was treated with HCl, HNO3, and C2H2O4 at 
various concentrations (0.1, 0.5, and 1.0 M) at different temperatures (60, 70, and 
80  °C) and treatment times (2, 3, and 4  h). The hydrogen adsorption capacity of 
natural clinoptilolite increased from 0.446 to 3.255 mmol/g after treating with 0.5 M 
HNO3 at 80 °C for 2 h. The correlation of the newly produced textural and structural 
properties with hydrogen adsorption ability is explained by characterizing the modi-
fied clinoptilolites using X-ray fluorescence (XRF), X-ray diffraction (XRD), nitro-
gen adsorption/desorption isotherms, and temperature programmed desorption of 
ammonia (NH3-TPD) measurements. The results show that the hydrogen adsorption 
capacity of modified clinoptilolites is associated with both the quantity and strength 
of the strong acid sites, in addition to the enhanced surface area and micropore vol-
ume. The hydrogen adsorption data for natural and acid-treated clinoptilolite sam-
ples at 77 K obeyed the Freundlich isotherm model.

Keywords  Natural zeolite · Clinoptilolite · Acid treatment · Hydrogen adsorption · 
Adsorption isotherm

Introduction

The world is grappling with the challenges caused by climate change and is attempt-
ing to reduce greenhouse gas emissions. Carbon dioxide (CO2) emissions constitute 
75% of the global greenhouse gas emissions. Furthermore, the contribution of trans-
portation to total greenhouse gas emissions is 23%, 70% of which is due to the fossil 
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fuels used by road vehicles [1, 2]. Since the 1960s, the replacement of the internal 
combustion engine used in road vehicles with more effective, low-emission alterna-
tive power sources has been discussed, and it has been contended that fuel cells are 
the power source that most closely matches the internal combustion engine. Cur-
rently, there is still much support for this viewpoint [3]. Based on this view, many 
countries are concentrating on hydrogen to reduce their carbon emissions and their 
dependency on fossil fuels, and to use it in fuel cells as an energy source [4, 5].

Hydrogen is a simple molecule with the lowest energy density per unit of vol-
ume. However, the energy density per unit weight was higher than that of the other 
fuels. For this reason, hydrogen is used as a fuel in energy conversion systems, such 
as fuel cells. Hydrogen undergoes oxidation in a fuel cell, resulting in the produc-
tion of power and water. Consequently, the process does not release any greenhouse 
gases, unlike fossil fuel combustion, and is thus not detrimental to the environment. 
Moreover, the calorific value of hydrogen is three times higher than petroleum [6]. 
Although hydrogen is an expensive fuel owing to its production cost, hydrogen gen-
eration is possible using different primary energy sources [7].

The critical link between hydrogen generation and its use as a clean energy 
source for transportation is hydrogen storage. Four different methods were used 
for hydrogen storage. These include i) gas under high pressure, ii) liquid hydrogen, 
iii) chemical adsorption, and iv) physical adsorption. For hydrogen storage as a gas 
under high pressure, steel or aluminum containers alone are insufficient in terms 
of mechanical strength, and composite containers with high mechanical strength, 
in which carbon fiber and resin are also used, are being developed. However, the 
cost and maintenance of these containers are barriers to the use of hydrogen-using 
fuel cells. More liquefied hydrogen can be stored per unit volume than high-pressure 
hydrogen gas. This storage method has a higher storage density than the other meth-
ods. However, the energy cost required to liquefy hydrogen is high and hydrogen 
evaporates at room temperature, causing losses. The need for cryogenic temperature 
requires liquid-hydrogen containers to be thermally insulated. As a result, cryogenic 
hydrogen containers typically employ vacuum insulation; these are vessels consist-
ing of two walls with a vacuum in between them to provide thermal insulation. This 
approach reduces heat loss and improves storage efficiency. However, boiling losses 
are expected to occur due to thermal conduction through other components, while 
heat flows from the medium to liquid-hydrogen [8]. The chemisorption method was 
used to store hydrogen in the gas phase of solid metal hydrides. Many metal-hydride 
materials have been used for this purpose. Although metal hydrides have a high stor-
age capacity, low cost, and lightweight, high temperatures are required to release 
hydrogen from the metal hydride structure because hydrogen molecules are strongly 
bound in the metal hydride structure and have slow reaction kinetics. Physisorption 
deposition is the weak adsorption of hydrogen molecules on the material surface by 
London dispersion forces. It is attractive in terms of cost because it can store hydro-
gen molecules at room temperature and relatively low pressure using physisorption 
technology. The materials used in physisorption are generally porous because a large 
surface area is required. The advantages of this method include its light weight, high 
storage density, superior reversibility, cycle stability, and fast charging–discharg-
ing rate. Zeolites, metal–organic frameworks (MOFs), covalent organic frameworks 
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(COFs), and carbon materials are considered to be physisorption materials. Each of 
these materials exhibits characteristics such as shape selectivity, adsorption capac-
ity, stability, and durability [9].

