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A B S T R A C T

This study reports a detailed investigation of the desorption kinetics of toluene and chlorobenzene from a high- 
silica FAU-type Y zeolite (SiO2/Al2O3 ≈ 200) by in situ synchrotron X-ray powder diffraction under dynamic 
(298–973 K) and isothermal (443–523 K) conditions. Dynamic XRPD data reveal a progressive unit cell 
contraction (~0.4–0.5 %) and an increase in the intensity of the (111) reflection, consistent with the gradual 
release of VOCs and pore evacuation. Activation energies were calculated using Avrami–Erofeev and Arcene
gui–Troya kinetic models, the latter incorporating non-Arrhenius behavior attributed to cooperative effects. The 
higher activation energy observed for chlorobenzene (28.13 ± 3.93 kJ/mol) compared to toluene (17.31 ± 0.66 
kJ/mol) is attributed to stronger quadrupole–cation interactions, reduced rotational entropy, and cooperative 
desorption barriers arising from molecular crowding. These findings provide fundamental structural insights into 
host–guest interactions and framework stability during VOC desorption, informing the design of regenerable 
zeolite adsorbents for environmental applications.

1. Introduction

The increasing prevalence of toluene and chlorobenzene in aquatic 
environments, driven by industrial discharge, petroleum refining, and 
improper waste disposal, has raised serious environmental and public 
health concerns. To mitigate associated risks, the U.S. Environmental 
Protection Agency (EPA) has established Maximum Contaminant Levels 
(MCLs) of 1 mg/L for toluene and 0.1 mg/L for chlorobenzene [1]. 
Exceeding these thresholds can result in adverse health effects, including 
neurotoxicity and organ damage, highlighting the urgent need for effi
cient and selective removal strategies [2,3].

Zeolites are crystalline microporous aluminosilicates extensively 
used in catalysis, adsorption, and ion exchange owing to their high 
specific surface area, thermal stability, and well-defined pore architec
ture. Their distinctive physicochemical properties including hydropho
bicity, structural stability, and tunable pore dimensions make them 
particularly effective in advanced pollution control technologies, tar
geting complex contaminant mixtures in groundwater systems. Among 

the available zeolites, FAU-type Y zeolite has emerged as an auspicious 
material due to its large pore apertures, high chemical stability, cost- 
efficiency, and effectiveness in groundwater remediation and water 
purification systems [4–7]. Notably, Y zeolite has shown excellent 
adsorption capabilities for toluene and chlorobenzene from aqueous 
media in both single- and multi-component conditions [8].

A key advantage of zeolites in environmental applications lies in 
their ability to undergo regeneration and reuse, typically through 
controlled thermal treatments [9–13]. In the context of volatile organic 
compound removal, particularly for aromatic hydrocarbons such as 
toluene and chlorobenzene, thermal desorption must be carefully 
managed to preserve the crystallinity and adsorptive functionality of the 
zeolite. Indeed, thermal regeneration can lead to structural modifica
tions analogous to those observed upon dehydration, including unit cell 
variations, distortions in T–O–T bond angles (T = Si or Al), breaking of 
Si–O or Al–O bonds, and in some cases, partial amorphization or irre
versible framework collapse [14–18]. These structural changes can 
reduce pore accessibility, modify the distribution and chemical nature of 
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active sites, and ultimately affect the zeolite’s adsorption or catalytic 
performance. Consequently, understanding the response to heating of 
zeolites is crucial for ensuring long-term effectiveness in pollutant 
removal applications.

For this purpose, in situ techniques, such as temperature- and time- 
resolved synchrotron X-ray powder diffraction (XRPD), offer powerful 
tools for real-time monitoring of structural evolution under thermal 
treatment [19–26]. These methods enable direct observation of frame
work dynamics, including progressive changes in lattice parameters, 
distortions of T–O–T bond angles, and potential phase transitions, 
thereby providing critical insights into the thermal response and 
regeneration capacity of zeolitic materials. In this context, kinetic 
analysis is essential for interpreting thermally induced desorption and 
the resulting structural transformations. Desorption processes are gov
erned by activation energies, which quantify the energy required for 
molecular release and framework reorganization. Activation energies 
are highly sensitive to various parameters, including the physicochem
ical properties of the adsorbed species, the Si/Al ratio of the framework, 
pore topology, and the nature and distribution of extra-framework cat
ions. Furthermore, the kinetic behavior may evolve during desorption 
due to changes in diffusion pathways or progressive structural 
degradation.

