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Abstract
To evaluate the ability of zeolites to remove natural low molecular organic substances, 
p-hydroxybenzaldehyde (p-HBA), a phenolic compound derived from lignin, was cho-
sen as a representative of naturally occurring dissolved organic substances. Two distinct 
high-silica zeolite materials, namely ZSM-5 and Y, were utilised for the study, and the 
adsorption process was investigated under a wide range of conditions. It has been observed 
that p-HBA is adsorbed by both zeolites, and the pH significantly impacts the adsorption 
of p-HBA, particularly within the low concentration range, while exerting minimal influ-
ence on the saturation capacity. For both zeolites, various isotherm models were assessed 
to accurately describe the adsorption data obtained from aqueous solutions of p-HBA. 
In addition, to comprehend the selectivity of the adsorbents towards natural organic sub-
stances and xenobiotics, the competitive adsorption of mixtures of p-HBA and toluene 
(TOL) was investigated. The zeolite’s saturation capacity for p-HBA diminishes with 
increasing contaminant concentration. Conversely, the adsorption of toluene remains mini-
mally affected by p-HBA, and it has been demonstrated that toluene can displace adsorbed 
p-HBA from the zeolites’ sites. This finding has been confirmed by diffractometric study 
that indicates that TOL and p-HBA occupy “the same” adsorption sites. Furthermore, Riet-
veld refinements reveal the formation of p-HBA complexes interacting with the framework 
and stabilising the guest structures within the zeolite porosity. The results obtained are 
important for the selection of proper adsorbent for the removal of hydrocarbons in environ-
mental application (natural waters).
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Highlights
• ZSM-5 and Y high silica zeolites adsorb p-HBA, and the adsorption is influenced by pH.
• ZSM-5 and Y high silica zeolites exhibit higher selectivity for toluene compared to 
p-HBA.
• Toluene and p-HBA compete for occupancy sites within the frameworks of both zeolites.
• Toluene can displace p-HBA molecules from the pores of the zeolite.

Keywords  Organic Contaminants · Lignin Derived Phenolic Compounds · Zeolites · Water 
Remediation · Competitive Adsorption

1  Introduction

Natural organic matter (NOM) is ubiquitous in surface and groundwaters. NOM is a com-
plex mixture of organic molecules with varying structures and compositions, and it exists 
in particulate, colloidal, and dissolved forms (Beckett and Ranville 2006; Matilainen et al. 
2011). Its presence in raw water can affect treatment and remediation processes; generally, 
increasing NOM concentration increases the demand for chemical coagulants and disin-
fectants (Jacangelo et al. 1995). Particularly, the colloidal and dissolved forms pose more 
challenges in water treatment processes, as some of these substances can interact with 
organic compounds and metals, enhancing their mobility through the purification system. 
Moreover, during potabilization processes, hazardous disinfection by-products (DBPs) can 
form when NOM is present in the water matrix. Both halogenated and nonhalogenated 
DBPs may arise from the degradation of NOM. It is well known that many halogenated 
DBPs are considered harmful even at low concentrations, and trihalometanes (THMs) have 
been classified as probable and possible human carcinogens (IARC 1999). Due to their 
potential risk to public health, various strategies have been proposed for reducing halogen-
ated DBPs in chlorinated drinking waters. To evaluate potential removal methodologies, 
halogenated DBPs precursors must be identified and the mechanism through which THMs 
form during chlorination of NOM must be elucidated. Studies have been conducted to 
model DBP formation from different NOM compositions during chlorination (Mitch et al. 
2023; Hincapié–Upegui et al. 2024).

Recently, it has been reported that a new approach based on chlorine disinfection fol-
lowed by Granulated Activated Carbon (GACs) adsorption of DBPs is capable of reducing 
the concentration of chlorinated toxic compounds in treated water by approximately 51%, 
with a decrease of cytotoxic and genotoxic potential of the treated waters up to 83% (Jiang 
et al. 2020).

Many of the nonhalogenated DBPs, such as the lignin derived phenolic compounds, 
occur naturally in surface and groundwater resulting from degradation of biomasses; 
moreover, they can also be found in natural water from the discharge of industrial waste-
waters, especially those deriving from different papermaking process stages, including 
pulping, bleaching, and washing. Indeed, their interference in remediation processes based 
on adsorption (Pignatello et  al. 2006; Molé et  al. 2024) and oxidation (Zhu et  al. 2022; 
Mathew et al. 2024) has been extensively reported. It has been reported that lignin derived 
phenolic compounds such as para hydroxybenzaldehyde can be the precursor of halogen-
ated DBPs (Jiang et al. 2020). Therefore, it is important to investigate the interaction of 
lignin derived compounds with adsorbent materials for a double purpose: on one hand to 
determine the efficiency of the adsorbents to extract these natural compounds from water 
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preventing the formation of halogenated DBPs during chlorination treatments, and on the 
other hand to comprehend their selectivity towards dissolved organic substances and xeno-
biotics to assess the reliability of absorption-based remediation technology (Amrutha et al. 
2023; Parniske et al. 2024).

