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A B S T R A C T

In this study, natural sepiolite and APTES-functionalized sepiolite were investigated as multifunctional clay- 
based materials for aqueous-phase methylene blue (MB) removal and gas-phase hydrogen storage. The effects 
of surface chemistry and pore architecture on adsorption performance were systematically evaluated through 
FTIR, XRD, BET, SEM/EDX, TGA/DTG, and zeta potential analyses. The results showed that APTES functional
ization preserved the fibrous structure of sepiolite while reducing micropore accessibility and specific surface 
area. Electrokinetic measurements revealed a shift of the isoelectric point toward more acidic values and the 
predominance of negative surface charge over a wide pH range, enhancing electrostatic interactions with 
cationic MB molecules. Consequently, the modified sample exhibited improved liquid-phase adsorption perfor
mance. Adsorption capacity and adsorption rate increased with increasing stirring speed, initial dye concen
tration, pH, and temperature, whereas adsorption was limited under acidic conditions and low stirring rates. 
Kinetic modeling indicated that the adsorption process was best described by the pseudo-second-order model and 
followed a multi-step mechanism involving film diffusion, intraparticle diffusion, and surface interactions. 
Hydrogen storage experiments demonstrated that adsorption was predominantly governed by physisorption and 
strongly influenced by microporous structure. Natural sepiolite exhibited higher hydrogen uptake than the 
modified sample due to its greater micropore accessibility. Overall, liquid-phase adsorption was controlled 
primarily by surface chemistry and electrokinetic properties, whereas gas-phase hydrogen storage was dictated 
by pore architecture. These findings provide insights into the development of multifunctional clay-based ma
terials for environmental remediation and hydrogen-storage applications.

1. Introduction

With the rapid expansion of industrial activities, contamination of 
water resources by persistent organic pollutants has become a major 
environmental concern. In particular, synthetic dyes discharged from 
textile, paint, and chemical industries exhibit high chemical stability 
and resistance to biodegradation, allowing them to persist in aquatic 
environments for extended periods [1,2]. These dyes reduce light 
penetration in aquatic systems, suppress photosynthetic activity, and 
pose ecological and human health risks due to their toxic effects [3]. 
Methylene blue (MB), owing to its cationic structure and high solubility, 
is widely employed as a model pollutant, and its effective removal is of 
considerable importance for environmental sustainability. Among 
various dye removal techniques, adsorption stands out due to its high 
efficiency, operational simplicity, and economic feasibility [4]. The ef
ficiency of the adsorption process is strongly governed by the surface 
chemistry, pore structure, and active functional groups of the adsorbent. 

In this context, clay minerals represent promising adsorbents because of 
their natural abundance, low cost, and chemical stability.

Sepiolite is a fibrous magnesium silicate clay mineral with a 2:1 
trioctahedral structure. Its channel–type nanoporous framework and 
surface silanol (Si–OH) groups provide a high specific surface area and 
reactive surface characteristics [5]. These structural features render 
sepiolite particularly suitable for the adsorption of organic molecules. 
Furthermore, its thermal behavior and structural water loss can modify 
pore architecture and surface properties, thereby influencing adsorption 
performance [6]. Various surface modification strategies have been 
employed to enhance and tailor the adsorption performance of sepiolite. 
Amino–functionalization introduces additional active sites onto the 
surface and can modify adsorption performance toward organic pol
lutants through electrostatic interactions and hydrogen bonding mech
anisms. However, adsorption is generally a multi–step process involving 
film diffusion, surface adsorption, and intraparticle diffusion. Therefore, 
kinetic modeling plays a critical role in identifying the rate–controlling 
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steps. The pseudo–first–order and pseudo–second–order models are 
widely employed to describe adsorption kinetics, while the 
Weber–Morris model is used to evaluate the contribution of intraparticle 
diffusion [7,8].

Recent studies have demonstrated that clay minerals possess poten
tial not only for liquid–phase pollutant removal but also for gas–phase 
applications [9–13]. Hydrogen is considered a clean energy carrier due 
to its high energy density and carbon–free combustion [14]. Neverthe
less, the safe and efficient storage of hydrogen remains a significant 
engineering challenge. Physical adsorption–based storage systems using 
porous materials offer an alternative approach in this regard. Hydrogen 
adsorption in clay minerals has been reported to depend strongly on 
surface area, pore structure, pressure, and temperature conditions [10]. 
Owing to its fibrous and channel–like structure, sepiolite has been re
ported to exhibit higher hydrogen adsorption capacity than layered clay 
minerals [12]. However, existing studies predominantly focus on gas–
phase adsorption, and a combined evaluation of liquid–phase adsorption 
performance and hydrogen storage behavior within a single framework 
remains largely unexplored. The development of multifunctional ad
sorbents capable of simultaneously addressing environmental remedia
tion and energy-storage challenges has recently attracted increasing 
attention. In this context, clay-based materials are particularly attractive 
because their surface chemistry can be tailored for aqueous-phase 
pollutant removal, while their porous architecture may also provide 
adsorption sites for hydrogen storage. However, studies integrating 
these two functionalities within a single sepiolite-based material plat
form remain extremely limited. Although sepiolite has been extensively 
investigated either as an adsorbent for aqueous contaminants or as a 
porous material for hydrogen storage, these applications have almost 
exclusively been studied independently. Consequently, the relationship 
between surface functionalization, adsorption mechanisms, and struc
ture–property interactions across liquid and gas phases remains poorly 
understood. Establishing such a comparative understanding is essential 
for the rational design of multifunctional adsorbents capable of serving 
both environmental and energy-related applications.

Accordingly, this study aims to comparatively investigate the liquid- 
phase and gas-phase adsorption behavior of natural and amino- 
functionalized sepiolite and to elucidate how surface modification in
fluences adsorption kinetics, diffusion mechanisms, and structur
e–function relationships. The materials were comprehensively 
characterized using Brunauer–Emmett–Teller (BET) surface area anal
ysis, Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction 
(XRD), thermogravimetric and derivative thermogravimetric (TGA/ 
DTG) analyses, and scanning electron microscopy coupled with energy- 
dispersive X-ray spectroscopy (SEM/EDX) techniques. The electroki
netic properties of the modified sepiolite were determined as a function 
of pH using a Malvern Nano Zetasizer S, and the effect of surface charge 
behavior on adsorption processes was evaluated. MB adsorption exper
iments were conducted exclusively on amino–functionalized sepiolite, 
whereas hydrogen storage behavior was assessed for both natural and 
amino–functionalized sepiolite samples. To elucidate the kinetic and 
mechanistic aspects of the adsorption processes, both liquid–phase MB 
adsorption and gas–phase hydrogen storage data were analyzed using 
pseudo–first–order and pseudo–second–order kinetic models. In addi
tion, the Weber–Morris diffusion model was applied to determine the 
role of mass transfer and intraparticle diffusion in both adsorption sys
tems. Hydrogen adsorption measurements were performed over a wide 
pressure range at 77 and 298 K using a Hiden IMI PSI high–pressure gas 
adsorption system.

To the best of our knowledge, this is the first study to comparatively 
investigate aqueous-phase methylene blue adsorption and high-pressure 
hydrogen storage performance of sepiolite-based materials within a 
unified kinetic, diffusion, and structure–function analysis framework. 
By correlating electrokinetic behavior, surface chemistry, and pore ar
chitecture with adsorption performance across different phases, the 
present work establishes a comprehensive understanding of the 

mechanisms governing multifunctional adsorption systems. Beyond 
evaluating adsorption performance alone, this study highlights the 
feasibility of utilizing a single clay-based material platform for both 
pollutant removal and hydrogen-storage applications, thereby contrib
uting to the development of next-generation multifunctional adsorbents.

2. Materials and methods

2.1. Materials

Sepiolite samples were obtained from Aktaş Lületaşı Co. (Eskişehir, 
Turkey). They were purified before being used in experiments [15]. A 
suspension containing 10 g/L sepiolite was mechanically stirred for 24 h 
and then allowed to settle for 5 min. The resulting suspension was 
subsequently filtered through filter paper. The samples collected with 
filter paper were dried at 105 ◦C for 24 h, ground in a Fritsch Pre
mium–Line Pulverisette 7 ball mill and sieved with a 50 μm sieve using 
Retsch AS 200 vibrating siever. The organo–modifier, (3–aminopropyl) 
triethoxysilane (APTES), toluene, methanol and acetone were purchased 
from Sigma–Aldrich Company. MB with a molecular weight of 
373.9 g/mol was obtained from Carlo Erba. Hydrochloric acid (HCl) and 
sodium hydroxide (NaOH) were provided from Merck. All chemicals 
were of analytical grade and used as received without further 
purification.

2.2. Methods

2.2.1. Surface modification of sepiolite with APTES
The modification process was carried out in 100 mL of toluene so

lution. 5 mL of APTES was added to the toluene solution and the tem
perature was fixed at 80 ◦C. Then, 5 g of sepiolite was added to this 
solution, magnetically stirred under reflux for 24 h. The reaction prod
uct was filtered with filter paper and washed with toluene, then with 
methanol and acetone, and the modified sepiolite was dried at 80 ◦C for 
24 h [16].