Over the past decades, different kinetic model-free isoconversional 
approaches have been developed to evaluate activation energies without 
assuming a predefined reaction mechanism [27–34]. Despite their 
proven utility in broader materials science and thermal analysis, these 
approaches remain less exploited in zeolite research, particularly in the 
context of real-time investigations of organic molecules desorption 
under thermal stress.

In this study, we examine the thermal desorption kinetics of toluene 
and chlorobenzene from FAU-type Y zeolite using synchrotron X-ray 
diffraction data collected in both variable-temperature (298–973 K) and 
isothermal (443, 463, 483, and 523 K) conditions to assess structural 
transformations alongside kinetic parameters. In situ isothermal XRPD 
enables time-resolved monitoring of structural changes at selected 
temperatures, unit cell dimensional variations, and the evolution of 
Bragg reflection intensities associated with desorption events and 
framework distortions. By tracking the time-dependent behavior of 
selected diffraction peaks, typically via integrated intensity or peak area, 
reaction progress curves can be constructed and analyzed using model- 
free isoconversional methods (e.g., Friedman, Vyazovkin) [35–37] to 
extract apparent activation energies without assuming specific kinetic 
models.

This methodology offers several key advantages: it provides direct 
crystallographic evidence of structural dynamics, decouples molecular 
desorption from concurrent framework modifications, and captures 
transient intermediate states not observable in conventional non- 
isothermal experiments. XRPD simultaneously reveals microscopic 
structural evolution, allowing for direct correlation between molecular 
release events and framework alterations. This integrated analysis fa
cilitates the identification of critical thermal thresholds beyond which 
regeneration efficiency and structural integrity are compromised.

Finally, this combined in situ approach allows us to link desorption 
kinetics with framework behavior, providing a mechanistic under
standing of regeneration processes in FAU-type zeolites. These insights 
are essential for the rational design of thermally robust adsorbents for 
environmental remediation and volatile organic compound abatement.

2. Experimental

The zeolite selected for this study was a hydrophobic FAU-type Y 
zeolite (HSZ-390HUA, Tosoh Corporation) in its protonic (H+) form. The 
material exhibited a high degree of dealumination, as indicated by a 
SiO2/Al2O3 molar ratio of approximately 200 and contained only 0.05 
mass% Na2O. Structurally, the FAU framework is composed of cuboc
tahedral sodalite cages (β-cages) connected through double six- 

membered rings (D6Rs) at four of the six-membered ring faces, form
ing large supercages (α-cages) approximately 1.2 nm in diameter. These 
cavities are accessible via 12-membered ring windows with a free 
aperture of ~0.74 nm, enabling the adsorption of relatively large 
organic molecules.

The textural properties of the zeolite were investigated by nitrogen 
physisorption at 77 K (liquid nitrogen temperature), using an Autosorb- 
1-MP volumetric analyzer (Quantachrome Instruments). Measurements 
were performed over a pressure range of 5 × 10− 6 to 760 Torr. Before 
analysis, the sample was degassed under high vacuum to eliminate 
physisorbed contaminants. The activation protocol consisted of a three- 
step heating sequence: 1 h at 363 K, 1 h at 403 K, and 16 h at 573 K, 
reaching a final pressure of 1 × 10− 9 Torr.

The specific surface area was calculated using the Bru
nauer–Emmett–Teller (BET) method, applying a maximum relative 
pressure (P/P0) of 0.01. Pore size distribution was derived from the 
desorption branch of the isotherm using the Non-Local Density Func
tional Theory (NLDFT) model, assuming cylindrical pore geometry.

The zeolite displayed a high total surface area of 853 m2/g, with 616 
m2/g attributable to its microporous structure. The material featured 
characteristic 1.2 nm micropores, contributing a pore volume of 0.21 
cm3/g. In addition, two families of mesopores were identified: pores 
centered at 2.2 nm and 5 nm, with respective pore volumes of 0.12 cm3/ 
g and 0.08 cm3/g. The total pore volume of the sample was 0.62 cm3/g.

[38,39]. The textural properties are summarized in Table S1.
Toluene – purity 99.9 % and Chlorobenzene – purity 99.8 % were 

purchased from Merck (Darmstadt, Germany). The water was Milli-Q 
grade (Millipore, Ma, USA).