Zeolites have been investigated to eliminate emerging contaminants, including pesti-
cides, pharmaceuticals, and perfluorinated compounds from aqueous matrices (Chi et al. 
2022; Mancinelli et al. 2022; Pérez-Botella et al. 2022; Abas and Fathy 2024; Almuhtaseb 
et  al. 2024). Previous studies confirmed that some monomers of humic acids can com-
pete with contaminants for adsorption sites (Zuo et  al. 2020; Wang et  al. 2024). Mean-
while, complex interactions could be established between organic contaminants and dis-
solved organic molecules of natural origin which could influence contaminants adsorption 
(Braschi et al. 2016). However, only few works investigate the adsorption of monomers of 
humic acids onto zeolites (Braschi et al. 2016; Chenet et al. 2020; Chi et al. 2022). Addi-
tionally, since these substances occur simultaneously with other contaminants in natural 
and wastewaters, they can also interact with each other and may show synergistic or antag-
onistic behaviour during adsorption.

In the present study the adsorption of one of the nonhalogenated DBPs, 4-hydroxyben-
zaldheyde (p-HBA), onto two different high-silica zeolites (HSZs), Y and ZSM-5, was 
investigated in a wide range of conditions. The two selected adsorbents are characterised 
by different structures, MFI-type and FAU-type framework topology for ZSM-5 and Y, 
respectively (Baerlocher et al. 2007). Moreover, the two materials differ in the dimensions 
of the opening window; specifically, ZSM-5 is a medium pore material, whereas zeolite 
Y is a large pore adsorbent with cavities known as “supercages”. The comparison of the 
adsorption properties of the two zeolites was carried out to assess the role of pore size and 
the framework structure. Additionally, to evaluate the selectivity of the selected adsorbents, 
a comparison between the adsorption of p-HBA from aqueous matrices with or without the 
presence of the contaminant toluene (TOL) was performed. Moreover, a structural inves-
tigation was carried out to study the possible interactions between the adsorbates (TOL, 
p-HBA and water) and the framework of the zeolites through the localisation of the mol-
ecules within the zeolite pores.

To enhance the design of reliable adsorbents and the configuration of adsorption sys-
tems, it is essential to study the multi-component adsorption process, as highlighted in 
a recent review (Amrutha et al. 2023). Therefore, the present work contributes to global 
efforts to improve the efficiency and safety of water treatment processes. To the best of our 
knowledge, no research has been conducted on the utilisation of zeolites as an adsorbent 
for the removal of p-HBA and p-HBA and TOL mixtures from aqueous matrices.

2 � Materials and Methods

In the present study, for the preparation of solutions used in the adsorption investigation 
and for the mobile phase used for the analyses by high performance liquid chromatography, 
reagents characterised by a purity grade > 99.8% were used (for the complete list see the 
section Chemicals in the Supplementary Material).

The zeolites utilised in this work were high silica ZSM-5, characterised by a silica to 
alumina ratio of 280, and Y, characterised by a silica to alumina ratio of 200 (see the sec-
tion Zeolites specifications in the Supplementary Material (SM) for the detailed character-
istics). Specific surface area (SSA), pore size distribution and XRD pattern of both zeolites 
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are reported in the Supplementary Material section (see Table  SM1 and Figs.  SM1 and 
SM2).

2.1 � Batch Adsorption

The batch method was employed to perform the adsorption experiments as described by 
Chenet et  al. (2020), using a solid to solution ratio of 1 mg to 2 mL, keeping the batch 
under stirring at room temperature for 24 h. After equilibration, the batch was filtered to 
separate the adsorbent from the solution; the concentrations of the target compounds in 
the aqueous phase were determined by high performance liquid chromatography equipped 
with a DAD UV-Vis detector (see the section Batch method and HPLC-DAD instrumental 
conditions in the Supplementary Material for the detailed description).

The adsorbed quantities, q (mg g−1), were obtained as follows:

where C0 (mg L−1) is the initial concentration of p-HBA or TOL, whereas Ce (mg L−1) is 
the concentration at equilibrium, m (g) is the quantity of adsorbent material, and V (L) is 
the volume of the solution.

All experiments were performed in triplicates. Model equations (see Eq.  2 to 11 and 
13) were used to fit the experimental kinetics and isotherm data; MATLAB® software was 
employed to evaluate all the parameters of the models through non-linear regression.

2.2 � Thermal Analyses

A STA 409 PC LUXX thermal analyser (Netzsch, Germany) working with a heating rate 
of 10  °C min−1 from room temperature up to 900  °C and with a 20 mL min−1 N2 flow 
rate, was employed for thermogravimetric (TG) and differential thermal analysis (DTA) 
measurements of ZSM-5 and Y zeolite samples loaded with the targeted compounds after 
adsorption.

2.3 � X‑ray Powder Diffraction (XRPD) Measurements and Refinement Procedure

Room temperature XRPD patterns collection by conventional radiation of both p-HBA-
loaded and p-HBA-TOL-loaded ZSM-5 and Y were performed with a D8 Advance dif-
fractometer (Bruker AXS, Madison, WI, USA) provided with a Si(Li) solid state detector 
(Sol-X). The experimental settings were: Cu Kα1,α2 radiation (λ = 1.54178 Å), 2θ range 
3-110°, step size 0.02°, time/step 12 s, scattering, divergence, and receiving slits 0.6, 0.6 
and 0.1 mm, respectively. Structural refinements were carried out by full profile Rietveld 
analysis using the GSAS package (Larson and Von Dreele 2004) with the EXPGUI inter-
face (Toby 2001). The atomic coordinates reported by Rodeghero et al. (2016) and Chenet 
et al. (2020) for the ZSM-5 and Y framework atoms were used as guess models. Specific 
details on the refinement strategy and data on selected bond distances (Å) and angles (◦) 
between framework and extraframework atoms for both Y–p-HBA and ZSM-5– p-HBA 
systems are reported in the Supplementary Material. Refined atomic coordinates, occupan-
cies, and isotropic thermal parameters for both loaded zeolites are listed in Tables SM2 and 
SM3.