2.2.2. Adsorption kinetics experiments
The adsorption kinetics experiments of MB on the modified sepiolite 

surface were investigated at different stirring speeds, initial dye con
centrations, pHs and temperatures. All MB solutions were prepared with 
distilled water. The pH of the solutions was adjusted with HCl and NaOH 
solutions using the Orion 920A pH meter equipped with a combined 
electrode. Adsorption experiments were conducted at different stirring 
speeds (250, 500 and 750 rpm), initial dye concentrations (1 × 10− 4, 
5 × 10− 5, 1 × 10− 5 mol/L), pHs (3, 5, 7 and 9) and temperatures (30, 40, 
50 and 60 ◦C). In the experiments, 1 g of modified sepiolite was added to 
1 L of MB solution. Preliminary experiments indicated that adsorption 
equilibrium was reached within approximately 300 min. Therefore, all 
experiments were conducted for 300 min under continuous stirring 
using a temperature-controlled magnetic stirrer. Samples of 1 mL were 
taken at certain time intervals within 300 min period. The sample so
lutions were centrifuged at 5000 rpm for 15 min. To calculate the 
amount of MB adsorbed on the modified sepiolite, the absorbance values 
of the samples taken from the solution phase of each series of experi
ments were determined using PerkinElmer Lambda 25 UV–Vis spectro
photometer at a wavelength of 663 nm, where MB showed maximum 
absorbance. A calibration curve was established using standard MB so
lutions measured at the same wavelength. The amount of MB adsorbed 
onto the modified sepiolite at any time (qt) was calculated from the 
difference between the initial and residual solution concentrations. The 
amount of dye adsorbed on modified sepiolite at any time, t, was 
calculated from the concentrations in solutions before and after 
adsorption. The mass balance (qe) (mol/g) of the amount of MB adsor
bed on the modified sepiolite was calculated as follows. 
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qe =(C0 − Ce)
V
m

(1) 

where C0 and Ce are the initial and equilibrium concentrations of MB in 
solution (mol/L), respectively; V is the solution volume (L), and m is the 
mass of modified sepiolite (g) [17].

2.2.3. Hydrogen storage
The hydrogen storage behavior of sepiolite and APTES–functional

ized sepiolite samples was investigated using a Hiden IMI PSI high
–pressure gas storage system. Prior to the measurements, the samples 
were degassed under vacuum at 105 ◦C for 4 h in order to remove 
moisture and volatile species adsorbed on the surface. Subsequently, the 
hydrogen storage capacity was measured over a range of pressures under 
both ambient and cryogenic temperature conditions [18].

2.3. Characterization

FTIR–ATR analyses of the samples were performed with PerkinElmer 
Spectrum 100 spectrophotometer in the transmittance mode in the 
wavenumber range of 4000–650 cm− 1. XRD analysis was performed 
using a Rigaku MiniFlex 600 diffractometer operated at 40 kV and 
15 mA, with a scan range of 5–90◦ and a step width of 0.01◦. TGA/DTG 
analysis were performed using a PerkinElmer Diamond DTA/TG 
simultaneous thermal analyzer at a heating rate of 20 ◦C/min from 30 to 
1200 ◦C under a nitrogen atmosphere. Prior to microscopic examination, 
the samples were coated with Au–Pd for 60 s under a current of 20 mA to 
improve conductivity. Surface morphology was investigated using a 
ZEISS Sigma 300 field-emission scanning electron microscope (FESEM). 
Elemental compositions were determined using a ZEISS EVO LS 10 
scanning electron microscope equipped with a Bruker energy-dispersive 
X-ray spectroscopy (EDX) detector. BET surface area measurements of 
samples were performed using Quantachrome Nova 2200e series BET 
surface area analyzer in liquid nitrogen (77 K) using N2 gas as adsorbate. 
Before performing BET surface area measurements, sepiolite samples 
were degassed at 105 ◦C for 4 h. Zeta potential measurements were 
performed with the Malvern Zetasizer Nano–S instrument. Suspensions 
containing 0.05 g of modified sepiolite in 10 mL of distilled water were 

conditioned for 3 h at different pH values prior to measurement. The 
suspension pH was adjusted with dilute HCl and NaOH solution. Mea
surements were made after the suspension was rested for 5 min to allow 
the coarse particles to settle to the bottom. At least 3 repeated mea
surements were taken with the prepared suspensions [19].

3. Results and discussions

3.1. Characterization

To elucidate the structure–surface–function relationships of pristine 
sepiolite, amino–functionalized sepiolite, and MB–adsorbed modified 
sepiolite, a comprehensive characterization study involving FTIR–ATR, 
TGA/DTG, SEM/EDX, and N2 adsorption–desorption (BET) analyses was 
conducted. The results obtained from these techniques are discussed in 
detail below.

3.1.1. FTIR–ATR analysis
The FTIR–ATR spectra of pristine and APTES–functionalized sepio

lite (Fig. 1) provide direct spectroscopic evidence of surface modifica
tion while simultaneously confirming preservation of the silicate 
framework. The characteristic structural bands of sepiolite remain 
clearly preserved after modification, indicating that the grafting process 
does not disrupt the fundamental tetrahedral–octahedral structure of the 
mineral. In the high–wavenumber region, the band at 3686 cm− 1 

assigned to Mg3OH stretching and the band at 3624 cm− 1 corresponding 
to structurally bound water are retained, suggesting that the internal 
lattice hydroxyl groups remain largely unaffected [20]. The absorption 
features at 3564 cm− 1 and 1659 cm− 1 associated with zeolitic water 
confined within the channels are also preserved, confirming the struc
tural integrity of the fibrous channel system. The most pronounced 
spectral changes occur in the organic vibration and silicate fingerprint 
regions. After modification, a new band at approximately 2935 cm− 1 

appears and is assigned to C–H stretching of the propyl chain of APTES 
[21,22]. In addition, the band at 1473 cm− 1 corresponding to C–N 
stretching confirms the successful incorporation of amine functionalities 
onto the sepiolite surface. These bands are absent in pristine sepiolite 
and therefore provide strong spectroscopic evidence for successful 

Fig. 1. FTIR–ATR spectra of sepiolite and APTES–fuctionalized sepiolite confirming surface functionalization.
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organosilane grafting. Systematic but subtle shifts observed in the Si–O 
related bands further support chemical interaction between the silane 
modifier and surface silanol groups. The Si–O vibration at 971 cm− 1 

shifts to 959 cm− 1, while the Si–O–Si stretching band at 1000 cm− 1 shifts 
slightly to 998 cm− 1 after modification. Similar band displacements 
have been reported for silane–treated clay minerals and are commonly 
attributed to the formation of new Si–O–Si linkages through condensa
tion reactions between surface Si–OH groups and hydrolyzed ethoxy 
groups of silane coupling agents [23,24]. These spectroscopic features 
are consistent with the surface grafting mechanism illustrated in Fig. 2, 
where APTES undergoes hydrolysis followed by condensation with 
surface silanol (Si–OH) groups of sepiolite under reflux conditions, 
forming covalently anchored Si–O–Si bonds and surface–exposed amine 
(–NH2) functionalities. This mechanism rationalizes both the emergence 
of organosilane–related vibrational bands and the slight shifts observed 
in the silicate framework region. Importantly, the absence of significant 
band broadening or collapse within the silicate lattice region indicates 
that grafting occurs predominantly at accessible surface hydroxyl sites 
without structural degradation. This observation is consistent with the 
formation of a surface–bound organosilane layer rather than intercala
tion or framework substitution.

From a mechanistic standpoint, the FTIR–ATR data indicate that 
modification proceeds via hydrolysis of ethoxy groups followed by 
condensation with surface silanol groups, yielding covalently anchored 
propylamine chains. The introduction of amine functionalities modifies 
the surface chemical environment and charge distribution, in agreement 
with the zeta potential behavior discussed in Section 3.2. Furthermore, 
preservation of the silicate backbone together with the emergence of 
organic functional groups has direct implications for adsorption 
behavior. Structural integrity maintains the nanochannel network 
required for hydrogen diffusion, whereas grafted amine groups intro
duce additional interaction sites for cationic dye molecules and may 
alter electrostatic interactions and diffusion pathways. Accordingly, the 
FTIR results provide the chemical basis for interpreting the distinct be
haviors observed in MB adsorption and hydrogen storage performance.

3.1.2. XRD analysis
The XRD patterns of pristine sepiolite and APTES-functionalized 

sepiolite are presented in Fig. 3. The diffraction pattern of pristine 
sepiolite exhibits the characteristic reflections of sepiolite at 2θ values of 
approximately 7.32◦, 11.81◦, 13.34◦, 19.67◦, 20.55◦, 23.69◦, 26.58◦, 
27.90◦, and 34.84◦, which are in good agreement with the crystallo
graphic data reported for sepiolite (COD 9016669). Qualitative phase 
analysis confirmed that sepiolite is the only detectable crystalline phase 
in the investigated sample, and no reflections attributable to associated 
minerals such as quartz, calcite, dolomite, or feldspar were identified 
within the detection limits of the measurement. This result indicates the 
high mineralogical purity of the raw sepiolite used in the present study. 
The absence of detectable impurity phases is consistent with the supplier 
specifications and confirms the suitability of the material for investi
gating structure–property relationships without interference from sec
ondary mineral phases. Following APTES functionalization, the 
characteristic diffraction peaks remain clearly visible at nearly identical 
diffraction angles (7.37◦, 11.83◦, 13.30◦, 19.70◦, 20.58◦, 23.71◦, 26.62◦, 
27.95◦, and 34.77◦), indicating that the crystalline framework of 

sepiolite is preserved during the silanization process. The absence of 
new diffraction peaks after modification further suggests that the grafted 
organosilane species are predominantly distributed on the external 
surface rather than forming a separate crystalline phase. Similar 
behavior has frequently been reported for silane-functionalized clay 
minerals, where surface grafting alters surface chemistry without dis
rupting the underlying crystal structure. The slight decrease in relative 
peak intensities observed after functionalization may be associated with 
the presence of an amorphous organosilane layer partially covering the 
crystal surface. These changes may be attributed to the interaction be
tween hydrolyzed APTES molecules and surface silanol groups, resulting 
in local changes in crystallite environment and preferred orientation. 
However, the retention of all major sepiolite reflections demonstrates 
that the fibrous channel-type structure of sepiolite remains intact after 
functionalization. Therefore, the XRD results confirm that APTES 
modification occurs primarily through surface grafting while preserving 
the intrinsic crystalline structure of sepiolite.