Zeolites are highly crystalline alumina silicate materials that can be synthesized 
industrially or mined naturally. Owing to their lattice and channel structures, high 
thermal stability, and large ion exchange capacities, they have outstanding potential 
for encapsulating nonpolar gases such as hydrogen [10]. Zeolites with a high Si/Al 
ratio and high hydrophobicity exhibit strong interactions with nonpolar molecules 
[11]. The zeolites with different Si/Al ratios can be obtained via hydrothermal syn-
thesis or post-synthesis methods. However, the post-synthesis method is applicable 
to arrange SiO2/Al2O3 ratios for the natural zeolites, which is carried out by dealumi-
nating of the zeolites using acid treatment or desilicating of the zeolites using alkali 
treatment. The acid treatment could remove part of aluminum from framework of 
natural zeolite and the corresponding SiO2/Al2O3 ratios of zeolites increased based 
on the dealumination efficiency of acid treatment [11]. Wang et al. stated that the 
acid-treated zeolites with different Si/Al ratios controlled by acid concentration had 
higher specific surface area, micropore volume, silanol group content, and hydro-
phobicity than those for the natural zeolites [11].

Clinoptilolite is a low-cost, abundant natural zeolite. It has a two-dimensional 
channel system and consists of two parallel channels forming from a 10-membered 
ring (7.2 Å × 4.4 Å) and an 8-membered ring (4.7 Å × 4.1 Å) that intersect with a 
third channel composed of 8- membered rings (5.5 Å × 4.0 Å) [12, 13]. The frame-
work of clinoptilolite is composed of SiO4 and AlO4 tetrahedra with charge-balanc-
ing cations, such as Na+, K+, Ca2+, and Mg2+. The presence of cations or miner-
als in the zeolite structure affects its adsorption capacity, and acid treatment causes 
decationization and dealumination, rendering an improved adsorbent from natural 
zeolite [14]. The type, location, and distribution of exchangeable cations and the 
corresponding effects of these cations on channel blockage affect the adsorption and 
diffusion of modified clinoptilolite [15, 16].

There are a limited number of studies on hydrogen adsorption on natural clinop-
tilolite [17, 18]. Erdoğan and Dikmen investigated the effects of acid type (HCl, 
HNO3, and H2SO4) and acid concentration (2.0, 4.0, and 6.0 M) on clinoptilolite-
rich tuff at 90 °C for 4 h. They state that the hydrogen adsorption capacities of the 
prepared samples are between 1.609 and 2.391 mmol/g, and the hydrogen adsorp-
tion capacities of these samples were decreased, although significant increases in 
microporous surface areas and micropore volumes with the nitric and hydrochloric 
acid treatments up to 4.0 M [18].

Acid treatment can affect the physicochemical features of natural zeolites and 
improve their hydrogen adsorption capacity. The effective parameters in acid treat-
ment are the acid type, concentration, operating temperature, and time [19]. There-
fore, the optimal acid treatment conditions to enhance the hydrogen adsorption 
capacity of natural zeolites must be determined.

The Taguchi method is an effective experimental methodology that focuses on 
minimizing the number of experiments needed within a certain range of factors and 
levels. It involves designing experiments, analyzing the signal-to-noise (S/N) ratio, 
and optimizing the results. The method uses orthogonal arrays to efficiently identify 
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significant factors, assess each experiment’s performance, and determine the optimal 
levels of factors for optimal performance [20–22].

This study aimed to develop an economical and effective method for producing 
H2 storage materials from natural zeolites and determine the relationship between 
the physicochemical properties and hydrogen storage capacity of modified zeolites. 
Natural clinoptilolite, which is widely distributed and economically mined world-
wide, was selected as the hydrogen-adsorption material. The Taguchi method was 
used to improve the acid treatment parameters of natural clinoptilolite to maximize 
its hydrogen adsorption capacity. The correlation between the newly produced tex-
tural and structural properties and the hydrogen storage performance of the modified 
clinoptilolite samples is discussed.

Experimental

Materials and preparation of natural clinoptilolite

Hydrochloric acid (HCl, 37%, extra pure), nitric acid (HNO3, 65%, Emsure grade), 
and oxalic acid dihydrate (C2H2O4·2H2O, ≥ 99.0%) were purchased from Merck. 
Hydrogen gas (N5.5 purity) and nitrogen gas (N5.0 purity) were provided by Linde.