(1)q =

(

C
0
− Ce

)

⋅ V

m
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3 � Results and Discussion

3.1 � Adsorption Kinetics

The uptake process of organic contaminants, such as toluene, chlorobenzene, 1–2 
dichoroethane and methyl tert-butyl ether on zeolites from unary aqueous solutions has 
been extensively studied (Rodeghero et  al. 2017; Pasti et  al. 2018; Almuhtaseb et  al. 
2024). In this work, before the investigation of possible competition between TOL and 
p-HBA, a thorough study of the uptake of the lignin derived compound on both zeolites 
was carried out.

To describe the adsorption kinetic process several adsorption kinetic models can be 
employed, including the pseudo-first-order (PFO) (Lagergren 1898), the pseudo-second-
order (PSO) (Ho 2006), the phenomenological mass transfer (Marin et al. 2014; Monte 
Blanco et al. 2017; Scheufele et al. 2016; Suzaki et al. 2017), the Elovich (Elovich and 
Larinov 1962), and the mixed-order (MO) (Guo and Wang 2019) models.

The PFO model (Lagergren 1898) in its integrated form, by assuming q0 = 0, is given 
by

where qt (mg g−1) is the adsorbed quantity per unit mass of adsorbent at time t (min), qe 
(mg g−1) is the equilibrium adsorption quantity assessed by the PFO model, and k1 (min−1) 
is the pseudo-first-order kinetic constant, which has been used to indicate the velocity to 
reach the adsorption equilibrium (Plazinski et al. 2009). The model has been extensively 
employed to describe the kinetic data and to obtain the qe and k1 parameters. Another 
model that has been widely employed to describe the adsorption processes is the PSO 
model (Ho 2006), which is described according to the following equation:

where k2 (g mg−1 min−1) is the pseudo-second-order kinetic constant.
The Weber-Morris (W&M) has been employed to investigate the rate controlling step, 

and in particular the role of intraparticle diffusion in adsorption kinetics. The W&M model 
can be described as follows:

where kD (mg g−1 min−1/2) is the diffusion coefficient in the solid, and C (mg g−1) is related 
to the boundary layer thickness.

The Elovich model, which can be related to the model of a strongly heterogeneous solid 
surface (Plazinski et al. 2009), is expressed as follows:

where β (g mg−1) is a constant related to the surface coverage and α (mg g−1 min−1) is the 
rate constant of chemisorption (McLintock 1967). The Elovich kinetic model was devel-
oped and has been used to describe the adsorption of gases onto solids, but it has also been 
successfully applied to liquid/solid systems (Cheung et al. 2001; Fuentes et al. 2014).

(2)qt = qe
(

1 − e−k1t
)

(3)qt =
k
2
q2
e
t

1 + k
2
qe t

(4)qt = kD t
1

2 + C

(5)qt =

(

−
1

�

)(

ln(� � ) + ln

(

t +
1

� �

))
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The uptake of p-HBA onto ZSM-5 and Y zeolites was measured at three different con-
centrations. From preliminary adsorption data, Y zeolites did not show appreciable adsorp-
tion from diluted solutions. For this reason, the reported kinetic curves of Y zeolite refer to 
higher concentrations with respect to those employed for ZSM-5; in addition, since pH can 
influence the adsorption (see Sect. 3.2.2 pH influence) the solution pH was kept constant 
for all the uptake experiments (pH 5). The experimental data are reported in Fig. 1.

Both zeolite ZSM-5 and Y show very fast kinetics with the equilibrium reached within 
the first 20  min of contact; the estimated parameters obtained from the kinetic models 
described above by interpolating the experimental data are summarised in Table 1.

The experimental data for both zeolites are well described with all the models 
(R2 > 0.98) except the Weber and Morris model, which was used to fit the data in the early 
stage of the uptake process; in this case, the plot of qt versus t1/2 show a linear trend, with 
intercept = 0 when the intraparticle diffusion is the main rate controlling step. The multi-
linear segments that compose the experimental data sets show that different mechanisms 
control the rate of adsorption for both zeolites. Since the coefficient of determination (R2) 
obtained for the different kinetic models are quite close (between 0.98 and 0.99, without 
considering the W&M model), it is difficult to clearly identify the mechanism of adsorp-
tion. As can be seen from Table SM4 the difference between the estimated qe values and 
the measured qe from the isotherm determination experiments is negligible, indicating on 
one hand the goodness of the fitting using PFO and PSO models, but on the other hand, 
it does not allow to suggest one model over the other to better understand the mechanism 
involved.