3.1.3. TG analysis
Thermogravimetric curves of pristine sepiolite and 

APTES–functionalized sepiolite are presented in Fig. 4. The thermo
grams reveal that both samples exhibit four distinct mass–loss stages, 
characteristic of dehydration and dehydroxylation processes in fibrous 
sepiolite. Sepiolite contains several types of water associated with 
different structural environments, including physically adsorbed (hy
groscopic) water, zeolitic water located within channel cavities, coor
dinated water bound to octahedral edge sites, and structural hydroxyl 
groups within the octahedral sheet. These water species are progres
sively removed with increasing temperature, consistent with reported 
dehydration pathways in the literature [25]. The first mass–loss stage 
(25–200 ◦C) corresponds to the removal of hygroscopic and zeolitic 
water. In this temperature range, pristine and modified sepiolite exhibit 
mass losses of 11.2% and 8.3%, respectively, with Tmax1 values of 74 ◦C 
and 93 ◦C (Table 1.). The reduced mass loss and the shift of Tmax1 toward 
higher temperature after modification suggest a change in the interac
tion between surface water molecules and the modified surface. The 
second stage (250–350 ◦C) is associated with the release of magne
sium–coordinated water molecules bound to the octahedral structure. 
The Tmax2 values for pristine and modified sepiolite are 284 ◦C and 
362 ◦C, accompanied by mass losses of 3.3% and 3.0%, respectively. The 
noticeable increase in Tmax2 after modification suggests that coordinated 
water is removed at higher temperatures, indicating modification–in
duced changes in the local bonding environment. The third mass–loss 
stage (450–600 ◦C) corresponds to the removal of more strongly bound 
water species and partial thermal decomposition of grafted organosilane 
groups. In this region, Tmax3 values of 539 ◦C (pristine) and 547 ◦C 
(modified) were observed. While pristine sepiolite exhibits a mass loss of 
2.5%, modified sepiolite shows a significantly higher loss of 11.4%. This 
pronounced difference is attributed to the thermal decomposition of 
grafted organosilane chains and confirms that surface modification 
directly alters the thermal behavior of sepiolite [26,27]. The fourth 
thermal event, centered near 800 ◦C, corresponds to dehydroxylation of 
structural hydroxyl groups. At this stage, pristine and modified sepio
lites exhibit mass losses of 3.0% and 2.8%, with Tmax4 values of 809 ◦C 
and 787 ◦C, respectively. The absence of significant additional mass loss 

Fig. 2. Proposed silanization mechanism of sepiolite via condensation between surface Si–OH groups and hydrolyzed APTES molecules.

B.K. Kizilduman                                                                                                                                                                                                                                 Microporous and Mesoporous Materials 413 (2026) 114277 

4 



up to 1200 ◦C suggests that no further major decomposition processes 
occur at higher temperatures. At 1200 ◦C, the residual mass is 79.8% for 
pristine sepiolite and 74.1% for modified sepiolite. The shifts in Tmax 
values, redistribution of mass–loss steps, and differences in residual 
mass collectively provide strong evidence of successful surface modifi
cation, indicating that the grafting process alters the thermal response 
without significantly affecting the structural integrity of the mineral 
framework. Overall, the upward shift in dehydration temperatures 

together with modification–dependent changes in mass–loss distribu
tion suggests that silane grafting modifies the bonding environment of 
water and hydroxyl species, thereby altering thermal stability and 
providing further evidence of chemical interaction between the modifier 
and the sepiolite surface.

3.1.4. SEM/EDX analysis
High-resolution FESEM micrographs of pristine sepiolite, 

Fig. 3. XRD patterns of pristine sepiolite and APTES-functionalized sepiolite.

Fig. 4. Thermogravimetric and differential thermal analysis curves of sepiolite and APTES–functionalized sepiolites.
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APTES–functionalized sepiolite, and MB–adsorbed modified sepiolite at 
identical magnifications are presented in Fig. 5. The pristine sepiolite 
sample (Fig. 5a) exhibits the characteristic needle-like fibrous 
morphology of natural sepiolite, with individual fibers assembled into 
bundle-like aggregates. At high magnification, elongated fibers with 
nanometric diameters and lengths extending to several hundred nano
meters can be clearly distinguished, confirming the typical fibrous ar
chitecture of sepiolite reported in the literature [28]. The fibers are 
arranged in interconnected networks, generating accessible inter-fiber 
voids and channels that are beneficial for adsorption processes. 
Following APTES functionalization (Fig. 5b), the characteristic fibrous 

morphology remains largely preserved, indicating that surface modifi
cation occurs without significant disruption of the sepiolite framework. 
Individual fibers remain clearly distinguishable, while localized surface 
deposits and increased inter-fiber connections can be observed. These 
features are consistent with the formation of a surface-bound organo
silane layer and suggest successful grafting of APTES onto the fiber 
surfaces. Similar observations have been reported for silane-modified 
clay minerals [29]. The morphology of the MB-adsorbed APTES-func
tionalized sepiolite (Fig. 5c) shows a more compact structure compared 
with the pristine and modified samples. In addition to the preserved 
fibrous framework, irregular flake-like and aggregated surface features 

Fig. 5. FESEM micrographs and corresponding EDX spectra of (a) sepiolite, (b) APTES–functionalized sepiolite and (c) MB–adsorbed modified sepiolite.

B.K. Kizilduman                                                                                                                                                                                                                                 Microporous and Mesoporous Materials 413 (2026) 114277 

6 



are observed, indicating the accumulation of adsorbed dye species on 
the modified surface. The increased aggregation and partial surface 
coverage observed after adsorption may be associated with interactions 
between methylene blue molecules and the amine-functionalized sepi
olite surface. The progressive morphological evolution from pristine 
sepiolite to the modified and dye-loaded forms provides visual evidence 
of surface functionalization and subsequent adsorption.

The elemental compositions of pristine sepiolite, APTES–function
alized sepiolite, and MB–adsorbed modified sepiolite were determined 
by EDX analysis, and the results are summarized in Table 2. Pristine 
sepiolite consists primarily of O (51.48 wt%), Si (29.90 wt%), and Mg 
(18.62 wt%), which is consistent with the typical chemical composition 
of natural sepiolite. After APTES modification, significant changes in 
elemental composition were observed. The appearance of carbon 
(16.65 wt%) and nitrogen (2.97 wt%), which are absent in pristine 
sepiolite, provides direct elemental evidence for successful grafting of 
amine-containing functional groups onto the sepiolite surface. Concur
rently, the relative contents of Si and Mg decrease to 21.85 wt% and 
10.89 wt%, respectively. This reduction is attributed to surface coverage 
by the organosilane layer, which attenuates the detectable signal of the 
inorganic substrate. It should be noted that EDX data represent 
normalized relative elemental percentages. Therefore, slight variations 
in individual elemental contents, particularly Mg, should be interpreted 
as changes in the relative elemental distribution within the analyzed 
region rather than as real changes in the absolute elemental content. 
This is particularly important when comparing samples with different 
surface coverages. Following MB adsorption, the elemental distribution 
changes further. The carbon and nitrogen contents were determined to 
be 12.48 wt% and 2.09 wt%, respectively. Notably, the emergence of 
sulfur (0.07 wt%), originating from the sulfonated structure of MB, 
directly confirms the presence of dye molecules on the adsorbent sur
face. The absence of sulfur in pristine and solely modified samples 
further verifies that dye adsorption has occurred. The systematic 
appearance of C and N after modification and the detection of S after dye 
adsorption provide strong elemental evidence for successful surface 
functionalization followed by dye binding. When considered together 
with the FTIR findings, the observed elemental variations provide 
complementary evidence for the successful chemical modification of 
sepiolite and the subsequent adsorption of MB.

3.1.5. BET surface area and pore structure analysis
The nitrogen adsorption–desorption isotherms and pore size distri

bution curves (Fig. 6) clearly reveal that pristine sepiolite possesses a 
hierarchical micro–mesoporous structure. The textural parameters 
derived from the adsorption–desorption isotherms are summarized in 
Table 3. The steep adsorption uptake at low relative pressure observed in 
Fig. 6a indicates dominant micropore filling, while the pronounced 
hysteresis loop at intermediate and high relative pressures reflects 
capillary condensation within mesopores. According to IUPAC (2015), 
this behavior corresponds to a combined Type I(b)–Type IV(a) isotherm 
with H3–type hysteresis. This adsorption signature is fully consistent 
with the fibrous morphology and intrinsic channel–type pore architec
ture of sepiolite reported in previous studies [30,31]. The high BET 
surface area (244 m2/g) and significant micropore volume (0.193 cc/g) 
quantitatively support this structural interpretation. A clear trans
formation in adsorption behavior is observed after amino–silane func
tionalization. As shown in Fig. 6b, the micropore uptake in the 
low–pressure region nearly disappears and the total adsorbed volume 
decreases significantly, indicating blockage of micropores and a shift 

toward mesopore–controlled adsorption. The reduction in BET surface 
area from 244 to 109 m2/g and the apparent loss of microporosity 
strongly suggest that grafted organosilane molecules partially obstruct 
internal channels and reduce pore accessibility. Similar pore blocking 
effects following surface functionalization have been widely reported for 
modified clay minerals [24,32].