The natural clinoptilolite Gördeş (Manisa, Türkiye) was supplied by Rota Min-
ing Corporation in powder form with a particle size of 10 µm. Initially, 25 g of raw 
samples were washed with 500 mL of deionized water at 50 °C for 2 h to remove the 
soluble salts and then dried in an oven at 80 °C overnight. The natural form of the 
clinoptilolite sample was labeled S0 and stored in a desiccator.

Modification of natural clinoptilolite

An experimental design with four factors and three levels of each factor was used to 
modify the S0 clinoptilolite sample (Table 1). The factors are the acid solution (HCl, 
HNO3, and C2H2O4), concentration of the acid solution (0.1, 0.5, and 1.0 M), treat-
ment temperature (60, 70, and 80 °C), and treatment time (2, 3, and 4 h). The treated 
samples, filtered from the solution, were then rinsed with deionized water to neutral-
ize them before being dried in an oven for 16 h at 80 °C.

Table 1   Experimental 
parameters and their levels

Symbol Parameters Levels

1 2 3

A Concentration of solution, M 0.1 0.5 1.0
B Type of solution HCl HNO3 C2H2O4

C Temperature, °C 60 70 80
D Time, h 2 3 4
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Orthogonal array and experimental parameters

Taguchi’s experimental design method was used to determine the best clinoptilolite 
modification characteristics for hydrogen adsorption. The Taguchi approach uses an 
orthogonal array (OA) to conduct experiments and evaluate the results by calculat-
ing the signal-to-noise ratio (S/N). Based on the number of parameters and their 
levels in Table 1, the L9 orthogonal array design in Table 2 was selected [22]. This 
study aimed to improve the ability of clinoptilolite samples to adsorb hydrogen; as 
a result, the larger-the-better hydrogen adsorption capacity of the sample was desig-
nated as the performance characteristic.

Characterization and hydrogen adsorption of clinoptilolite samples

The chemical compositions of the natural and modified clinoptilolite samples were 
measured using wavelength-dispersive X-ray fluorescence spectroscopy (WD-XRF) 
with a Rigaku ZSX-Primus. The crystal structures of the clinoptilolite samples were 
determined by X-ray diffraction (XRD, Rigaku MiniFlex 600). The measurements 
were obtained in the range of (2θ) 5°to 40° at a scan rate of 0.02°/s using CuKα 
radiation (λ = 0.15406 nm).

The acidity of the natural and modified clinoptilolite samples was analyzed by 
temperature-programmed desorption of ammonia (NH3-TPD) measurements per-
formed on a Quantachrome Autosorb IQ-Chemi-XR instrument. For NH3-TPD anal-
ysis, approximately 100 mg of the sample was flushed with 50 mL/min of helium 
stream for 3  h at 350  °C, then cooled to 100  °C and saturated with pure ammo-
nia flow at 100  °C for 30  min. The sample was then flushed with 50  mL/min of 
helium stream for 2.5 h to remove loosely adsorbed NH3, and the remaining strongly 
adsorbed NH3 was desorbed by increasing the temperature to 700 °C at a heating 
rate of 10 °C/min.

A Quantachrome Autosorb IQ-MP-XR instrument was used to obtain the hydro-
gen and nitrogen adsorption isotherms of the natural and modified clinoptilolite 
samples at 77 K. Samples were outgassed for 12 h at 300 °C in vacuum before the 
measurement. The size distributions of the unmodified and modified clinoptilolite 

Table 2   L9 orthogonal array 
layout

Experiment 
no

A B C D Sample no

1 1 1 1 1 S1
2 1 2 2 2 S2
3 1 3 3 3 S3
4 2 1 2 3 S4
5 2 2 3 1 S5
6 2 3 1 2 S6
7 3 1 3 2 S7
8 3 2 1 3 S8
9 3 3 2 1 S9
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samples were estimated using the nonlocal density functional theory (NLDFT) 
technique. The kernel was "N2 at 77 K on silica, cylindrical pores, and adsorption 
branches " for the NLDFT [23].

Results and discussion

Characterization of clinoptilolite samples

The bulk chemical compositions of the natural (S0) and modified clinoptilolites (S1-
S9) are listed in Table 3.