Although some authors do not encourage to use linearisation for studying the kinetics of 
adsorption based on evidence that non-linear regression is a more robust and reliable tool 
for data modelling (González-López et al. 2022), the experimental data were fitted by using 
the linearised form of PFO and PSO (Fig. SM3). The results are reported in supplementary 
material (SM). By comparing the goodness of fitting of linearised models, it seems that the 

Fig. 1   Kinetic experimental data fitted with PFO, PSO, Elovich and W&M kinetic models. a), b) and c): 
adsorption kinetics of p-HBA on Y zeolite (initial concentration: 40, 60, 80 mg L−1, respectively); d), e) 
and f): adsorption kinetics of p-HBA on ZSM-5 (initial concentration: 5, 10, 20 mg L−1, respectively)
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PSO model better describes the experimental data. However, it should be considered that it 
is not recommended to compare the values of R2 of linearised PFO and PSO models (Lima 
et al. 2021; Bujdák 2020), and that the mentioned expressions (e.g., PFO and PSO) do not 
correspond to only one kinetic model, but they are equations able to simulate adequately 
well the behaviour characteristic of physical kinetic processes of various kinds (Plazinski 
et al. 2009). Consequently, it is difficult to state what kind of process governs the sorption 
kinetics based on small differences in the determination coefficient.

3.2 � Adsorption of p‑HBA on ZSM‑5 and Y Zeolites

3.2.1 � Adsorption Isotherms

The adsorption isotherms of p-HBA on ZSM-5 and Y zeolites are presented in Fig. 2.
The most common adsorption isotherm models have been used to fit the experimental 

data to elucidate the mechanism of the p-HBA uptake process. 
The Langmuir isotherm model is described as follows:

where qe (mg g−1) is the quantity of p-HBA adsorbed onto the zeolite at equilibrium, Ce 
(mg L−1) is the concentration of p-HBA in the aqueous phase at equilibrium, qs (mg g−1) 
represents the saturation capacity, b is a constant associated to the binding affinity (L 
mg−1). The Langmuir adsorption isotherm model assumes a homogeneous monolayer for-
mation with adsorption sites energetically identical, with no lateral interactions and steric 
hindrance between the adsorbed molecules (Foo and Hameed 2010). This model has been 
widely employed for the description and comparison of the adsorption capacity of many 
adsorbent materials towards several substances (Park et  al. 2014; Ma et  al. 2015; Turk 
Sekulic et al. 2019; Mancinelli et al. 2022).

(6)qe =
qs b Ce

1 + b Ce

Fig. 2   Isotherm experimental data fitted with Langmuir, Freundlich, Shifted Langmuir, Sips, Jovanovic-
Freundlich, Dubinin-Radushkevich and Krishnamurti adsorption isotherm models. (a) adsorption isotherm 
of p-HBA onto ZSM-5, (b) adsorption isotherm of p-HBA onto Y zeolite
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The shifted Langmuir isotherm model is a variation of the Langmuir model described 
above, which can be described by the following form:

where Csh is the concentration shift on the x-axis (mg L−1) which is subtracted from the 
concentration of solute in the solution at equilibrium (Ce), and bsh (L mg−1) is the cor-
responding affinity constant. This model can be applied to S-shaped isotherms assum-
ing a cooperative adsorption process; in this regard, the concentration of the shift can be 
assumed to be the minimum quantity in solution needed for the adsorption to promptly 
occur (Grant et al. 1998).

The Freundlich isotherm model is expressed as indicated by Eq. (8):

where KF is the Freundlich isotherm constant related to the adsorption capacity (mg g−1)(L 
g−1)n, and 1/n identifies the adsorption intensity of the adsorbate onto the adsorbent (when 
n > 1 the adsorption is achieved under favourable conditions). This model is not restricted 
to monolayer formation, it assumes a multilayer adsorption, with a non-uniform distribu-
tion of adsorption energies and affinities on the heterogeneous surface. The slope of the 
curve gives a measure of the intensity of the adsorption or the heterogeneity of the surface; 
in particular, when this parameter approaches 0 the adsorption becomes more heterogene-
ous (Foo and Hameed 2010).

The Sips isotherm model is described by Eq. (9):

with bs (L mg−1) representing the constant related to the adsorption equilibrium, whereas 
βs is a constant characteristic of the adsorption system (when βs equals 1, Sips equation 
becomes the Langmuir model).

This equation is a combination of the Langmuir and Freundlich models: at low adsorb-
ate concentrations, it follows the Freundlich model, while at high adsorbate concentrations 
it describes a monolayer adsorption capacity according to the Langmuir model (Foo and 
Hameed 2010; Günay et al. 2007).

Equation (10) describes the Jovanovich-Freundlich (J-F) adsorption isotherm model:

where ν is a parameter which accounts for surface heterogeneity and a (L mg−1) is a tem-
perature-dependent parameter related to the interaction energy distribution. This model can 
be applied to describe experimental data related to single-component adsorption equilibria 
on heterogeneous materials (Quiñones et al. 1996).

Equation (11) describes the Dubinin-Radushkevich (D-R) adsorption isotherm model:

(7)qe =
qs bsh

(

Ce − Csh

)

1 + bsh
(

Ce − Csh

)

(8)qe = KFC

1

n
e

(9)qe =
qs bs C

�s
e

1 + bs C
�s
e

(10)qe = qs

(

1 − e−(aCe)
�
)

(11)qe = qse
−�D�

2
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where βD is a constant related to the adsorption energy (mol2 kJ−2) and ε is the Polanyi 
potential (KJ mol−1) which is defined as

where T (K) is the temperature and R (J mol−1K−1) represents the ideal gas constant (Zhou 
et al. 2021).

The D-R model was developed taking in consideration the effect of the porous structure 
of the materials on the adsorption, assuming that the process is related to micropore vol-
ume filling rather than layer-by-layer adsorption onto pore walls (Hu and Zhang 2019).