After MB adsorption, a further decrease in adsorption volume is 
observed (Fig. 6c). The cumulative pore volume curves presented in 
Fig. 6d show a pronounced reduction across the entire pore radius range, 
demonstrating that dye molecules occupy not only external surfaces but 
also internal pore structures. The weakening of peaks in the dV(log r) 
distribution suggests that dye molecules occupy a substantial fraction of 
the available pore volume rather than being restricted solely to the 
external surface. Interestingly, despite the substantial reduction in BET 
surface area and total pore volume after modification, an increase in MB 
adsorption capacity is observed. This apparent contradiction demon
strates that adsorption performance is governed primarily by surface 
chemistry rather than textural properties. The grafted amine function
alities introduce specific adsorption that strongly interact with cationic 
dye molecules through electrostatic attraction, hydrogen bonding, and 
possible surface complexation. Similar behavior has been reported for 
functionalized clay minerals, where adsorption efficiency is more 
strongly influenced by surface chemistry than by textural characteristics 
[33,34]. These results highlight a fundamental shift in the structur
e–function relationship induced by functionalization. In pristine sepio
lite, adsorption behavior is primarily governed by the 
micro–mesoporous architecture, whereas in modified sepiolite, surface 
functional groups dominate and the adsorption mechanism becomes 
chemically controlled. Therefore, after functionalization, the chemical 
nature and density of active surface sites become the dominant factor 
governing adsorption performance, rather than purely textural 
limitations.

3.2. Electrokinetic properties

Zeta potential measurements provide valuable insight into the 
modification-induced changes in the electrokinetic behavior of sepiolite. 
The isoelectric point (IEP) of natural sepiolite has previously been re
ported to be approximately pH 6.6, where the surface is positively 
charged below this value and negatively charged above it [35]. In this 
study, the zeta potential of APTES–functionalized sepiolite was evalu
ated over the pH range of 2–11, and the results are presented in Fig. 7. 
The modified sepiolite exhibits an isoelectric point at pH 3.54, indi
cating a pronounced shift toward more acidic values compared to pris
tine sepiolite. This shift is likely associated with the condensation 
reaction between surface silanol (Si–OH) groups and the organosilane 
modifier, which reduces the density of ionizable hydroxyl groups and 
alters the surface chemical environment. The zeta potential profile 

Table 1 
Thermal stability parameters of sepiolite and modified sepiolite.

Samples Tmax1 (oC) DeltaY1 (wt%) Tmax2 (oC) DeltaY2 (wt%) Tmax3 (oC) DeltaY3 (wt%) Tmax4 (oC) DeltaY4 (wt%) Residue (wt%)

Sepiolite 74 11.2 284 3.3 539 2.5 809 3.0 79.8
APTES–functionalized sepiolite 93 8.3 362 3.0 547 11.4 787 2.8 74.1

Table 2 
Elemental composition (wt%) of sepiolite samples.

Samples Elements (wt%)

O Si Mg C N S

Sepiolite 51.48 29.90 18.62 – – –
APTES–functionalized 

sepiolite
47.64 21.85 10.89 16.65 2.97 –

MB–adsorbed modified 
sepiolite

46.26 24.67 13.10 12.48 2.09 0.07
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clearly shows that the modified sepiolite surface is positively charged 
below pH 3.54 and negatively charged above this value. The 

pH–dependent surface charging behavior and the corresponding proto
nation/deprotonation reactions are schematically illustrated in Fig. 8. 

Fig. 6. Nitrogen adsorption–desorption isotherms of (a) sepiolite, (b) APTES–functionalized sepiolite (c) MB–adsorbed modified sepiolite and (d) Cumulative pore 
volume and dV(log r) distributions of sepiolite samples.

Table 3 
BET surface area and pore volume distribution (micro–, meso–, and macropores) of sepiolite samples.

Samples SBET (m2/ 
g)

Total pore volume (cc/ 
g)

DFT pore volume (cc/ 
g)

Micro pore volume (cc/ 
g)

Meso pore volume (cc/ 
g)

Macro pore volume (cc/ 
g)

Sepiolite 244 0.289 0.256 0.193 0.063 0.033
APTES–functionazed sepiolite 109 0.140 0.126 0 0.126 0.014
MB–adsorbed modified 

sepiolite
44 0.063 0.055 0 0.055 0.008

Fig. 7. The variation of zeta potential to pH of APTES–functionalized sepiolite suspensions.
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Under acidic conditions, protonation of surface silanol and amine groups 
generates a positively charged surface, whereas at higher pH values, 
deprotonation leads to the development of negative surface charge. The 
downward shift of the isoelectric point together with the predominance 
of negative surface charge over a wide pH range provides further elec
trokinetic evidence of successful surface functionalization. These find
ings demonstrate that modification alters the ionization behavior of 
surface functional groups and redefines the charge distribution at the 
solid–liquid interface. Overall, the observed shift in zeta potential and 
the pH–dependent surface charging behavior, consistent with the 
mechanism illustrated in Fig. 8, confirm that organosilane functionali
zation significantly modifies the electrokinetic properties of sepiolite.

3.3. Adsorption kinetics of MB on modified sepiolite

For the effective design and scale-up of adsorption systems, it is 
essential to elucidate the adsorption rate, kinetic behavior, and under
lying adsorption mechanism. In this context, the adsorption rate and 
kinetic behavior of MB on amino–functionalized sepiolite were sys
tematically investigated by considering the effects of stirring speed, 
initial dye concentration, solution pH, and temperature, and the ob
tained findings are discussed below.

3.3.1. Effect of stirring speed
The effect of stirring speed on MB adsorption by amino- 

functionalized sepiolite was investigated at an initial dye concentra
tion of 1 × 10− 4 mol/L, 30 ◦C, and natural pH. The results are presented 
in Fig. 9a. Experiments were conducted at 250, 500, and 750 rpm. A 
systematic increase in both adsorption rate and equilibrium uptake was 

observed with increasing stirring speed. When the stirring speed was 
increased from 250 rpm to 750 rpm, the adsorbed amount of MB 
increased from 7.95 × 10− 5 mol/g to 9.51 × 10− 5 mol/g. This 
enhancement is attributed to the thinning of the external boundary layer 
surrounding the adsorbent particles, which increases the external mass 
transfer coefficient [36,37]. Higher agitation intensifies turbulence in 
the solution, facilitating the transport of dye molecules from the bulk 
solution to the adsorbent surface and thereby minimizing film diffusion 
resistance. The results indicate that at lower stirring speeds, the 
adsorption process is partially controlled by external film diffusion, 
whereas increasing agitation reduces this diffusion limitation and ac
celerates adsorption kinetics. Similar effects of agitation rate on 
adsorption kinetics have been reported for Cu(II) adsorption onto potato 
peel biomass [37]. Accordingly, to minimize external mass transfer 
limitations and ensure kinetically controlled adsorption conditions, 
subsequent adsorption experiments were performed at a stirring speed 
of 750 rpm.

3.3.2. Effect of initial dye concentration
The initial dye concentration represents a key driving force gov

erning mass transfer between the aqueous phase and the adsorbent 
surface, thereby directly influencing adsorption kinetics. The effect of 
initial MB concentration on the adsorption behavior of modified sepio
lite was investigated at 750 rpm and 30 ◦C, and the results are presented 
in Fig. 9b. The adsorption system approached equilibrium within 
approximately 5 h, with slight variations depending on the initial MB 
concentration. An increase in the initial dye concentration led to a 
pronounced increase in the equilibrium adsorption capacity (qe). Spe
cifically, the equilibrium adsorption amount increased from 

Fig. 8. Change in surface charge of APTES–functionalized sepiolite at the isoelectric point (pHiep), below it (pH < pHiep), and above it (pHiep < pH).

Fig. 9. The effect of (a) stirring speed, (b) initial dye concentration, (c) pH and (d) temperature on the adsorption rate of MB on APTES–functionalized sepiolite.

B.K. Kizilduman                                                                                                                                                                                                                                 Microporous and Mesoporous Materials 413 (2026) 114277 

9 



1.14 × 10− 5 mol/g to 9.51 × 10− 5 mol/g when the initial concentration 
was raised from 1 × 10− 5 mol/L to 1 × 10− 4 mol/L. This trend can be 
attributed to the increased concentration gradient between the bulk 
solution and the adsorbent surface at higher initial concentrations, 
which increases the mass transfer driving force. The stronger concen
tration gradient accelerates solute transport toward available active 
sites, particularly during the early adsorption stage. Similar concen
tration–dependent behavior has been reported for dye adsorption sys
tems in previous studies [37,38]. Although the adsorption capacity per 
unit mass increased with concentration, a relative decrease in removal 
efficiency was observed at higher initial concentrations. This behavior is 
associated with faster saturation of accessible active sites and the limited 
number of adsorption centers available on the modified sepiolite sur
face. Overall, the results demonstrate that the adsorption capacity and 
kinetic behavior of MB on modified sepiolite are strongly concen
tration–dependent and controlled by the concentration–gradient–driven 
mass transfer process. These findings are consistent with previous 
literature reports [37,38] and further confirm the important role of the 
initial solute concentration in governing adsorption performance.