To prepare Y zeolite saturated with Toluene (TOL) and Chloroben
zene (ClB), denoted as Y-TOL and Y-ClB respectively, 100 mg of Y zeolite 
were brought into contact with 100 mL of an aqueous solution con
taining TOL and ClB at a concentration of 200 ppm, in sealed flasks. 
Under these conditions, the saturation capacity of the Y zeolite for both 
TOL and ClB has already been established [8]. The suspension was 
maintained at 25.3 ± 0.5 ◦C for 24 h under continuous stirring. The solid 
samples were then separated from the aqueous phase by centrifugation 
at 14,000 rpm for 30 min, thoroughly washed with deionized water, and 
dried at 40 ◦C overnight.

Non-isothermal thermogravimetric analyses were carried out in air 
up to 1090 K using a Netzsch STA 409 PC LUXX® simultaneous TG/DTA 
analyzer, with a heating rate of 10 K/min (Fig. S1).

In situ time-resolved X-ray powder diffraction (XRPD) measurements 
were performed at the ID22 beamline of the European Synchrotron 
Radiation Facility (ESRF, Grenoble) in high-resolution mode. Diffraction 
data were acquired at a wavelength of 0.0400031 nm, employing a 
transfocator equipped with compound refractive lenses to attenuate 
third-order and higher-order harmonics. The zeolite samples, packed 
into an open-ended 0.7 mm quartz capillary, were heated from room 
temperature to 973 K using a hot air blower. Diffracted X-rays were 
recorded every 20 K simultaneously by nine detectors, with a heating 
rate of 0.083 K/s in the 0.4–24.5◦ 2θ range. Fig. 1 illustrates the evo
lution of the Y-type zeolites loaded with toluene (Fig. 1a) and chloro
benzene (Fig. 1b), particularly in the low-angle region (1.0–6.0◦ 2θ), 
highlighting the structural transformations associated with their ther
mal desorption.

Four isothermal XRPD measurements were then performed at tem
peratures of 443, 463, 483, and 523 K, which were selected based on 
significant features observed in the DTG and DTA profiles. Each pattern 
was individually refined using the Rietveld method, implemented via 
the EXPGUI interface for the GSAS software package. The diffraction 
data were refined in the cubic Fd− 3 space group, starting from the 
structural models reported by Chenet et al. [28] and Pasti et al. [8] for 
Y-CB and Y-Tol, respectively.

Refined parameters included the scale factor for all datasets, frac
tional atomic coordinates, occupancy values of extra-framework con
stituents, and isotropic atomic displacement parameters (ADPs). To 
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minimize the number of refined variables, ADPs were constrained for 
atoms of the same type (e.g., Si and O). Soft constraints were applied to 
Si–O bond lengths (0.16 ± 0.004 nm) during early refinement stages and 
later released. The Bragg peak profiles were fitted using a modified 
pseudo-Voigt function (with a 0.01 % cut-off), while background con
tributions were modelled with a 16-coefficient Chebyshev polynomial.

Kinetic analysis of the isothermal data was carried out following the 
method proposed by Hancock and Sharp [40].

3. Results and discussion

3.1. Analysis of variable-temperature data from in situ XRPD and TGA 
data

Rietveld refinements of the room-temperature XRPD data confirmed 
the cubic Fd-3 symmetry for both Y-TOL and Y-ClB samples, in agree
ment with that of the initial structural models. Both the organic guest 
molecules were located within the supercages, statistically distributed 
on six equivalent orientations resulting from the 6-fold axis parallel to 
[111].

Upon heating from 303.15 K to 863.15 K, no evidence of phase 
transition or symmetry change was observed in the patterns. Notably, 
there is a significant increase in intensity of the (111) reflection as the 
temperature rises, which is associated with the gradual decrease in 

electron density (averaged over the unit cell) resulting from the removal 
of extra-framework molecules within the channels (Fig. 2). Bragg re
flections in the intermediate 2θ region, which can be ascribed to the 
zeolite framework, display much less variation. Both samples displayed 
a gradual and continuous contraction of the unit cell, resulting in a total 
volume shrinkage of approximately 0.46 % for Y-TOL and 0.42 % for Y- 
ClB.