The Krishnamurti isotherm model, which has been recently proved to fit S-shaped 
equilibrium data of water contaminants (Chu 2021), is reported in Eq. (13)

where N
0
 (mg g−1) is the total amount of adsorbable molecules per unit mass of adsorbent, 

K
1
 (L mg−1) and K

2
 are constants.

The Krishnamurti adsorption model assumes that the uptake of the adsorbate follows 
a co-operative adsorption mechanism where previously adsorbed molecules facilitate the 
adsorption of more molecules in neighbouring positions.

The parameters resulting from the fit of the experimental data for every isotherm model 
considered in this study are reported in Table 2. It can be seen that Y zeolite has a higher 
adsorption capacity than ZSM-5.

For both zeolites, the Langmuir, Shifted Langmuir and Freundlich models are not suit-
able to describe the experimental data, whereas the Sips, Jovanovich-Freundlich, Dubinin-
Radushkevich and Krishnamurti models provide a better description of the data trend 
(R2 > 0.98).

The Sips isotherm model is a combination of the Freundlich and Langmuir models, 
the good fit of the experimental data for both adsorbent materials obtained with this equa-
tion may be due to the hybrid nature of the model, which can describe a wide range of 
adsorbate concentrations (Ahmed and Dhedan 2012). The Sips model (also known as the 
Langmuir − Freundlich model) assumes a Gaussian-like distribution of the energy (Pérez-
Botella et  al. 2022). Additionally, it has been reported that the Sips model is the most 
appropriate, three-parametric isotherm used for monolayer adsorption of surfactant (Kalam 
et al. 2021).

With the Dubinin-Radushkevich, useful information can be obtained calculating the 
mean adsorption energy E (kJ mol−1) as follows:

When E is below 8, the adsorption is mainly characterised by a physical mechanism, 
whereas if 8 < E < 16, the uptake involves mostly chemisorption (Eeshwarasinghe et  al. 
2018; Zhou et  al. 2021). E values calculated using Eq.  (14) were 0.40 and 0.39 for the 
zeolites ZSM-5 and Y, respectively, suggesting that the uptake is mainly governed by a 
physical mechanism. Similar behaviours had been found for the adsorption of organic sub-
stances onto bamboo charcoal (Fu et al. 2012) and polycyclic aromatic hydrocarbons on 
granular activated carbon from water matrices (Eeshwarasinghe et al. 2018). Therefore, the 

(12)� = RTln

(

1 +
1

Ce

)

(13)q =
N
0

(

1 + K
2
e−K1

Ce

)

(14)E =
1

√
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results of the isotherm model fitting indicate a monolayer adsorption of p-HBA onto zeo-
lites with a non-uniform distribution of adsorption energies.

Table 2   Isotherm parameters, with confidence intervals at 95%, obtained with the adsorption isotherm 
models (eqs. 6–11, 13) for ZSM-5 and Y zeolites

*c = RT

Isotherm model Zeolite ZSM-5 Zeolite Y

Langmuir qs 106.5 ± 28.44 261.6 ± 71.10
b 0.04268 ± 0.024 0.01466 ± 0.011
R2 0.8905 0.7756
SSE 1891 1.80E + 04

Shifted Langmuir qs 90.71 ± 13.87 262.2 ± 29.50
bsh 0.08028 ± 0.033 0.01565 ± 5.49e-03
Csh 2.8 9.16 ± 5.00
R2 0.9351 0.9643
SSE 1120 2866

Freundlich KF 7.947 ± 4.45 17.8 ± 12.06
n 1.7504 ± 0.16 2.2543 ± 0.13
R2 0.8119 0.8549
SSE 3246 1.16E + 04

Sips qs 66.16 ± 1.65 208.7 ± 8.45
bs 0.1073 ± 4.15e-03 0.01871 ± 1.24e-03
βs 3.773 ± 0.51 2.322 ± 0.39
R2 0.9944 0.9919
SSE 96.53 650.2

Jovanovich-Freundlich qs 64.9 ± 1.46 201.9 ± 9.45
a 0.09352 ± 4.15e-03 0.01489 ± 1.47e-03
ν 2.816 ± 0.37 1.582 ± 0.33
R2 0.9943 0.9818
SSE 99.2 1462

Dubinin-Radushkevich qs 70.45 ± 3.26 206.9 ± 5.70
βD 3.092 ± 1.26e + 07 3.22 ± 1.79e + 07
c* 4.874 ± 1.98e + 07 24.21 ± 6.72e + 07
R2 0.9872 0.9922
SSE 221.2 626.6

Krishnamurti N0 64.86 ± 1.3 196.6 ± 10.6
K2 81.45 ± 39.42 16.59 ± 13.58
K1 0.4707 ± 0.0582 0.05254 ± 0.01530
R2 0.9934 0.9646
SSE 98.22 2859
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3.2.2 � pH Influence

p-HBA has a hydroxyl group with a pKa of 7.61, thus, according to the pH of the aqueous 
solution, the molecule can be present in the protonated and deprotonated form in different 
proportions.