XRF analysis shows the contents of Si, Al, Na, K, Mg, Ca, Fe, Ti, and Mn in the 
natural clinoptilolite crystal. Table 3 indicates that the S0 sample had high potas-
sium and calcium contents, whereas the sodium and magnesium contents were low. 
The most common charge-balancing cations of clinoptilolite are Na+, K+, Mg2+, and 
Ca2+ [15]; thus, the presence of Fe, Ti, and Mn can be considered to be impurities 
of the clinoptilolite originating from the zeolitic tuff. Moreover, it was observed that 
the acid treatment expelled Na+ and Mg2+ cations from the framework (S1-S9). As 
the acid concentration increased from 0.1 M to 1.0 M, the concentrations of K, Ca, 
and Fe atoms decreased progressively (S1-S9). While the CaO concentration was 
mainly reduced in the HCl treatment (S1, S4, S7), the K2O and Fe2O3 contents sig-
nificantly decreased in the oxalic acid treatment (S3, S6, S9). The treatment of natu-
ral clinoptilolite with an increasing concentration of oxalic acid solution increased 
the Si/Al molar ratio owing to dealumination (S3, S6, S9). XRF data confirmed that 
the acid treatment conditions changed the composition of the natural clinoptilolite.

The XRD patterns of the natural and modified clinoptilolite samples are shown in 
Fig. 1. The diffraction peaks observed at 2θ values of 9.88°, 11.24°, 22.42°, 26.06°, 
28.18°, 30.12°, and 32.04° are attributed to the characteristic peaks of clinoptilo-
lite [17, 24–27]. The XRD pattern of natural zeolite is typical of clinoptilolite with 

Table 3   Bulk chemical compositions of natural and modified clinoptilolites

Sample No Constituent oxides, wt. % Si/Al mol ratio

SiO2 Al2O3 Na2O K2O MgO CaO Fe2O3 TiO2 MnO LOI

S0 61.90 12.20 0.76 2.45 1.38 3.73 1.89 0.22 0.07 15.40 4.31
S1 64.80 11.90 0.44 2.33 1.26 2.65 1.71 0.17 0.05 14.70 4.62
S2 64.20 11.80 – 2.32 1.18 2.78 1.83 0.12 0.04 14.70 4.62
S3 66.50 10.60 0.46 2.09 0.92 3.25 1.10 0.14 – 14.90 5.32
S4 72.50 8.48 0.32 1.90 0.62 1.26 1.52 0.20 – 13.10 7.25
S5 71.60 10.00 0.44 1.72 0.53 1.21 1.63 0.17 – 12.60 6.08
S6 72.30 6.34 0.55 1.50 – 3.67 0.91 – – 14.70 9.68
S7 74.50 7.67 0.49 1.48 0.44 0.78 0.83 0.15 – 13.70 8.24
S8 72.40 8.64 0.58 1.49 0.70 0.89 1.63 0.15 – 13.50 7.11
S9 71.00 6.37 – 1.19 0.34 3.47 0.78 0.13 – 16.70 9.46
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traces of impurities such as illite/mica (2θ = 8.8°), feldspar (2θ = 27.7°), and opal-
cristobalite-tridymite (opal-CT) [17, 26–30]. The calcium oxalate formed by leach-
ing calcium from natural clinoptilolite with an oxalic acid solution gave rise to dif-
fraction peaks at 14.9° and 24.3° [31].

As shown in Fig.  1, the decrease in peak intensities with increasing acid con-
centration implies the partial destruction of the microstructure in the clinoptilolite 
owing to the removal of Al from the framework, which depends on the acid treat-
ment parameters given in Table 1. The XRD peaks shifting to higher 2θ values can 
be explained by dealumination [32]. The oxalic acid treatment caused the highest 
shift in the XRD peaks of the samples (Fig. 1). While dealumination with mineral 
acids, such as HCl and HNO3, shows poor performance in Al extraction, oxalic acid, 
which is an organic acid, is more efficient than mineral acids. The literature is con-
sistent with these findings [33–35]. Additionally, the XRF data given in Table  3 
show that the dealumination of natural clinoptilolite with acid treatment increases 
the Si/Al ratio.

The XRF and XRD results show that the acid treatments of the natural zeolite 
cause significant decationization and dealumination, resulting in a loss of crystal-
linity. From the XRD patterns, the main clinoptilolite peaks, e.g., (020), (200), and 
(330) for modified zeolites decrease with increasing the severity of acid treatment 
affected by the combined influences of acid concentration, treatment time, and tem-
perature, which suggests the reduction of crystallinity of clinoptilolite.

Fig. 1   XRD patterns of the natural and modified clinoptilolite samples
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The N2 adsorption/desorption isotherms of the natural and modified clinoptilo-
lites that are treated with 0.1 M-1.0 M different types of acid solutions are given in 
Figs. 2, 3, 4.

