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Article 
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Abstract: This study proposes an eco-friendly approach to zeolite agglomeration for petroleum 
sorbents. The novelty lies in integrating agglomeration and deagglomeration within a single high-
pressure grinding roll (HPGR) system, enhancing sorption capacity by creating a secondary porosity 
network. This eliminates energy-intensive calcination, making it a sustainable alternative to wet 
granulation. We examine the impact of binder and water dosages on sorption capacity, mechanical 
resistance, and textural properties of roll-compacted zeolite agglomerates. Feed materials were 
characterized using N₂ adsorption, XRD, XRF, particle size distribution, and SEM. Structural and 
functional properties were assessed via mercury intrusion porosimetry, petroleum sorption 
efficiency (Westinghouse test), sorption capacity, gravitational drop tests, and SEM. All sorbents (0.5–
1 mm) met the 50 wt.% oil absorbency threshold for petroleum spill cleanup in Poland. The fabricated 
zeolite agglomerates exhibited superior sorption capacities compared to zeolite powder, Na-P1, and 
commercial sorbents. The optimal feed composition yielded sorbents with the best properties and 
versatile performance. An analysis of sorption characteristics and pore size distribution showed that 
a higher proportion of 10–100 µm pores improved efficiency. This study addresses the knowledge 
gap in zeolite powder agglomeration and demonstrates the effectiveness of integrating 
agglomeration and deagglomeration in a high-pressure roller press. 

Keywords: natural zeolite powder; petroleum sorbent; agglomeration; secondary porosity 
 

1. Introduction 

A critical issue in the extraction and processing of natural zeolite rocks is generation of a 
significant amount of by-product in the form of zeolite dust. Zeolite dust is a fine, highly disperse 
powder that, due to its particle size distribution, poses challenges in sustainable management and is 
typically stockpiled. This leads to the inefficient utilization of this unique and high market demand 
resource and contributes to atmospheric pollution. 

The transformation of the zeolite dust (by-product) into a valuable and usable material is 
achievable through agglomeration into larger particles. Compaction of the zeolite powder into 
shaped pellets (agglomerates) enables its commercial utilization, providing a more sustainable 
approach to managing these distinctive materials. However, the agglomeration of fine zeolite 
particles into larger forms is a complex process that remains a significant challenge. So far, the 
developed methods of zeolite powder agglomeration are not fully effective and require further 
investigation and refinement [1–3]. This scientific matter is comprehensively addressed in the 
subsequent sections of this paper. 

Zeolites are extensively researched microporous, hydrated, crystalline solids with the three-
dimensional lattice comprising Si and Al linked by O atoms. Due to specific framework made of 
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channels and chambers (4.5 – 7.0 Å) and compositional tunability the zeolite poses a wide range of 
unique properties such as high surface area, thermal and hydrothermal stabilities, strong ion-
exchange, [4–6]. These attractive physicochemical properties of zeolites have found a wide range of 
applications in the environmental remediation and protection such as wastewater treatment, gases 
separation, catalysis, molecular sieves and many others [4,5] 

According to Verified Market Research [7], the market demand for zeolite is increasing at a rapid 
pace, and this trend is expected to continue until 2030. Considering this, the application and 
investigation of natural zeolites remain a current and relevant topic. As highlighted in a recently 
published paper [6] zeolites are poised to be a critical material in the future due to their significant 
role in the environmental protection, mainly driven by strong efficiency in the absorption of heavy 
metals and inorganic and organic pollutants [5,8]. Due to ongoing advancement of technology, 
motorization, and the relentless progress of civilization the utilization of the petroleum compounds 
by zeolites received considerable attention these days. However, predominant focus of the existing 
literature regards the removal of petroleum products from aqueous media, and only a few studies 
address land spills [9–18]. Kamal et al., [19] in his recently published study emphasized the ongoing 
need of testing the natural zeolites of different deposits and sources towards petrol compounds 
removal. 

It is important to note that the hydrophilic nature of the most utilized zeolite limits their affinity 
for poorly soluble compounds, such as petroleum substances [20]. Consequently, considerable 
research efforts [11,12,21,22] are directed towards the activation of zeolites, aimed at modifying their 
surface properties from hydrophilic to hydrophobic. Feo et al., [23] conducted comprehensive study 
on the absorption behavior of the seven different synthetic zeolites over BETX compounds. 
Researchers [23] proved previous studies [16,24] regarding the high efficiency of the zeolites towards 
organic compounds sorption and indicated that both the specific surface area and suitable pore size 
(especially mesopores) of zeolites are driving factors in petroleum adsorption. In contrast, Bandura 
et al., [24] demonstrated that, in the case of petroleum sorption, the specific surface area has a limited 
impact on oil sorption efficiency, rather, the key factor is the portion of mesopores in the zeolite’s 
structure. In this sense, the development on the secondary porosity plays crucial role in enhancement 
of the oil sorption capacity of the sorbents. 

The increased market demand for zeolites has significantly influenced the advancement of the 
synthetic zeolite sector. The synthesis methods of zeolites are extensively documented in the 
literature [6,25]; however, the crystallization of zeolites under laboratory conditions often involves 
processes that are not environmentally sustainable. There is a pressing need to develop more 
advanced and sustainable methods of synthesis. Furthermore, even with recent advancements in 
technology and the development of sophisticated methods, such as organo-type template-free, 
solvent-free, and fluoride-free synthesis approaches, these methods have limited applicability and 
face significant challenges in scaling up for industrial implementation [6]. 