The influence of pH on the adsorption of p-HBA onto zeolites was investigated and was 
carried out through the determination of the adsorbed quantity at the equilibrium (qe) at dif-
ferent pH values, between 4 and 10 (Fig. SM4); this pH interval was selected because water 
bodies normally have a pH within this range, and for very acidic pHs zeolites undergo deg-
radation. For pHs from 4 to 7 the quantity of p-HBA adsorbed does not vary significantly; 
but, for pH values higher than 7, qe decreases notably, approaching zero value at a pH of 
10. For pH values lower than the pKa, p-HBA is mainly present in the protonated form, 
and the adsorption onto the zeolite is favoured by the positive interactions with the frame-
work of the adsorbent material. Whereas, for pH higher than the pKa, p-HBA is mainly 
present in the deprotonated form carrying a negative charge which interacts repulsively 
with the also negatively charged zeolite framework, resulting in a decrease of the quantity 
of p-HBA adsorbed. It has already been observed that when the pH increases above their 
pKa, the adsorption of phenolic compounds on zeolites decreases (Tri et al. 2020).

To better understand the influence of pH on the adsorption process, adsorption iso-
therms of the zeolites towards p-HBA were determined at three different pH values below 
the pKa, in particular 3.5, 5 and 7, as presented in Fig. 3 for zeolite ZSM-5. As it can be 
seen in Fig. 3, independently from the pH value of the solution, the isotherms show the 
same shape reaching a saturation capacity value of about 60 mg g−1; however, the curve is 
shifted towards higher adsorbate concentrations in solution as the pH increases, resulting 
in a smaller uptake compared to more acidic conditions; a similar behaviour was observed 
for zeolite Y.

3.3 � Competition between p‑HBA and TOL in the Adsorption onto ZSM‑5

To investigate possible competitive behaviour between the natural compound p-HBA and 
the contaminant TOL on the uptake on zeolite ZSM-5, adsorption experiments were per-
formed with binary mixtures containing both substances in different concentrations; in this 
case, the Sips isotherm model was utilised to fit the experimental data because it describes 
best the behaviour of the material towards the adsorption of both substances. Adsorption 
isotherms of p-HBA in the presence of TOL in different constant concentrations in solution 

Fig. 3   Isotherm experimental 
data of p-HBA on zeolite ZSM-5 
at different pHs



Competitive Adsorption of 4‑Hydroxybenzaldehyde and Toluene… Page 13 of 22     49 

have been determined (Fig. 4). ZSM-5 shows a high saturation capacity towards p-HBA in 
absence of TOL; when TOL is added to the aqueous solution, the saturation capacity of the 
zeolite towards the natural compound decreases as the contaminant concentration increases 
(Fig. 4a). On the other hand, when the quantity of TOL adsorbed is considered from binary 
solutions containing both TOL and p-HBA, the qe of the contaminant is not significantly 
influenced, even when the natural substance is present in high concentrations (Fig. 4b).

To further investigate the selectivity of the zeolite towards the organic contaminant, 
adsorption kinetic experiments were performed to evaluate the uptake of TOL onto the 
zeolite previously saturated with p-HBA. As highlighted in Fig. SM5, the TOL concentra-
tion in the solution rapidly decreases, whereas the p-HBA concentration in the solution 
increases; these findings confirm the higher affinity of the zeolite towards TOL, whose 
adsorption is accompanied by the displacement of p-HBA molecules from the zeolite 
pores.

3.4 � Competition between p‑HBA and TOL in the Adsorption onto Y

The competitive behaviour between the natural compound and the organic contaminant was 
studied also for the zeolite Y. As for the case of zeolite ZSM-5, the selectivity of the adsor-
bent material was found to be higher for the contaminant rather than the lignin derived 
compound; in Fig. 5 the isotherms of p-HBA and TOL from binary solutions are presented.

Zeolite Y shows a large saturation capacity towards p-HBA when the organic contami-
nant is absent; when TOL is present in solution and its concentration increases, the satura-
tion capacity of the zeolite Y towards the natural compound rapidly decreases (Fig. 5a). 
Similar findings were observed for the adsorption mixture of TOL and phenol in gas phase 
onto Y zeolite (Khalil et al. 2020).

Fig. 4   Nonlinear fitting (Sips 
isotherm model) of the adsorbed 
amount (qe) on zeolite ZSM-5 
of (a) p-HBA and (b) TOL from 
two-component aqueous solu-
tions of p-HBA and TOL

Fig. 5   Nonlinear fitting (Sips isotherm model) of the adsorbed amount (qe) on zeolite Y of (a) p-HBA and 
(b) TOL from two-components aqueous solutions of p-HBA and TOL
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If the uptake of TOL is considered, the saturation capacity of the adsorbent material 
is only slightly affected by the presence of p-HBA in the solution at any concentration 
(Fig. 5b).

The preference of both zeolites towards TOL rather than p-HBA can be attributed to the 
hydrophobic properties of TOL which allow stronger interactions with the high silica zeo-
lite framework (TOL has a logKow of 2.73, whereas p-HBA has a logKow of 1.35); moreo-
ver, at neutral pH the partially dissociated nature of p-HBA leads to a lower uptake due 
to repulsive interactions between the dissociated form of the aldehyde and the negatively 
charged framework of the zeolite.