Natural clinoptilolite (S0) and acid-treated clinoptilolite samples (S1–S9) exhibit 
nitrogen sorption data consistent with hybrid type II/IVa isotherms [36]. Capillary 
condensation occurring in the mesopore structure together with hysteresis loops 
can be seen in the isotherms for the samples treated with various solutions under 
the parameters listed in Table 2 [36]. The pore size distributions of the natural and 
modified clinoptilolite samples were obtained using the NLDFT cylindrical pore 
model. The fitting errors between the experimental N2 adsorption isotherms and the 
calculated isotherms of the natural and modified clinoptilolites were in the range of 
0.35–0.92%. Depending on the acid treatment conditions, the cumulative pore vol-
ume curves and pore size distributions of the modified clinoptilolites are shown in 
Figs. 2b, 3b, 4b and Figs. 2c, 3c, 4c, respectively. S3, S4, S5, S7, S8, and S9 had 

Fig. 2   a N2 adsorption/desorption isotherms, b cumulative pore volume, and c pore size distribution of 
natural clinoptilolite (S0) and clinoptilolite samples treated with 0.1 M acid solutions (S1–S3)

Fig. 3   a N2 adsorption/desorption isotherms, b cumulative pore volume, and c pore size distribution of 
clinoptilolite samples treated with 0.5 M acid solutions (S4–S6)

Fig. 4   a N2 adsorption/desorption isotherms, b cumulative pore volume, and c pore size distribution of 
clinoptilolite samples treated with 1.0 M acid solutions (S7–S9)
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micropores centered at 1.114  nm. Mesopores larger than 2.5  nm are more prom-
inent than micropores for all modified clinoptilolites when the acid concentration 
and treatment temperature are increased. Zelenka stated that the filling of the finer 
micropores (diameter ≤ 1 nm) is associated with the slowest transport rate due to the 
molecular size of N2 [37]. When the pore structure of clinoptilolite crystals is con-
sidered, the accessibility of N2 molecules through the finer micropores of clinoptilo-
lite might be difficult [24]. Therefore, the BET surface area (46.20 m2/g) and pore 
volume (0.177  cc/g) of the S0 sample are relatively low. The data obtained from 
the N2 adsorption isotherms are listed in Table 4. The BET surface areas and pore 
volumes of the modified clinoptilolites (S1-S9) are greater than those of the natural 
clinoptilolite (S0), and the BET surface area of the S7 sample reached 309.26 m2/g 
with 0.414  cc/g pore volume after the acid treatment of the S0 sample with 1  M 
HCl at 80  °C for 3 h. These data suggest that acid treatment changes the textural 
properties of natural clinoptilolite, which increases its specific surface area and pore 
volume. These results are in good agreement with the literature findings [11, 26, 33, 
34].

The NH3-TPD profiles in Fig.  A.1 were used to determine the acidic charac-
teristics of natural and modified clinoptilolites. The samples contain weak and 
strong acid sites, as indicated by the NH3-TPD results. The high-temperature peak 
(> 300  °C) is attributed to the strong acid sites that are typically assigned to the 
framework tetrahedral aluminum species, whereas the low-temperature peak 
(appearing below 300 °C) corresponds to the weak acid sites that are attributed to 
silanol groups or extra-framework aluminum species [38]. The dehydroxylation of 
the zeolitic material reported by Katranas et al. [39] matches the peak obtained for 
natural clinoptilolite above 625 °C. The number of weak acid sites decreased and the 
number of strong acid sites increased as the Si/Al ratio and metal ions in the natural 
clinoptilolite changed under various acid treatment conditions. The decrease in weak 
acid sites for the modified clinoptilolite suggests that extra-framework aluminum 

Table 4   N2 adsorption data 
for the natural and modified 
clinoptilolites

a DFT cumulative pore volume of pores with diameters below 2.0 nm
b Volume adsorbed at p/p0 = 0.99

Sample SBET (m2/g) Vmicro
a (cc/g) Vtotal

b (cc/g) Average 
pore size 
(nm)

S0 46 0.00209 0.177 15.32
S1 72 0.000631 0.185 10.34
S2 123 0 0.243 7.92
S3 131 0.0273 0.203 6.20
S4 186 0.0228 0.264 5.67
S5 291 0.0366 0.394 5.41
S6 170 0.00186 0.271 6.38
S7 309 0.0315 0.414 5.36
S8 174 0.0136 0.296 6.80
S9 167 0.0102 0.235 5.63
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is removed when the natural zeolites are acid-modified [40]. The number of strong 
acid sites increased for all modified zeolites because decationization resulted in the 
reappearance of structural hydroxyls blocked by exchangeable cations [41]. Addi-
tionally, the displacement of cations forms acidic sites, and the number of cations 
depends on the amount of aluminum in the lattice [42]. The peak positions in the 
TPD profiles also provided information on the relative acid strength of the samples. 
The quantity of weak and strong acid sites was determined by integrating the area 
under each peak, as shown in Fig. A.1, and the results are presented in Table 5. Two 
desorption peaks were observed above 400 °C when the NH3-TPD profiles of sam-
ples S3, S6, and S9 (Figure A.2) were analyzed. Even though these peaks were pre-
dicted to be strong acid sites, it was found that the peaks were caused by the thermal 
decomposition of calcium oxalate when the XRD patterns of the same samples were 
investigated. According to Hourlier [43], these peaks are the result of calcium oxa-
late decomposition, which begins between 443 °C and 550 °C and above 580 °C fol-
lowing the oxalic acid treatment of the S0 sample. As a result, the peaks in the S3, 
S6, and S9 samples were not considered or calculated as acidic sites.