Fig. 3 shows that the desorption of organic molecules by HSZ-Y 
zeolite varies by molecule type. To quantify the number of guest mole
cules (toluene and chlorobenzene) per unit cell, Rietveld refinement was 
performed using GSAS. The number of molecules per unit cell (Z) is 
determined as the sum over all crystallographic sites associated with the 
guest molecule, according to formula (1): 

Z=
∑

(multiplicity x occupancy) (1) 

Here, multiplicity corresponds to the number of symmetry-equivalent 
positions in the unit cell, and occupancy represents the fraction of the site 
occupied by the molecule. Each site is defined in GSAS with atomic 
coordinates, occupancy, and symmetry; the software automatically ap
plies the appropriate multiplicity. The total number of molecules per 
unit cell is obtained by summing the contributions from all relevant 

Fig. 1. XRD patterns and focus on low-angle region showing the structural evolution of Y-type zeolites loaded with (a) toluene and (b) chlorobenzene during 
thermal desorption.

Fig. 2. Variations in unit cell parameters of Y-type zeolites loaded with toluene 
(Y-tol) and chlorobenzene (Y-clb) during heating.

Fig. 3. Desorption behavior of organic molecules from HSZ-Y zeolite as a 
function of molecule type with toluene (Y-tol) and chlorobenzene (Y-clb). The 
number of molecules per unit cell was determined by Rietveld refinement using 
GSAS, based on site occupancy and symmetry-derived multiplicity.
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sites.
Toluene desorbs gradually over a wide temperature range (from 

room temperature to about 480 K), whereas chlorobenzene is firmly 
retained in the extraframework sites of the zeolite up to 425 K and de
sorbs rapidly within a 75 K thermal range (i.e., at about 500 K). These 
different desorption behaviors are reflected in variations in the inter
tetrahedral bond angles of the zeolite that depends on the type of 
organic molecule adsorbed prior to heat treatment.

In Y-TOL, desorption was nearly complete at around 483 K, accom
panied by slight modifications in the T-O-T angles (Fig. 4). Specifically, 
the T1–O1–T2 and T1–O4–T2 angles shifted from approximately 138◦

and 144◦ at 303 K to about 140◦ and 138◦ in the 543–563 K range 
respectively. These changes indicate a cooperative relaxation of the 
framework as the guest molecules are expelled, reflecting the release of 
internal strain created by host–guest interactions.

For Y-ClB, in the 303–503 K temperature range, the T–O–T angles 
remained relatively stable, with T1–O1–T2 ranging from 133◦ to 135◦

and T1–O4–T2 from 153◦ to 154◦. This result suggests that the frame
work remained in a strained configuration due to the continued presence 
of ClB. Angular modifications became noticeable only above 523 K, 
when the complete ClB desorption occurred, with values converging 
towards those observed for fully desorbed Y-TOL (approximately 140◦

and 138◦ at 563–583 K).
The distinct desorption dynamics and associated structural responses 

can be attributed to differences in host–guest interactions. The electron- 
withdrawing chlorine in ClB enhances quadrupole–cation electrostatics 
and dispersion interactions with the zeolite walls, stabilizing the guest 
and delaying desorption and framework relaxation. In contrast, the 
weaker interactions of TOL result in earlier desorption and a more im
mediate elastic response of the framework. These findings were also 
confirmed by the kinetic data discussed in the next section.

3.2. Kinetic analysis of toluene and chlorobenzene desorption from zeolite 
Y

To determine the activation energy (Ea) of the structural trans
formation occurring during thermal treatment, a kinetic analysis was 
conducted using X-ray diffraction data collected under isothermal con
ditions. The kinetic curves were evaluated using the classical Avrami
–Erofeev model for heterogeneous solid-state reactions (Strømme, 1986) 
[41]: 

α = 1 – exp{–[(–kt)n]}                                                                   (2)

where α is the fraction of transformed material as a function of time, and 
k and n are constants derived from the model.

The evolution of the intensity and integrated area of the (111) Bragg 

reflection, associated with the extraframework content of the zeolite 
(see previous section), was monitored over time at 443, 463, 483, and 
523 K (Fig. 5). The integrated peak area is generally more reliable for 
quantitative kinetic analysis than the maximum peak intensity, as it 
accounts for the entire peak profile and is less affected by noise and 
instrumental fluctuations. Maximum peak intensity, while quicker to 
obtain, is more susceptible to noise and may underestimate subtle 
changes in structure. Normalization of intensity (I/I0) facilitates com
parisons but only reflects the peak maximum, missing the full extent of 
transformation. Thus, the integrated area is preferred for accurate ki
netic modelling, while normalized intensity can provide qualitative in
sights [42,43].

Assuming a first-order kinetic model, the time evolution of the 
normalized intensity I(t)/I0 can be described as: 

I(t)= I0e− kt (3) 

where I(t) is the intensity (or area) at time t, I0 is the initial value, and k 
is the apparent rate constant at the given temperature. For each 
isothermal treatment, the rate constant k was obtained by nonlinear 
least-squares fitting of the experimental data to the above equation.