3.5 � Thermal and Structural Characterisation of p‑HBA‑ZSM‑5 and Y

Lattice parameters obtained by Rietveld structure refinements of ZSM-5 and Y zeolites are 
reported in Table 3. The crystal structure of both ZSM-5 and Y was markedly modified 
after the p-HBA adsorption; Rietveld structure refinements clearly indicated a lowering in 
symmetry: from Fd-3 m to Fd-3 in Y zeolite and from monoclinic P21/n to orthorhombic 
P212121 in ZSM-5 (Table 3). The framework is not significantly modified by adsorption of 
p-HBA molecules. The tetrahedral T-O mean distances and the T-O-T angles adopt mean 
values in good agreement with those reported for the pure zeolites (< T–O > = 1.615 Å 
and < T–O-T > ranging from 126.6° to 150.1° in p-HBA-Y; average bond length = 1.615 
Å; T-O-T angles ranging from 138.5 to 151.1° in as-synthesised Y); in p-HBA-ZSM-5 
the T-O distances are in the range 1.587-1.600 Å, and T-O-T angles lie between 136.2° to 
169.8°, with respect to the average bond length = 1.595 Å and bond angles ranging from 
132.8° to 167.3° reported for the pristine ZSM-5.

The difference Fourier map for ZSM-5 shows p-HBA molecules distribution over 
two crystallographic independent sites, namely p-HBA1 and p-HBA2, analogously to 
the behaviour of TOL on ZSM-5 (Rodeghero et  al. 2017). p-HBA1 site is located close 
to the straight channel, while p-HBA2 molecules are located at the intersection between 
straight and sinusoidal channels (see Table SM5). The most significant distances between 

Table 3   Lattice parameters for zeolites investigated before and after the adsorption of p-HBA, TOL and 
p-HBA-TOL mixture

Space Group ZSM-5 ZSM-5-p-HBA ZSM-5-TOL ZSM-5-p-HBA-TOL
P21/n P212121 P21/n P21/n

a (Å) 19.8999(5) 19.9921(6) 19.9062(1) 19.9054(1)
b (Å) 20.1174(6) 19.9391(6) 20.1176(1) 20.1237(1)
c (Å) 13.3892(4) 13.3736(4) 13.3926(1) 13.3911(1)
α (°) 90 90 90 90
β (°) 90.546(3) 90 90.5446(11) 90.5501(16)
γ (°) 90 90 90 90
V (Å3) 5359.9(3) 5331.05(29) 5363.01(12) 5363.47(16)

Y Y-p-HBA Y-TOL Y-p-HBA-TOL
Space Group Fd-3 m Fd-3 Fd-3 Fd-3
a  = b = c(Å) 24.2590(1) 24.27038(13) 24.26739(7) 24.26785(8)
α = β = γ = 90° 90 90 90 90
V (Å3) 14277.10(4) 14296.50(13) 14291.22(7) 14292.03(8)
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the organics and the framework are reported in Table SM6. The molecular arrangement 
viewed along b axis is shown in Fig.    6. Both molecules are approximately planar, the 
average C-C distance in the benzene ring is 1.38 Å. The occupancy factors reveal that the 
loadings consist of 3.6 molecules per unit cell, equivalent to ~ 7.0% in weight (Table SM5). 
Therefore, structure refinement gave p-HBA content levels in good agreement with the 
weight loss registered by thermogravimetric measurements (Fig. 7a) and adsorption data 
(see Fig.  2a). In the TG curve, an initial weight loss below 100  °C is observed, which 

Fig. 6   Adsorption sites of p-HBA in ZSM-5 structure (a); interaction between neighbouring p-HBA (b)

Fig. 7   Simultaneous Thermogravimetry (black line), Differential Thermogravimetry (red line) and Differ-
ential Thermal analyses (blue line), in the temperature range from 25 to 900 °C, of ZSM-5 (a) and Y (b) 
zeolites loaded with p-HBA
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can be possibly due to the desorption of water molecules and/or p-HBA molecules weakly 
bonded to the surface (about 5%). At higher temperature, the bond rupture and volatilisa-
tion of low molecular weight fragments of p-HBA occur (100–300℃). The next step (at 
300–450 °C) corresponds to the complete p-HBA thermo-oxidative degradation accompa-
nied by a broad exothermic peak registered in the DTA suggesting the release of CO and 
H2. Above 650 °C, carbonaceous residues are expelled from the structure.

The distances between neighbouring p-HBA, defined as the internuclear distances 
between closest oxygen atoms of carboxyl and phenolic group, are 4.58 Å (p-HBA1-p-
HBA1) and 5.70 Å (p-HBA2-p-HBA2), respectively. The shortest distance between neigh-
bouring p-HBA1 and p-HBA2 molecules is 5.55 Å, which indicates the occurrence of 
end-to-end guest-guest interactions (Fig.  6b). At the same time, host-guest interactions 
are assumed, considering the p-HBA-framework oxygens intermolecular refined dis-
tances (Table SM6). Taken together, our results highlight that a complex network of linear 
p-HBA1-chains running parallel to the b axis is laterally branched to p-HBA2 molecules 
thus forming zig-zag oligomers interacting with the framework oxygens (Table  SM6). 
Because of the larger pore openings (12MR instead of 10MR), the Y shape selectivity for 
p-HBA sorption distinctly differs from that of ZSM-5.