Hydrogen adsorption of clinoptilolite samples

The hydrogen adsorption measurements were carried out at liquid nitrogen tempera-
ture up to a pressure of 1.0 bar. The H2 adsorption isotherms of the natural clinop-
tilolite (S0) and acid-treated clinoptilolites (S1-S9) that are the average of 1st and 
2nd trials are shown in Fig. 5.

Figure  5 demonstrates how the acid treatment enhanced the ability of natural 
clinoptilolite to adsorb hydrogen. The capacity of natural clinoptilolite for hydrogen 
adsorption was affected by the acid treatment settings listed in Table 2. Table 6 sum-
marizes the modified clinoptilolites’ hydrogen storage capacity at 1.0 bar as deter-
mined by the isotherms.

A statistical analysis of variance (ANOVA) was used to estimate the contribu-
tion of each parameter to the maximum hydrogen adsorption capacity of natural 
clinoptilolite at 77 K and 1.0 bar pressure. ANOVA allows a better understanding of 
the accuracy of the observed data and whether the tests were performed under con-
trolled conditions [20, 21, 44]. The ANOVA results are listed in Table 7.

Table 5   Acidity derived from 
NH3-TPD for natural and 
modified clinoptilolites

Sample Tmax Weak 
acid sites 
(mmol/g)

Tmax Strong 
acid sites 
(mmol/g)

Total 
acid sites 
(mmol/g)

S0 229 1.75 497 1.54 3.29
S1 228 1.42 534 1.85 3.27
S2 234 1.38 538 1.87 3.25
S4 227 0.86 519 1.88 2.74
S5 235 0.88 526 2.06 2.94
S7 235 0.72 508 2.12 2.84
S8 227 0.77 524 2.04 2.81
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The F-value, given in Table 7, is the ratio of the mean square of the term to the 
mean square of the error, and a larger F-value indicates that the parameter is more 
significant [20, 21, 44]. The importance of the acid treatment parameters of natu-
ral clinoptilolite, which maximize the hydrogen adsorption capacity, was evaluated 
based on the F-values in Table 7. It can be deduced that the treatment temperature 
had the greatest impact, whereas the type of acid solution had the least impact. 
The significant order of acid treatment parameters on the natural clinoptilolite to 
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Fig. 5   Hydrogen adsorption isotherms of natural clinoptilolite (S0) and modified clinoptilolites (S1–S9) 
at 77 K

Table 6   The hydrogen 
adsorption capacities of the 
modified clinoptilolites at 77 K 
and 1.0 bar

Experi-
ment no

Trial

1st (mmol/g) 2nd (mmol/g) Average (mmol/g)

1 1.230 0.932 1.081
2 1.110 1.510 1.310
3 1.144 1.044 1.094
4 1.348 1.315 1.332
5 3.526 2.983 3.255
6 1.440 1.583 1.512
7 2.793 2.375 2.584
8 1.124 1.650 1.387
9 1.614 1.823 1.719
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maximize the hydrogen adsorption capacity is treatment temperature > concentra-
tion of solution > treatment time > type of solution. The signal-to-noise ratios (S/N) 
of the experimental data were calculated using the Minitab 18 software. Larger-
the-better performance characteristics were chosen to identify the optimum acid 
treatment conditions for natural clinoptilolite to maximize its hydrogen adsorp-
tion capacity. The main effects of each of the factors listed in Table 1 on hydrogen 
adsorption capacity are shown in Fig. 6.

When analyzing the signal-to-noise ratios presented in Fig. 6, to maximize the 
hydrogen absorption capacity, which is the performance characteristic, the high-
est signal-to-noise ratios obtained from the levels of the relevant parameters should 
be preferred. Thus, the solution should have a concentration of 0.5 M, be of solu-
tion type HNO3, the treatment temperature should be 80 °C, and the treatment time 

Table 7   Results of variance analysis for the experiments

Source Degree of 
Freedom

Sum of squares Mean square F-value p value

A: Concentration of solution, M 2 2.633 1.316 22.15 0.000
B: Type of solution 2 0.892 0.446 7.51 0.012
C: Temperature, ºC 2 3.440 1.720 28.96 0.000
D: Time, h 2 1.774 0.887 14.93 0.001
Error 9 0.535 0.0594
Total 17 9.274