3.3.3. Effect of pH
Solution pH is a critical parameter governing adsorption kinetics and 

capacity by controlling surface charge distribution and the ionization 
state of functional groups. The effect of initial solution pH to MB 
adsorption onto modified sepiolite was investigated at 
C0 = 1 × 10− 4 mol/L, 750 rpm, and 30 ◦C, and the results are presented 
in Fig. 9c. The results clearly demonstrate that both adsorption rate and 
equilibrium uptake increase systematically with increasing pH. When 
the initial pH increased from 3 to 9, the adsorbed amount of MB 
increased from 8.99 × 10− 5 mol/g to 1.01 × 10− 4 mol/g. This behavior 
is directly associated with the electrokinetic properties of the modified 
sepiolite surface. Zeta potential measurements revealed that the iso
electric point (pHIEP) of modified sepiolite is pH 3.54 (Fig. 7). Accord
ingly, the surface is positively charged at pH < 3.54 and negatively 
charged at pH > 3.54. At low pH values, protonation of surface amine 
(–NH2) and silanol groups results in a positively charged surface, leading 
to electrostatic repulsion with cationic MB molecules. In addition, 
competition between H+ ions and dye molecules for active adsorption 
sites further suppresses adsorption. As pH increases, deprotonation of 
surface functional groups occurs, generating a negatively charged sur
face that enhances electrostatic attraction between the adsorbent and 
cationic MB molecules. This enhanced electrostatic attraction promotes 
both adsorption rate and equilibrium adsorption capacity. Therefore, 
the adsorption behavior is strongly governed by the pH–dependent 
surface charge characteristics of the modified sepiolite. Similar pH–de
pendent enhancement in MB adsorption has been reported for sepiolite, 
perlite, and raw apricot kernel shell adsorbents [17,39,40]. Overall, the 
findings demonstrate that MB adsorption onto modified sepiolite is 
highly pH–sensitive and predominantly controlled by electrostatic in
teractions arising from pH–dependent surface charge variations. These 
results are fully consistent with the electrokinetic analysis and further 
confirm that surface functionalization modulates adsorption perfor
mance through charge–controlled adsorption mechanisms.

3.3.4. Effect of temperature
Temperature is a key parameter that directly influences both 

adsorption kinetics and equilibrium capacity, providing important 
insight into the thermodynamic nature of the adsorption process. The 
effect of temperature on MB adsorption onto modified sepiolite was 
investigated at natural pH and a stirring speed of 750 rpm, and the re
sults are presented in Fig. 9d. The results clearly show that both the 
adsorption rate and equilibrium uptake increase with increasing tem
perature. When the temperature was raised from 30 ◦C to 60 ◦C, the 
amount of adsorbed MB increased from 9.51 × 10− 5 mol/g to 
1.01 × 10− 4 mol/g. Increasing temperature enhances the mobility of dye 
molecules and reduces solution viscosity, thereby decreasing mass 

transfer resistance between the liquid phase and the adsorbent surface. 
This promotes faster transport of MB molecules toward active adsorp
tion sites, particularly during the initial stage of adsorption. In addition, 
elevated temperature improves intraparticle diffusion by facilitating the 
penetration of dye molecules into internal pore structures, increasing 
accessibility to active sites. As reported by Doğan et al. (2007), tem
perature variations can significantly influence the equilibrium adsorp
tion capacity of an adsorbent for a given adsorbate [41]. The observed 
increase in equilibrium adsorption capacity with temperature suggests 
that the adsorption process is endothermic in nature. This endothermic 
behavior suggests that higher temperatures facilitate overcoming the 
energy barrier associated with adsorption and enhance adsor
bent–adsorbate interactions. Overall, the results demonstrate that 
increasing temperature promotes MB adsorption onto modified sepiolite 
from both kinetic and thermodynamic perspectives, further supporting 
the endothermic nature of the adsorption process.

3.4. Kinetic modeling of MB adsorption

Kinetic modeling provides valuable insight into adsorption rates, 
reaction order, and the underlying adsorption mechanism, all of which 
are critical for evaluating process efficiency and scale-up potential. In 
this study, the kinetic behavior of MB adsorption onto modified sepiolite 
was analyzed using the pseudo–first–order and pseudo–second–order 
kinetic models. The pseudo–first–order model is expressed as: 

ln(qe − qt)= ln qe − k1t (2) 

where qe (mol/g) is the equilibrium adsorption capacity, qt (mol/g) is 
the amount adsorbed at time t, and k1 (1/min) is the pseudo–first–order 
rate constant. The pseudo–second–order model is given by: 

t
qt

=
1

k2q2
e
+

t
qe

(3) 

where k2 (g/mol min) is the pseudo–second–order rate constant. The 
values of k2 and qe were obtained from the slope and intercept of the t/qt 
versus t plot. Application of both kinetic models to the experimental data 
obtained under different stirring speeds, initial dye concentrations, pH 
values, and temperatures yielded the regression coefficients (R2), rate 
constants, and calculated equilibrium adsorption capacities summarized 
in Table 4. The pseudo–first–order model produced R2 values in the 
range of 0.914–0.995, whereas the pseudo–second–order model showed 
superior agreement with R2 values between 0.965 and 0.999. Moreover, 
the equilibrium adsorption capacities calculated from the pseu
do–second–order model (qe,cal) were in closer agreement with the 
experimental values (qe,exp) compared to those obtained from the 
pseudo–first–order model. The fitted kinetic curves generated using the 
pseudo–second–order parameters exhibited excellent agreement with 
experimental data over the entire adsorption period (Fig. 9). These re
sults demonstrate that the adsorption kinetics are more accurately 
described by the pseudo–second–order model, indicating that the 
adsorption rate is better described by the pseudo-second-order kinetic 
model and is strongly influenced by surface-related interactions (see 
Table 5).

Similar kinetic behavior has been reported for the biosorption of 
Remazol Black B onto Rhizopus arrhizus [42], adsorption of Congo red 
and 2–chlorophenol onto coir pith–derived activated carbon [43,44], 
and the adsorption of MB and related dyes onto perlite [17,45].

To quantitatively evaluate adsorption rate, the half–life (t1/2) values 
were calculated using: 

t1/2 =
1

k2qe
(4) 

The calculated half–life values (Table 4) decrease with increasing 
stirring speed, pH, and temperature, whereas they increase with 
increasing initial dye concentration, confirming that enhanced mass 
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transfer and surface interaction accelerate the adsorption process. 
Overall, the kinetic analysis confirms that MB adsorption onto modified 
sepiolite is best described by the pseudo–second–order model, high
lighting the important contribution of surface-related interactions to the 
overall adsorption kinetics.

Identification of the rate–limiting step is essential for elucidating the 
overall adsorption mechanism. In general, adsorption proceeds through 
three sequential stages: (i) transport of the adsorbate from the bulk so
lution to the external surface of the adsorbent (film diffusion), (ii) 
diffusion within the internal pore structure (intraparticle diffusion), and 
(iii) adsorption at active surface sites. Based on the combined kinetic and 
electrokinetic findings, MB adsorption onto modified sepiolite follows a 
multi–step mechanism rather than a single rate–controlling process. The 
intraparticle diffusion behavior was evaluated using the Weber–Morris 
model: 

qt = kint
̅̅
t

√
+ C (5) 

where qt is the adsorption amount at time t, kint is the intraparticle 
diffusion rate constant, and C represents the boundary layer thickness 

parameter. The non–zero intercept values (C ∕= 0) indicate that intra
particle diffusion is not the sole rate–limiting step and that external film 
diffusion contributes to the overall kinetics. As shown in Fig. 10, the qt 
versus t1/2 plots do not pass through the origin and exhibit multiple 
linear regions. This multi–linearity clearly demonstrates that the 
adsorption process occurs in distinct stages, involving successive diffu
sion and surface interaction steps. The calculated intraparticle diffusion 
rate constants (ki2) ranged between 0.03 × 10− 6 and 7.47 × 10− 6 mol/g 
min. The initial linear portion corresponds to rapid external mass 
transfer (film diffusion), followed by a second region associated with 
intraparticle diffusion within the porous structure. The final plateau 
region reflects equilibrium establishment and surface–site saturation 
[46]. When evaluated together with the superior fitting of the pseu
do–second–order kinetic model, the results suggest that surface-related 
interactions become increasingly important during the final stage of 
the adsorption process. The kinetic evidence confirms that adsorption is 
not governed solely by diffusion but involves strong specific interactions 
between MB molecules and functionalized surface sites. The dominant 
interactions in the final adsorption stage include electrostatic attraction 
between cationic MB molecules and negatively charged surface sites, 

Table 4 
Kinetic constants for MB adsorption on APTES–functionazed sepiolite.

Parameters Kinetics models t1/2 

(min)
Co (mol/ 
L)

pH T 
(oC)

Stirring speed 
(rpm)

Pseudo–first–order model Pseudo–second–order model

R2 k1 (g/mol 
min)

qe(cal) 

(mol/g)×
105

qe(exp) 

(mol/g)×
105

k2 (g/mol 
min)

R2 qe(cal) 

(mol/g)×
105

qe(exp) 

(mol/g)×
105

1 × 10− 4 Natural 
pH

30 250 0.989 0.010 6.995 7.949 221.36 0.965 8.768 7.949 56.83

1 × 10− 4 Natural 
pH

30 500 0.974 0.012 7.917 8.867 276.82 0.972 9.613 8.867 40.74

1 × 10− 4 Natural 
pH

30 750 0.987 0.014 6.808 9.506 495.51 0.995 9.934 9.506 21.23

5 × 10− 5 Natural 
pH

30 750 0.987 0.026 3.215 5.108 1911.39 0.999 5.298 5.108 10.24

1 × 10− 5 Natural 
pH

30 750 0.914 0.018 0.083 1.142 107207.31 0.999 1.144 1.142 0.82

1 × 10− 4 3.0 30 750 0.995 0.015 8.476 8.994 215.24 0.994 10.323 8.994 51.66
1 × 10− 4 5.0 30 750 0.995 0.015 8.029 9.325 337.57 0.991 10.102 9.325 31.77
1 × 10− 4 7.0 30 750 0.989 0.014 5.485 9.989 812.99 0.997 10.198 9.989 12.31
1 × 10− 4 9.0 30 750 0.952 0.019 3.428 10.109 2019.07 0.999 10.203 10.109 4.90
1 × 10− 4 Natural 

pH
40 750 0.970 0.017 3.876 10.034 1624.04 0.999 10.196 10.034 6.14

1 × 10− 4 Natural 
pH

50 750 0.981 0.023 2.197 10.096 4187.60 0.999 10.175 10.096 2.36

1 × 10− 4 Natural 
pH

60 750 0.975 0.022 0.521 10.106 20335.77 0.999 10.120 10.106 0.49

Natural pH refers to the original pH of the suspension without adjustment using HCl or NaOH.