The natural logarithm of the rate constants was then plotted using 
the Arrhenius plot: 

ln k= ln A −
Ea
RT

(4) 

where: 

• Ea is the apparent activation energy (J mol− 1),
• A is the pre-exponential factor,
• R is the universal gas constant (8.314 J mol− 1 K− 1).

This model produces a linear plot of ln k versus 1/T, with the slope 
equal to − Ea/R (Fig. 6).

Despite being similarly located in the central supercage and having 
comparable orientational freedom within the Y-zeolite framework, 
chlorobenzene consistently exhibits a higher apparent activation energy 
compared to toluene, as evidenced by the values of 28.13 ± 3.93 kJ/mol 
versus 17.31 ± 0.66 kJ/mol (A/A0 data) (Table 1).

This difference can be rationalized by a combination of physico
chemical factors. Firstly, the electron-withdrawing chlorine substituent 
in chlorobenzene increases the ring’s quadrupole moment, thereby 
strengthening quadrupole–cation interactions with the extra-framework 
protons of the zeolite [44]. Secondly, chlorobenzene’s greater vibra
tional polarizability [45] enhances London dispersion forces, intensi
fying van der Waals interactions with the zeolite pore walls. 
Additionally, toluene benefits from rotational entropy contributions due 

Fig. 4. Evolution of T–O–T bond angles in Y-toluene (Y-tol) and Y-chlorobenzene (Y-clb) loaded zeolites as a function of temperature.
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to methyl rotor modes that persist into the transition state, which 
effectively lowers its activation energy through a more favorable en
tropy of activation (ΔS±) [46]. The zero-point energy difference is also 
higher for chlorobenzene, owing to the elevated vibrational frequencies 
of the C–Cl bond compared to the C–H bond in toluene, which increases 
the energy gap between the ground and transition states [47]. Finally, 
crowding effects may play a role; chlorobenzene desorbs at higher 
temperatures and remains longer within the pore system, fostering 
increased molecular interactions and cooperative desorption barriers 
that contribute to the elevated apparent activation energy [48]. 
Collectively, these factors offer a coherent explanation for the observed 

difference in Ea values and highlight the complex interplay between 
molecular properties and zeolite host–guest dynamics.

However, adsorption and diffusion in porous systems like zeolites are 
influenced by multiple cooperative effects, including changes in 
configurational entropy, guest–host interactions, and site accessibility 
with temperature. For these reasons, the activation energies were also 
determined by applying the Arcenegui–Troya model [49–51] to the 
temperature-dependent evolution of the integrated peak areas obtained 
from isothermal measurements. This model is an improvement of the 
classical Arrhenius approach because it incorporates a second-order 
term in 1/T. This term more accurately accounts for deviations from 

Fig. 5. Evolution of the intensity and integrated area of the (111) Bragg reflection for Y-toluene (Y-tol) and Y-chlorobenzene (Y-clb) samples during isothermal 
treatments at 443, 463, 483, and 523 K.

Fig. 6. Plots for the desorption process in Y-toluene (Y-tol) and Y-chlorobenzene (Y-clb) samples, showing the linear relationship between ln k and 1/T.
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linearity often observed in complex or multi-step systems.
Rate constants (k) were derived from normalized peak areas at the 

four selected temperatures (443.15 K, 463.15 K, 483.15 K, and 523.15 
K) and were fitted using the modified equation: 

ln k= a +
b
T
+

c
T2 (5) 

where a, b, and c are regression coefficients.
From this relationship, the temperature-dependent activation energy 

was calculated as: 

Ea (T)= − R

⎛

⎜
⎝

d ln k

d
(

1
T

)

⎞

⎟
⎠=R

(

b+
2c
T

)

(6) 

This expression reveals how Ea evolves with temperature, consid
ering the curvature observed in ln k vs. 1/T plots and reflecting multi
step or diffusion-limited processes. For toluene, the fitting returned: a =
4.14, b = 1.62 × 103, c = − 8.54 × 105, resulting in an Ea that decreases 
from ~18.5 kJ/mol at 443 K to ~13.6 kJ/mol at 523 K. This inverse 
temperature dependence suggests a transition from a kinetically 
controlled adsorption or reaction step to a regime dominated by diffu
sion or desorption processes, facilitated at higher temperatures by 
increased molecular mobility and reduced adsorbate-zeolite interaction 
strength.