Fig. 6   Main effects of each factor on hydrogen absorption capacity
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should be 2 h. When Table 2 is examined, it can be seen that these experimental 
conditions are the same as in experiment S5. There is no need to perform a verifica-
tion experiment because the parameters and levels in the experimental plan (S5) that 
provide the optimal conditions for maximizing the hydrogen adsorption capacity of 
clinoptilolite are already known. A verification experiment was necessary for all the 
other cases. To explain why S5 shows a higher hydrogen adsorption capacity than 
the other samples, the textural properties of the clinoptilolite samples must be con-
sidered. Chung investigated the roles of the framework structure, surface area, and 
pore volume of zeolites on hydrogen adsorption and stated that the largest hydro-
gen storage was obtained on the ultra-stable Y zeolite because of its larger surface 
area and pore volume than the other zeolites [45]. It has also been reported that the 
amount of hydrogen adsorption on mordenite zeolites increases with increasing Si/
Al molar ratio, which was achieved by dealumination [45]. Although the hydrogen 
adsorption capacity of the acid-treated samples (S1-S9) increased relative to that of 
natural clinoptilolite (S0) with increasing BET surface area, pore volume, and Si/
Al molar ratio, the hydrogen adsorption capacity of the acid-treated samples was 
not always proportional to the properties of the clinoptilolite samples. For instance, 
although the BET surface area and total pore volume of the S7 sample (309.26 m2/g; 
0.41  cc/g) are comparatively greater than those of the S5 sample (291.34 m2/g; 
0.39  cc/g), the H2 uptake of the S5 sample is higher than that of the S7 sample. 
According to Huang et  al., pore size significantly affects H2 storage performance, 
and nanopores smaller than 1.5 nm are the most effective hydrogen storage spaces, 
regardless of whether they are used at low or high pressures [46]. The S5 sample 
had the largest hydrogen uptake (3.255 mmol/g) compared to the modified samples, 
which is ascribed to the higher cumulative pore volume of the pores with a diameter 
below 1.5 nm (Table 4).

The hydrogen adsorption capacities of the modified zeolites are influenced by 
several factors, not just the fact that an efficient H2 storage material has a large 
surface area and high micropore volume. This can be explained by evaluating the 
hydrogen adsorption capabilities of the S4 and S8 samples. The S8 has a better 
capacity for hydrogen adsorption than the S4, despite the S4 having a larger surface 
area and micropore volume (186.1 m2/g; 0.0288 cc/g) than the S8 sample (174.05 
m2/g; 0.0136  cc/g). The NH3-TPD data in Table  5 demonstrate that despite the 
almost equal number of strong acid sites in the S4 and S8 samples, the S8 sample’s 
strong acid desorption peak shifted to a higher temperature, indicating that the S8 
sample’s strong acid is stronger than that of S4 sample’s. S8 shows a higher capacity 
for hydrogen adsorption than S4, which can be attributed to its stronger acid sites. 
S1 and S2 exhibit the same features. Therefore, a material made from natural zeolite 
that can effectively store hydrogen needs to have a large surface area, a multitude of 
micropores, and strong acid sites.

Adsorption isotherm

The amount of gas adsorbed on a solid at different pressures but constant tem-
perature is shown by the adsorption isotherms [47]. The modeling of adsorption 
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isotherm data is significant for the design of adsorption systems and for comparing 
the adsorption performance of adsorbents [48]. Although many adsorption isotherm 
models are available in the literature [49, 50], well-known adsorption isotherm mod-
els, namely Langmuir and Freundlich, have been applied to describe the equilibrium 
relationships between hydrogen gas and natural clinoptilolite samples.

While the Langmuir isotherm model assumes monolayer adsorption on a homo-
geneous surface [48], the Freundlich model is not restricted to monolayer formation 
and is applicable to gas-phase systems with heterogeneous surfaces [50]. The Lang-
muir and Freundlich isotherm equations are expressed as follows [50, 51]:

where q is the amount of H2 adsorbed on a clinoptilolite sample (mmol/g), P is the 
H2 pressure (bar), qm (mmol/g) and KL(1/bar) are the Langmuir isotherm constants, 
KF (mmol/g. bar1/n), and n is the Freundlich isotherm constant. The constants were 
determined by nonlinear regression analysis using Polymath 6.10 software, and the 
results at 95% confidence intervals are given in Table 8.