Table 5 
Intraparticle diffusion parameters and regression coefficients for MB adsorption on APTES–functionazed sepiolite under different experimental conditions.

Parameters Mechanism of adsorption

Co (mol/L) pH T (oC) Stirring speed 
(rpm)

Intraparticle diffusion

kint,1 × 106 (mol/g min1/2) R1
2 kint,2 × 106 (mol/g min1/2) R2

2 kint,3 × 106 (mol/g min1/2) R3
2

1 × 10− 4 Natural pH 30 250 2.00 0.960 6.65 0.987 3.40 0.985
1 × 10− 4 Natural pH 30 500 3.29 0.969 6.49 0.983 2.92 0.977
1 × 10− 4 Natural pH 30 750 7.56 0.983 5.28 0.997 1.74 0.982
5 × 10− 5 Natural pH 30 750 3.15 0.979 2.84 0.994 0.23 0.764
1 × 10− 5 Natural pH 30 750 0.31 0.885 0.03 0.886 0.01 0.965
1 × 10− 4 3.0 30 750 8.85 0.964 7.47 0.988 2.10 0.936
1 × 10− 4 5.0 30 750 8.26 0.963 6.69 0.995 1.84 0.938
1 × 10− 4 7.0 30 750 5.57 0.971 4.47 0.989 1.54 0.958
1 × 10− 4 9.0 30 750 5.53 0.992 2.22 0.977 0.76 0.881
1 × 10− 4 Natural pH 40 750 14.60 0.987 4.08 0.950 0.52 0.978
1 × 10− 4 Natural pH 50 750 12.81 0.823 2.14 0.954 0.14 0.951
1 × 10− 4 Natural pH 60 750 2.99 0.990 0.46 0.965 0.06 0.886

Natural pH refers to the original pH of the suspension without adjustment using HCl or NaOH.
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hydrogen bonding, and possible surface complexation involving ami
no–functional groups. Similar adsorption behavior–characterized by 
pseudo–second–order kinetics combined with multi–step diffusion 
mechanisms–has been reported for MB adsorption onto various 
clay–based and nanostructured adsorbents [46]. Overall, the proposed 
mechanism describes a diffusion–assisted process: MB molecules are 
first transported through the boundary layer, then diffuse within the 
pore structure, and finally interact strongly with surface functional 
groups, which govern the overall adsorption performance.

3.5. Hydrogen storage

The pressure– and temperature–dependent hydrogen storage 
behavior of pristine sepiolite and APTES–functionalized sepiolite pro
vides valuable insight into the relationship between surface accessi
bility, pore architecture, and hydrogen adsorption behavior. 
Examination of the excess hydrogen adsorption isotherms at room and 
cryogenic temperatures presented in Fig. 11 clearly demonstrates that 
hydrogen adsorption is not governed solely by pressure. Rather, it is 
controlled by a multi–parameter equilibrium involving temperature, 
pore accessibility, and the superposition of adsorption potential fields. 
The pronounced capacity difference observed between cryogenic and 
room–temperature conditions strongly confirms that the hydrogen 
storage mechanism is predominantly governed by physisorption.

According to the numerical data derived from the isotherms in 
Fig. 11, the hydrogen storage capacity of sepiolite at room temperature 
is approximately 0.06 wt% at 10 bar, increasing to 0.69 wt% at 104 bar. 
Under identical conditions, the modified sepiolite exhibits capacities of 
0.05 wt% and 0.60 wt%, respectively, clearly indicating that pristine 
sepiolite maintains superior storage performance across the entire 

pressure range. At cryogenic temperature, the hydrogen storage capac
ity of sepiolite increases from 0.81 wt% at 10 bar to 2.53 wt% at 104 bar, 
whereas the modified sepiolite increases from 0.29 wt% to 1.76 wt%. 
This comparison clearly reveals that decreasing temperature and 
increasing pressure significantly enhance hydrogen storage capacity, 
and that sepiolite consistently outperforms modified sepiolite under all 
investigated conditions. The higher hydrogen storage capacity of sepi
olite at both room and cryogenic temperatures is directly associated 
with its specific surface area and pore structure. As shown in Table 3, the 
high surface area and significant micropore volume of sepiolite provide 
a larger adsorption potential field for hydrogen molecules. In contrast, 
organosilane functionalization partially blocks micropore entrances and 
reduces the total surface area, leading to decreased hydrogen adsorption 
capacity in the modified sample. Alver (2018) emphasized that the 
fibrous channel–like pore structure of sepiolite facilitates physical 
hydrogen adsorption, particularly at low temperatures, distinguishing it 
from other clay minerals. The present results clearly demonstrate that 
the microporous channel structure of sepiolite enhances hydrogen 
confinement and thus improves storage capacity [47]. In the study by 
Bicil (2026), functionalization of MWCNTs resulted in decreased in BET 
surface area and micropore volume but a substantial increase in meso
pore volume, which was accompanied by enhanced hydrogen storage 
performance [48]. This behavior highlights that hydrogen storage is 
governed not only by total surface area but also by pore accessibility, 
pore size distribution, and the balance between micro- and meso
porosity. These findings demonstrate that hydrogen storage perfor
mance is governed not solely by total surface area but by the overall 
balance between micro– and mesoporosity, pore accessibility, and pore 
architecture. A numerical comparison of temperature effects shows that 
the hydrogen storage capacity of sepiolite increases from 0.69 wt% at 
104 bar and room temperature to 2.53 wt% at the same pressure under 
cryogenic conditions, corresponding to an approximately 3.7–fold 
enhancement. For modified sepiolite, the capacity increases from 
0.60 wt% to 1.76 wt%, representing an approximately 2.9–fold increase. 
This difference is attributed to the higher micropore volume of pristine 
sepiolite, which promotes stronger overlap of adsorption potential fields 
and enhances hydrogen confinement at cryogenic temperatures.

Wang et al. (2024) reported that palygorskite systems exhibit lower 
hydrogen storage capacity compared to sepiolite, based on both exper
imental and simulation studies. Structural analyses indicated that sepi
olite possesses higher micropore volume and greater channel continuity, 
which support enhanced adsorption [12]. The higher experimental 
hydrogen storage capacity of sepiolite observed in the present study, 
compared with that reported for palygorskite, further supports the view 
that micropore accessibility and channel continuity are critical param
eters governing hydrogen storage performance. Although both sepiolite 
and palygorskite display fibrous morphologies, sepiolite contains wider 
and more continuous three–dimensional channel systems. These chan
nels provide greater effective pore volume and more homogeneous 
micropore distribution, whereas palygorskite channels are narrower and 
segmented. From a microstructural perspective, the inter–wall distance 

Fig. 10. Intraparticle diffusion plots for different pHs.

Fig. 11. Pressure-dependent hydrogen adsorption isotherms of (a) sepiolite and (b) APTES–functionalized sepiolite.
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in sepiolite channels is more compatible with the kinetic diameter of 
hydrogen molecules, leading to stronger overlap of adsorption potential 
fields. In contrast, the narrower and irregular channels of palygorskite 
partially restrict hydrogen diffusion and reduce adsorption volume. 
Consequently, adsorption in palygorskite occurs predominantly near 
surface regions, while volumetric micropore filling is more effective in 
sepiolite. This structural difference explains the superior cryogenic 
hydrogen storage capacity of sepiolite. Campos et al. (2008) reported 
that untreated montmorillonite stores approximately 0.12 wt% 
hydrogen at 77 K, while silica–intercalated montmorillonite reaches 
0.40 wt%, attributed to mesopore development [49]. In comparison, the 
intrinsic channel structure of sepiolite provides inherent pore accessi
bility advantages similar to artificially expanded structures in layered 
clays. Therefore, sepiolite exhibits more efficient micropore filling and 
higher hydrogen storage capacity than many layered clay minerals re
ported in the literature.

At cryogenic temperature, the observed capacity enhancement for 
both samples is associated with reduced kinetic energy of hydrogen 
molecules, allowing longer residence time within the adsorption po
tential field. Particularly in narrow and accessible micropores, the 
overlap of adsorption potentials significantly enhances hydrogen 
confinement. Wang et al. (2023) similarly reported that hydrogen 
adsorption in microporous silicate and clay–based adsorbents increases 
substantially at low temperatures, controlled by micropore filling 
mechanisms [10]. The cryogenic adsorption isotherm behavior observed 
for sepiolite in the present study further supports a micro
pore–controlled physisorption mechanism. The cryogenic isotherms of 
sepiolite exhibit a steep initial slope at low pressure, characteristic of 
dominant micropore filling. In contrast, modified sepiolite shows a 
lower initial slope and limited capacity. At room temperature, both 
samples exhibit significantly reduced hydrogen storage capacities 
compared to cryogenic conditions due to the weakening of physisorption 
interactions at elevated temperature. With respect to pressure effects, 
increasing pressure from 10 to 104 bar at room temperature increases 
the capacity of sepiolite from 0.06 wt% to 0.69 wt% (approximately 
11–fold), and from 0.81 wt% to 2.53 wt% (approximately 3–fold) at 
cryogenic temperature. For modified sepiolite, the corresponding in
creases are from 0.05 wt% to 0.60 wt% (approximately 12–fold) at room 
temperature and from 0.29 wt% to 1.76 wt% (approximately 6–fold) at 
cryogenic temperature. These numerical trends clearly demonstrate that 
pressure elevation increases hydrogen density, allowing more molecules 
to be accommodated within the adsorption potential field. Moreover, 
hydrogen adsorption increases linearly with pressure in accordance with 
Henry's law. Another reason why the storage capacity of sepiolite sam
ples increases with increasing pressure is that the increased density of 
hydrogen leads to greater interaction with the surface [8]. The fact that 
sepiolite shows a more significant increase in capacity at cryogenic 
temperatures suggests that micropores play a dominant role in hydrogen 
adsorption. Karadaş et al. (2026) reported strong correlations between 
hydrogen storage capacity and textural properties of porous carbons, 
with correlation coefficients of 0.87 for BET surface area and 0.86 for 
micropore volume. These findings support that hydrogen adsorption is 
strongly governed by surface area and micropore development. The 
present results similarly demonstrate that hydrogen storage capacity in 
sepiolite is directly related to its specific surface area and micropore 
volume. In modified sepiolite, the reduction of surface area and elimi
nation of microporosity limit hydrogen storage performance, confirming 
that pore accessibility and micropore density dominate over chemical 
functionalization in determining hydrogen storage behavior [50].