In contrast, chlorobenzene displayed the opposite behavior, with: a 
= 21.25, b = − 1.42 × 104, c = 2.77 × 106 giving activation energies 
increasing from ~14.2 kJ/mol at 443 K to ~30.1 kJ/mol at 523 K. This 
trend may be indicative of a more energy-intensive steps such as rear
rangement within the pore structure or disruption of strong adsorbate- 
framework interactions, which become more dominant at higher tem
peratures. The increase in Ea may also reflect activation of higher-energy 
adsorption sites or pore accessibility limitations caused by thermal ef
fects on the zeolite framework.

The contrasting trends for toluene and chlorobenzene point to 
fundamentally different mechanistic regimes. Toluene likely undergoes 
a shift toward transport-limited behavior, whereas chlorobenzene ex
hibits temperature-activated processes that suggest stronger framework 
interactions or multi-step kinetics.

Overall, the Arcenegui–Troya model proves essential for accurately 
describing the non-linear temperature dependence of reaction kinetics 
in zeolite-based systems. By using a second-order dependence on 1/T, 
this model reveals mechanistic features that are hidden under the 
assumption of linear Arrhenius behavior and supports a more nuanced 
interpretation of adsorbate–framework interactions in thermal 
processes.

4. Conclusions

This study investigates the thermal desorption of toluene and chlo
robenzene from high silica Y-zeolites using in situ synchrotron XRPD and 
model-free kinetic modeling. Despite both compounds being situated 
within the supercage and demonstrating comparable freedom of orien
tation, they display distinct desorption behaviors. Toluene gradually 
desorbs at approximately 443 K, suggesting weaker interactions with the 
zeolite framework. Conversely, chlorobenzene remains retained until 
around 523 K, attributed to stronger stabilization through π-π in
teractions and its larger quadrupole moment.

The increase in the (111) reflection intensity with heating, along 
with alterations in T–O–T bond angles, indicates that framework 
relaxation for toluene occurs earlier and more gradually. In contrast, 
chlorobenzene shows sharper angular changes only at elevated 
temperatures.

Notwithstanding the existence of local distortions, the unit cell vol
ume remains nearly constant, suggesting that structural relaxation oc
curs without a notable contraction of the framework. The kinetic 
analysis corroborates these findings, revealing that chlorobenzene pos
sesses a higher apparent activation energy (28.13 ± 3.93 kJ/mol) in 
comparison to toluene (17.31 ± 0.66 kJ/mol), indicating stronger 
guest–host interactions. The application of the Arcenegui–Troya model 
demonstrates that the activation energy for toluene decreases from 
approximately 18.5 to 13.6 kJ/mol between 443 and 523 K, which 
aligns with a transition to diffusion-limited desorption. On the contrary, 
chlorobenzene displays high and relatively stable energy barriers, 
implying a kinetically constrained release mechanism.

In conclusion, the relationship between desorption behavior and 
framework evolution in FAU-type zeolites is profoundly affected by the 
nature of the guest molecules.

The integration of structural and kinetic data offers significant in
sights for the rational design of zeolitic materials intended for selective 
VOC removal and thermally efficient regeneration.
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Table 1 
Summary of intensities and derived activation energies for desorption in Y- 
toluene (Y-tol) and Y-chlorobenzene (Y-clb) zeolite samples.

Y-Tol ​ ​ ​ Y-ClB ​ ​

A/A0 Value sd ​ A/A0 Value sd

Intercept 5.79 ±0.17 ​ Intercept 9.22 ±0.13
Slope 2.08 ±0.079 ​ Slope 3.38 ±0.47
Ea= 17.31 ±0.66 kJ/mol Ea= 28.13 ±3.93 kJ/mol
Equation y=2.08-5.79x ​ Equation y=9.22-3.38x
R2=0.9915 ​ ​ R2=0.9918 ​

Y-Tol ​ ​ ​ Y-ClB ​ ​

I/I0 Value sd ​ I/I0 Value sd

Intercept 8.33 ±0.20 ​ Intercept 9.97 ±0.19
Slope 2.12 ±0.11 ​ Slope 2.69 ±0.39
Ea= 17.66 ±0.90 kJ/mol Ea= 22.38 ±3.22 kJ/mol
Equation y=2.12-8.33x ​ Equation y=9.97-2.69x
R2=0.9712 ​ ​ R2=0.9883 ​
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