Table 8 shows that the degree of interaction between the hydrogen gas and S5 
sample is stronger than that of S0 sample because the KL and KF values of S5 are 
larger than those of S0. Al-Hajjaj et  al. stated that higher values of KL indicate a 
stronger degree of interaction between the gas and solid surface [49]. The value of 
(1/n) calculated using the Freundlich isotherm model is the intensity of the adsorp-
tion or surface heterogeneity, which indicates the relative energy distribution and 
heterogeneity of the adsorbate sites [50]. Adsorption is favorable when the (1/n) 
value is between 0 and 1 [50]. In this study, the (1/n) values of S0 and S5 were 0.385 
and 0.338, respectively. Therefore, the adsorption process was favorable at the liquid 
nitrogen temperature. A comparison between the experimental and model data for 
hydrogen adsorption of the S0 and S5 samples at 77 K is shown in Fig. 7.

Figure 7 indicates that the Freundlich isotherm model is in good agreement with 
the experimental data, which is also evident from the correlation coefficient (R2) in 
Table 8.

The H2 adsorption capacity of S5 was compared with that of porous materials 
such as natural zeolites and clay minerals at 77 K and 1.0 bar. The results are sum-
marized in Table 9.

(1)Langmuir equation ∶ q =
qmKLP

1 + KLP

(2)Freundlich equation ∶ q = KFP
1∕n

Table 8   Adsorption isotherm constants for S0 and S5 samples at 77 K

Samples Langmuir Freundlich

qm (mmol/g) KL (1/bar) R2 KF (mmol/g bar1/n) n R2

S0 0.463 6.155 0.948 0.431 2.598 0.998
S5 3.133 13.890 ± 0.008 0.966 3.292 ± 0.047 2.958 ± 0.095 0.996
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Table  9 shows that the hydrogen adsorption capacity of S5 was significantly 
greater than that of the other samples. Natural zeolites consist of different types of 
naturally occurring cations whose quantities and proportions vary with the location 
of the mineral deposits. The accompanying minerals, amorphous SiO2 structure, 
and presence of cations in the micropore structure block the pores of natural zeolite 
[54]. The Si/Al ratio and textural characteristics of natural zeolites, such as the spe-
cific surface area and micropore volume, depend on acid treatment conditions [11]. 
Therefore, acid treatment conditions should be optimized to increase the hydrogen 
adsorption capacity of natural clinoptilolite. As a result, natural clinoptilolite treated 
with 0.5  M HNO3 at 80  °C for 2  h can be considered a promising adsorbent for 
hydrogen adsorption.

Fig. 7   Comparison between the experimental and model data for hydrogen adsorption in (a) S0 and (b) 
S5 at 77 K

Table 9   A comparison of the H2 adsorption capacities of various adsorbents at 77 K and 1.0 bar

Adsorbent type H2 adsorp-
tion capacity 
(mmol/g)

References

S5 (Natural clinoptilolite was treated with 0.5 M HNO3 at 80 °C for 2 h) 3.255 This study
CLN-2N (Clinoptilolite-rich tuff was treated with 2 M HNO3 at 90 °C for 

4 h)
2.391 [18]

Li-Clinoptilolite 2.752 [17]
Li-Mordenite 1.670 [17]
M-3N (Mordenite-rich tuff was treated with 3 M HNO3 at 80 °C for 3 h) 1.672 [52]
SH-05 (Sepiolite was treated with 0.5 M H2SO4 at 80 °C for 5 h) 2.252 [53]
BH-4 (Bentonite was treated with 4 M H2SO4 at 80 °C for 5 h) 1.003 [53]
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Conclusions

Optimization of the acid treatment parameters is extremely important for the prepa-
ration of natural clinoptilolite as a H2 storage material. In this study, an L9 orthog-
onal array of the Taguchi method was applied to investigate the influence of acid 
treatment parameters, namely concentration of a solution, type of acid solution (inor-
ganic and organic acid), treatment temperature, and treatment time, on the hydro-
gen adsorption capacity of the natural clinoptilolite. After evaluating the variance 
analysis results, it is evident that the temperature parameter has the highest F-value, 
followed by solution concentration, treatment time, and type of solution. Based on 
these findings, temperature is the most effective parameter in clinoptilolite modifi-
cation for maximizing H2 absorption, and the least effective parameter is the type 
of solution. This is supported by the p values, and it is stated that the experiments 
are within the 95% confidence interval. The results showed that the acid treatment 
conditions affected the specific surface area, pore volume, and pore size, as well as 
the acidic sites of natural clinoptilolite; the S5 sample, in which S0 was treated with 
0.5 M HNO3 at 80 °C for 2 h, had the highest hydrogen adsorption capacity relative 
to the untreated clinoptilolite (S0). Additionally, the hydrogen adsorption isotherms 
of samples S0 and S5 can be expressed using the Freundlich isotherm model.

Appendix

See Figs. 8, 9. 
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