A comparison of the hydrogen storage capacities of clay minerals 
reported in the literature with the sepiolite and modified sepiolite results 
obtained in this study is presented in Table 6. Literature data indicate 
that hydrogen storage capacity depends strongly not only on material 
type but also on measurement conditions, particularly temperature and 
pressure. Near room temperature, Wang et al. (2023) reported a 
hydrogen storage capacity of 1.37 wt% for sepiolite at 273 K and 180 bar 

[10], while Zhang et al. (2024) reported 0.12 wt% at 273 K and 100 bar 
[13]. In the present study, sepiolite exhibits 0.69 wt% at 298 K and 
104 bar. Although measured at lower pressure than in Wang et al. 
(2023), this value exceeds that reported by Zhang et al. (2024), high
lighting the importance of pore accessibility and micropore architecture. 
Under the same conditions (298 K, 104 bar), modified sepiolite exhibits 
0.60 wt% hydrogen storage. The decrease relative to pristine sepiolite is 
attributed to reduced micropore accessibility and specific surface area 
following functionalization.

Comparisons performed under cryogenic temperature conditions 
more clearly reveal the pronounced superiority of sepiolite over other 
clay minerals. Wolff-Boenisch et al. (2023) reported a hydrogen storage 
capacity of approximately 0.11 wt% for montmorillonite at 77 K and 
70 bar [1]. Similarly, Edge (2015) reported a capacity in the range of 
0.5–1 wt% for laponite at 77 K and 80 bar [51]. In contrast, in the 
present study, the sepiolite sample reached a hydrogen storage capacity 
of approximately 2.53 wt% at 77 K and 104 bar. This value is several 
times higher than those of layered clay minerals and indicates that the 
fibrous channel–type pore architecture of sepiolite significantly en
hances micropore filling at cryogenic temperature. The modified sepi
olite sample exhibited a capacity of 1.76 wt% under the same cryogenic 
conditions, lower than pristine sepiolite but still markedly higher than 
the values reported for montmorillonite and laponite. These results 
clearly demonstrate that changes in pore architecture directly influence 
hydrogen storage performance.

A comparison between sepiolite and fibrous clay minerals such as 
palygorskite further highlights the decisive role of pore architecture in 
hydrogen storage behavior. Wang et al. (2023) reported hydrogen 
storage capacities of approximately 1.06 wt% for palygorskite and 
1.37 wt% for sepiolite at 273 K and 180 bar [10]. In a subsequent study 
conducted at higher temperature, Wang et al. (2024) reported capacities 
of approximately 0.036 wt% for palygorskite and 0.134 wt% for sepio
lite at 338 K and 180 bar [12]. These results indicate that, although both 
minerals exhibit fibrous morphology, sepiolite consistently provides 
higher storage capacity. When compared with layered clay minerals, the 
advantages of sepiolite becomes even more evident. In layered minerals 
such as montmorillonite, kaolinite, and illite, hydrogen adsorption is 
primarily governed by surface adsorption and limited interlayer spacing, 
whereas the three–dimensional channel system of sepiolite allows 
hydrogen molecules to be access and occupy the internal pore volume. 
This structural advantage, particularly under cryogenic conditions 
where micropore filling becomes dominant, substantially enhances 
storage capacity. Compared with the low hydrogen storage capacities 

Table 6 
Comparison of hydrogen storage capacities of clay minerals under different 
pressure and temperature conditions based on the literature.

Samples Pressure 
(bar)

Temperature 
(K)

wt% 
H2

References

Playgorskite 180 273 1.06 [10]
Sepiolite 180 273 1.37 [10]
Playgorskite 180 338 0.036 [12]
Sepiolite 180 338 0.134 [12]
Montmorillonite 70 77 0.11 [11]
Montmorillonite 70 195 0.10 [11]
Montmorillonite 70 303 0.04 [11]
Na–Montmorillonite 90 363 0.20 [9]
Montmorillonite 100 273 0.012 [13]
Sepiolite 100 273 0.12 [13]
Laponite 80 77 0.5–1 [51]
Sepiolite 104 77 2.53 In this 

study
Sepiolite 104 298 0.69 In this 

study
APTES–functionalized 

sepiolite
104 77 1.76 In this 

study
APTES–functionalized 

sepiolite
104 298 0.60 In this 

study
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reported for montmorillonite, the significantly higher capacity of sepi
olite further supports the critical role of fibrous channel–type pore ar
chitecture in the hydrogen storage mechanism.

Overall, literature data demonstrate that hydrogen storage perfor
mance in sepiolite is sensitive to temperature and pressure, while pore 
architecture remains the primary structural factor governing storage 
behavior. In particular, micropore accessibility, channel continuity, and 
the three–dimensional pore network enable sepiolite to exhibit higher 
hydrogen storage capacity than both layered clay minerals and struc
turally similar fibrous clay materials. The results obtained for modified 
sepiolite further demonstrate that alterations in pore architecture 
directly influence storage capacity and clearly confirm the critical role of 
micropore accessibility and pore density in hydrogen adsorption.

3.6. Kinetic modelling of hydrogen storage

The time–dependent hydrogen adsorption data obtained at cryo
genic temperature are presented in Fig. 12. The curves recorded for both 
sepiolite samples clearly exhibit the typical two–stage kinetic behavior 
commonly observed in gas–solid adsorption systems: an initial rapid 
adsorption stage followed by a slower approach to equilibrium. The 
sharp increase in the amount of adsorbed hydrogen during the first 
minute is associated with the initially vacant active sites on the surface 
and the high probability of interaction of hydrogen molecules with these 
sites. As time progresses, the number of available sites decreases and the 
system gradually approaches equilibrium, resulting in a marked reduc
tion in adsorption rate and the formation of a plateau region. Such a 
kinetic profile is well known for gas–phase adsorption systems and has 
been widely reported in the literature [52].

When the effect of pressure is considered, the results obtained at 
fixed pressures of 35, 50, and 70 bar under cryogenic conditions show 
that both the initial adsorption rate and the equilibrium capacity in
crease systematically with increasing pressure (Fig. 12). For pristine 
sepiolite, the hydrogen uptake after approximately 4 min reaches 
~0.55 mmol g− 1 at 35 bar, ~1.09 mmol g− 1 at 50 bar, and 
~1.69 mmol g− 1 at 70 bar. For modified sepiolite, the corresponding 
values at the same time are ~0.55, ~1.15, and ~1.59 mmol g− 1, 
respectively. This trend clearly indicates that increasing pressure raises 
the number of hydrogen molecules interacting with the adsorbent sur
face, leading to faster surface filling and higher equilibrium capacity. A 
similar pressure–dependent enhancement in adsorption kinetics has also 
been reported for various porous adsorbent systems [50].

Consistent with the isotherm results, pristine sepiolite exhibits a 
higher maximum adsorption capacity than modified sepiolite under 
cryogenic conditions (Fig. 11). This suggests that the pore architecture 
of pristine sepiolite provides a more favorable environment for 
hydrogen storage. Although surface modification alters the chemical 
characteristics of the material, it does not completely eliminate the 
intrinsic advantage of the natural structure in terms of adsorption ca
pacity. Previous studies have also emphasized that changes in surface 
chemistry and pore structure directly influence both adsorption capacity 
and kinetic behavior [53].

The formation of a plateau within approximately 2–3 min indicates 
that the system reaches equilibrium in a relatively short time. Such rapid 
equilibration behavior is frequently analyzed using pseudo–first–order 
and particularly pseudo–second–order kinetic models, which often yield 
high correlation coefficients [8]. However, the observed change in slope 
of the curves suggests that more than one transport or rate–controlling 
step may be involved in the adsorption process.