The refinement displays the occurrence of 23 p-HBA molecules per unit cell (∼19.0% 
dry weight, dw %), in good accordance with the weight losses calculated from TGA anal-
yses (Fig. 7b) and adsorption data (see Fig. 2b). These molecules occupy one crystallo-
graphic partially occupied site at the centre of the supercage, statistically assuming six 
different orientations generated by the presence of the 6-fold axis parallel to [111]. Dif-
ference Fourier maps generated using the GSAS suite show that along with the p-HBA, 
water molecules were also coadsorbed in the framework: particularly, ~ 28 molecules/u.c. 
(corresponding to ∼3.0% dry weight, dw %) are detected (spread over four independent 
partially occupied sites W1, W2, W3 and W4) (Table SM7). In accordance with the Riet-
veld refinement, TG curve (Fig. 7b) highlights three major weight losses: the initial loss (∼ 
6.0 dw % zeolite, between 25 and 110 °C) is due to desorption of molecules retained on the 
surface, the last ones (20.5 dw % zeolite, between 110 and 900 °C) are caused by p-HBA 
thermo-oxidative degradation (accompanied by a broad exothermic peak registered in the 
DTA) and volatilisation of H2O molecules.

Water actively stabilises close-packing of p-HBA inside zeolite channels, the refined 
distances of the carbonyl oxygens from them amounting to 2.18 and 2.26 Å, respectively, 
indicating that the presence of water has relevant structural effects on the p-HBA arrange-
ment (Fig. 8 and Table SM7). Water molecules involve guest p-HBA molecules into a com-
plex hydrogen bond network forming oligomers (W4-W1-W2-W3-W2-W1-W4) strongly 
interacting with O1, O2 and O4 framework oxygens and acting at the same time as a bridge 
with oxygens atoms of carboxylic and phenolic group of p-HBA (Fig. 8). Similar findings 
have been reported by Bal’zhinimaev et al. (2019), the formation of p-HBA and water mol-
ecules clusters possibly account for the low adsorption of organics from dilute solutions 
(Pasti et al. 2018). Structural analysis evidenced multiple interactions corresponding to a 
non-uniform energy distribution in agreement with the isotherm model results.

The formation of water-organics complexes that can interact with the framework, 
leading to the stabilisation of the guest structures within the adsorbent porosity was also 
recently reported in literature (Arletti et al. 2012; Rodeghero et al. 2016; Pasti et al. 2018).

Variations in both the position and intensity of diffraction peaks are strongly evident 
after p-HBA adsorption, thus indicating changes on cell parameter values as well as on 
atomic parameters, such as positional coordinates x, y, z, isotropic temperature factor, etc. 
Powder patterns collected before and after adsorption of p-HBA-TOL mixtures are very 
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similar to those after only toluene adsorption (Fig.  9) in both zeolites. The monoclinic 
symmetry of the pristine ZSM-5 was preserved after p-HBA-TOL mixture adsorption: 
the presence of several doublets (i.e., 131 + 13 − 1 and 311 + 31 − 1, and 133 + 13 − 3 and 
313 + 31 − 3) as well as the refined ꞵ angle (Table 3) confirmed this assumption. In zeolite 
Y, the stronger affinity towards TOL in p-HBA-TOL binary mixtures was also suggested by 
the strong similarities between the powder patterns of both zeolites after TOL and p-HBA-
TOL adsorption (Fig.  9), then confirmed by the refined unit cell parameters (Table  3). 
Besides, the DTA curves of TOL-Zeolite and p-HBA-TOL binary mixtures (Fig. 10) show 
an indistinguishable behaviour for both ZSM-5 and Y, thus proving the preferential uptake 
of TOL vs. p-HBA.

4 � Conclusions

The present study elucidates p-HBA adsorption from aqueous solution on ZSM-5 and Y 
high silica zeolites. It has been found that both zeolites adsorb p-HBA, and the adsorp-
tion is influenced by pH, especially at low concentrations. The adsorption of p-HBA takes 
place within the porous structure of the zeolites and occurs through the formation of water-
organics complexes which interact with the framework, stabilising the guest structures 
within the adsorbent material porosity. Adsorption experiments were conducted using 
binary mixtures of toluene and p-HBA at different concentrations, and the experimental 
data were fitted using competitive isotherm models. Our experimental findings revealed 
that the selectivity of ZSM-5 and Y high silica zeolites is higher for toluene. Furthermore, 
adsorption kinetic experiments were carried out to assess the uptake of toluene onto zeo-
lite previously saturated with p-HBA. The results confirm the higher affinity of zeolites 
towards toluene, with its adsorption accompanied by the displacement of p-HBA molecules 
from the zeolite pores. Molecular-level investigations demonstrate that toluene and p-HBA 
in both zeolites compete for the occupancy of the same adsorption sites. Understanding 

Fig. 8   Adsorption sites of p-HBA in Y structure (a); interaction between p-HBA, water molecules and 
framework oxygens (b)
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Fig. 10   Simultaneous Thermogravimetry, Differential Thermal analyses and Differential Thermogravime-
try, in the temperature range from 25 to 900 °C, of Y (a, b, c, respectively) and ZSM-5 (d, e, f, respectively) 
zeolites loaded with p-HBA, TOL and p-HBA-TOL mixture

Fig. 9   X-ray Powder Diffraction cascade plots of zeolites ZSM-5 and Y after p-HBA, TOL and p-HBA-
TOL mixture adsorption, collected at room temperature in selected angular ranges. The strong similarities 
between the powder patterns of both zeolites after TOL and p-HBA-TOL contact confirmed the preferred 
adsorption of toluene in the mixture
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competitive adsorption mechanisms is crucial for designing treatment plants for natural 
and wastewaters.
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