The kinetic analysis of the time–dependent hydrogen adsorption data 
obtained at cryogenic temperature was performed using the pseu
do–first–order and pseudo–second–order models described in Section 
3.4. For both sepiolite samples, the linear fit of the pseudo–second–order 
kinetic model is clearly observed in the t/qt–t plots presented in Fig. 13, 
and the high R2 values together with the strong agreement between qe 

(exp) and qe(cal) reported in Table 7 confirm that the second–order kinetic 
approach successfully represents the experimental data. First, when the 
regression coefficients are examined, the R2 values for the pseu
do–first–order model for pristine sepiolite were determined as 0.7235, 
0.6909, and 0.5977 at 70, 50, and 35 bar, respectively. In contrast, for 
the pseudo–second–order model, the R2 values at the same pressures 
were significantly higher, reaching 0.9978, 0.9976, and 0.9912. A 
similar trend was observed for modified sepiolite. While the R2 values 
for the pseudo–first–order model ranged between 0.6369 and 0.7525, 
those for the pseudo–second–order model were in the range of 
0.9938–0.9960, indicating an excellent fit. These results clearly 
demonstrate that, even solely based on regression coefficients, the sec
ond–order model provides a much better agreement with the experi
mental data. Secondly, when the equilibrium adsorption capacities are 
compared, the qe(cal) values calculated from the pseudo–second–order 
model show very close agreement with the experimental qe(exp) values. 
For instance, for pristine sepiolite at 70 bar, qe(exp) was 1.756 mmol/g, 
while qe(cal) was calculated as 1.747 mmol/g. Similarly, at 50 bar, the 
values were 1.180 and 1.169 mmol/g, and at 35 bar, 0.637 and 
0.580 mmol/g, respectively. For modified sepiolite, comparable agree
ment was obtained, with values of 1.681–1.636 mmol/g at 70 bar, 
1.266–1.227 mmol/g at 50 bar, and 0.599–0.579 mmol/g at 35 bar. This 
close correspondence indicates that the pseudo–second–order model is 
not only superior in terms of linear regression but also more reliable in 
predicting physically meaningful equilibrium parameters. Examination 
of the rate constant (k2) values shows that k2 increases as pressure de
creases for both materials (e.g., for pristine sepiolite, from 3.93 at 70 bar 
to 11.12 at 35 bar). This suggests that although the equilibrium capacity 
is lower at reduced pressure, the system exhibits a relatively faster ki
netic approach per unit of adsorbed hydrogen at the initial stage. Similar 
pressure–dependent kinetic behavior has been reported for porous car
bon–based adsorbents [8,53]. In the literature, hydrogen adsorption 
kinetics are frequently reported to be better described by the pseu
do–second–order model. In particular, studies conducted on micropo
rous carbons have demonstrated high R2 values and strong qe agreement 
in favor of the second–order model [8,52,53]. The findings of the pre
sent study are consistent with these reports. In conclusion, considering 
the regression coefficients, the agreement between qe(exp) and qe(cal), and 
the overall parameter consistency, it is clearly demonstrated that 

Fig. 12. Time–dependent kinetic behavior of hydrogen adsorption in (a) sepiolite and (b) APTES–functionalized sepiolite at different constant pressures.
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hydrogen adsorption on both pristine and modified sepiolite at cryo
genic temperature follows the pseudo–second–order kinetic model more 
closely than the pseudo–first–order model.

The time–dependent hydrogen adsorption data obtained at cryo
genic temperature were analyzed using the Weber–Morris intraparticle 
diffusion model described in Section 3.4, and the results revealed a 
two–stage linear behavior (Table 7, Fig. 14). The presence of two 
distinct linear slopes in the qt–t1/2 plots indicates that the adsorption 
process is not governed by a single rate–limiting step, but rather involves 
successive mass transfer and diffusion stages. This behavior is consistent 
with the multi–step kinetic nature commonly reported for gas–phase 
adsorption on porous solid adsorbents [8,52]. For pristine sepiolite, the 
regression coefficients corresponding to the first linear region (R2

1) were 
determined as 0.9705, 0.9748, and 0.9752 at 35, 50, and 70 bar, 
respectively. Similarly, the R2

1 values for modified sepiolite ranged be
tween 0.9644 and 0.9821 (Table 7). These high correlation coefficients 
indicate that the model describes the initial stage of adsorption very 
well. The slope values (k1) of the first region increase significantly with 
increasing pressure. For example, for pristine sepiolite, the k1 value rises 
from 0.803 at 35 bar to 2.582 at 70 bar, while for modified sepiolite it 
increases from 0.861 to 2.645 (Table 7). This increase reflects the ac
celeration of the initial mass transfer process due to the higher hydrogen 
density at elevated pressure. Similar pressure–dependent increases in 
the intraparticle diffusion coefficient have been reported for carbon 

nanotubes and other microporous adsorbents [48,50]. In contrast, the R2
2 

values corresponding to the second linear region are noticeably lower 
than those of the first region (0.6697–0.7574 for pristine sepiolite and 
0.6863–0.7917 for modified sepiolite) (Table 7). This suggests that the 
second stage is governed by a more complex diffusion regime, during 
which the adsorption rate gradually decreases as the system approaches 
equilibrium. The k2 values are also considerably lower than k1, further 
supporting this interpretation. For instance, for pristine sepiolite at 
70 bar, k1 = 2.582 while k2 = 0.296 (Table 7). This pronounced dif
ference implies that the first stage is associated with rapid surface filling 
or external film diffusion, whereas the second stage is controlled by 
intraparticle diffusion within the pore structure and a gradual approach 
to equilibrium.

The fact that the linear plots do not pass through the origin in the 
graphs (Fig. 13) also indicates that intraparticle diffusion is not the sole 
rate–limiting step. If the process were controlled exclusively by pore 
diffusion, the linear lines would be expected to intersect the origin. 
However, the observed intercepts demonstrate that an initial boundary 
layer (film) resistance also contributes to the overall adsorption process. 
A similar multi–stage transport mechanism has previously been reported 
for carbon–based adsorbents [7,8]. When pristine and modified sepiolite 
are compared, the two–stage kinetic behavior is preserved for both 
samples; however, the higher k1 values observed for pristine sepiolite, 
particularly at elevated pressure, indicate a more favorable initial 

Fig. 13. Pressure–dependent pseudo–second–order kinetic plots (t/qt vs. t) for hydrogen adsorption on (a) sepiolite and (b) APTES–functionalized sepiolite.

Table 7 
Comparative kinetic modelling of hydrogen adsorption on sepiolite and APTES–functionalized sepiolite.

Samples Pressure 
(bar)

First 
order 
R2

Second order Weber-Morris

R2 qe(exp) 

(mmol/ 
g)

qe(cal) 

(mmol/ 
g)

k2 (mmol/g 
min)

R2
1 k1 (mol/g min1/ 

2)
R2

2 k2 (mol/g min1/ 

2)

Sepiolite 70 0.7235 0.9978 1.756 1.747 3.93 0.9752 2.582 0.7574 0.296
50 0.6909 0.9976 1.180 1.169 5.52 0.9748 1.591 0.7138 0.209
35 0.5977 0.9912 0.637 0.580 11.12 0.9705 0.803 0.6697 0.101

APTES–functionazed 
sepiolite

70 0.6369 0.9960 1.681 1.636 5.01 0.9821 2.645 0.6863 0.219
50 0.7525 0.9959 1.266 1.227 4.84 0.9791 1.840 0.7917 0.186
35 0.6468 0.9938 0.599 0.579 9.76 0.9644 0.861 0.7124 0.108

Fig. 14. Weber–Morris intraparticle diffusion plots for hydrogen adsorption on (a) sepiolite and (b) APTES–functionalized sepiolite.
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adsorption rate. This behavior can be attributed to the more accessible 
microporous structure of natural sepiolite. In contrast, the similar 
diffusion rates observed for both materials during the second stage 
suggest that intraparticle transport becomes the dominant factor as the 
system approaches equilibrium. Overall, the Weber–Morris analysis re
veals that hydrogen adsorption under cryogenic conditions follows a 
two–step kinetic mechanism, involving an initial rapid surface/external 
film transfer followed by a slower intraparticle diffusion stage. When 
considered together with the pseudo–second–order kinetic analysis, 
these findings strongly support that the system exhibits a multi–stage 
transport behavior governed primarily by physical adsorption.

4. Conclusions

In this study, the adsorption behaviors of natural sepiolite and 
APTES–functionalized sepiolite in both liquid and gas phases were sys
tematically and comparatively investigated, and the structur
e–surface–function relationship governing adsorption performance was 
comprehensively elucidated. Characterization results demonstrated that 
surface functionalization preserves the intrinsic fibrous channel archi
tecture of sepiolite while reducing micropore accessibility and BET 
surface area. Despite this reduction, the enhanced MB adsorption ca
pacity observed in the liquid phase clearly indicates that adsorption 
performance depends not solely by textural properties but predomi
nantly by surface chemistry and the density of active functional groups. 
Electrokinetic analysis provided direct mechanistic evidence supporting 
this behavior. The pronounced shift of the isoelectric point toward acidic 
pH values after APTES functionalization and the predominance of 
negative surface charge over a wide pH range confirmed that surface 
protonation–deprotonation reactions strongly regulate adsor
bent–adsorbate interactions. This electrokinetic modification enhances 
electrostatic attraction between negatively charged surface sites and 
cationic MB molecules, thereby promoting adsorption capacity and rate. 
Kinetic modeling revealed that the adsorption process is best described 
by the pseudo–second–order model, indicating the important contribu
tion of surface-related interactions to the adsorption process. 
Weber–Morris analysis further demonstrated a multi–step diffusion 
mechanism involving initial film diffusion followed by intraparticle 
diffusion and surface interaction processes. Together with the electro
kinetic findings, these results confirm that liquid-phase adsorption is 
primarily governed by surface charge–controlled interaction mecha
nisms rather than purely textural effects. Hydrogen storage measure
ments in the gas phase showed that adsorption is primarily controlled by 
physisorption and strongly influenced by temperature, pressure, and 
particularly micropore structure. Natural sepiolite exhibited consis
tently higher hydrogen storage capacity than the modified sample under 
all investigated conditions, owing to its higher micropore volume and 
superior channel continuity. The pronounced capacity enhancement 
observed under cryogenic conditions confirms that micropore filling and 
the overlap of adsorption potential fields play a decisive role in the 
hydrogen storage mechanism. Comparison with literature data further 
indicates that the three–dimensional channel architecture of sepiolite 
provides superior hydrogen storage performance compared to layered 
clay minerals. Overall, while electrokinetically controlled surface 
chemistry dominates adsorption in the liquid phase, pore architecture 
governs adsorption behavior in the gas phase. This work establishes a 
robust scientific basis for the design of multifunctional clay-based ad
sorbents capable of integrating environmental pollutant removal and 
hydrogen storage within a single material platform.
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