Crucially, synthetic zeolites are generally crystallized as highly dispersive polycrystalline 
powders with a particle size ranging from 1 to 10 µm. This characteristic hinders their practical 
application, similar to the challenges faced with natural zeolite powders. Due to their fine particle 
size, they require compaction into larger forms (such as granules, spheres, or extrudates) tailored to 
specific commercial applications, including adsorbents and catalysts [26,27]. 

The difficulties encountered in the agglomeration of zeolite powder predominantly arise from 
the interaction between zeolite and binder applied for compaction. Many research papers [28–30] 
highlight the significant role of such factors as physico-chemical properties of the binder and its 
content, the binding mechanism, granulation method, and processes parameters on the shaping of 
the granules physico-chemical properties. Among physical properties the density, viscosity and 
surface tension are the most important whereas, among chemical properties the reactivity of the 
binder is essential. 

Using the specific binder has numerous implications for both the chemical and physical 
properties of the final product of granulation [31]. One of the primary challenges associated with 
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zeolite agglomeration is its high alkalinity, which adversely affects the strength of various binding 
agents [25]. However, the vast majority of cases, the application of a binder in the zeolite powder 
agglomeration enhances the mechanical properties of the larger zeolite forms and serves as a critical 
component in ensuring the required crush strength and attrition resistance of the granulated product. 
But there are instances where its presence has counterproductive effects. For this reason, the careful 
selection of a specific binder—both in terms of its quality and quantity—is crucial during the 
planning of the agglomeration process for powdered zeolite. Certain binders particularly 
commercially used clay-based binders, exhibit sensitivity to water. The interaction between the 
binder and water can negatively impact on the mechanical properties of the final product and 
interfere with the overall compaction process. Furthermore, the incorporation of a binder during 
zeolite granulation often results in reduced sorption properties of the fabricated granules compared 
to the zeolite powder. However, this decline in sorption performance does not occur in every case. It 
largely depends on the physio-chemical properties of the sorbate [24,25,28,32,33]. There are 
documented cases [26,27,34] where binders have a beneficial impact on the sorption of certain metals. 
Evidence suggests that binders can enhance the sorption of toxic metals such as vanadium and nickel 
from petroleum feedstocks. As a result of the agglomeration of zeolite powder using a binder, 
secondary porosity consisting of macropores and mesopores is developing [35]. In addition to the use 
of an appropriate binder that imparts structure to the granules, the granulation technique employed 
is crucial. The compaction process may adversely affect the pore size distribution within the 
secondary porous system, which is critical for the sorption properties of the final product [35]. 
However, this is not the sole factor influencing the choice of agglomeration method. The binder used 
can also affect the plasticity parameters of the mixture undergoing agglomeration, which in turn 
influences the selection of the agglomeration technique. Furthermore, the type of binder should be 
selected based on the applied granulation method and the intended application of the final product 
[31]. Moreover, the quality of the granulated product is also determined by distribution of the binder 
and powder particles in the microstructure of the granulated product. The microstructural alignment 
as well as the chemical interaction between binder and powder particles can affect the microstructural 
packing density of the granules in diverse manners such as: enhancing the meso-macroporosity 
surface or creating the densely packed structure without any pores [21]. 

Another critical aspect in the compaction of zeolite powders, particularly concerning their 
catalytic properties, is the formation of a hierarchical structure within zeolite porosity. This structural 
enhancement can significantly improve various properties of zeolites, such as coke tolerance. The 
shaping of hierarchical structures in zeolite porosity is essential for optimizing the performance of 
zeolites in catalytic applications. Several methods have been developed to achieve this, including 
carbon templating [36], demetallation [37,38], nanosized zeolite synthesis [36], and seeded synthesis 
in fluoride media [39]. 

Recently Asgar Pour et al., [27] and Bingre et al., [1] performed an extensive literature review on 
the agglomeration methods of zeolite powders. Researchers [1,27] highlighted significant gaps in the 
available data regarding zeolite powder granulation, which is often inconsistent, incomplete or even 
sometimes inaccessible due to patent law. While the synthesis methods of zeolites are well-
documented in the literature, it appears that the agglomeration methods have not been studied in 
depth. Michels et al., [31] emphasized that, zeolite agglomeration issue is neglected in fundamental 
research, and that needs to change particularly in specific applications such as catalysts. Furthermore, 
there is still a limited amount of research dedicated to the influence of various binders and process 
parameters on the properties of granulated zeolite in the production technology [3]. 

Moreover, regardless of the granulation method, water predominantly serves as a binding 
inhibitor. However, the optimal water content must be carefully determined based on the granulation 
method and water interaction with the granulated components. Water or aqueous solutions facilitate 
the binding between particles and can significantly influence pore distribution. The interaction 
between water molecules and powder constituents is primarily governed by van der Waals forces, 
with solid bond bridging playing a lesser role [40]. 
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Another issue is moisture, which can impact granule consolidation in various ways, depending 
on the interactions between the binder, water, and powder particles. This effect is particularly 
pronounced in the case of clay binders, which are sensitive to moisture and exhibit swelling in the 
presence of water. Numerous studies [29,41–45] have confirmed that an increase in water content 
during granulation can be detrimental to granule strength, particularly in terms of compression and 
fracture resistance. 

The predominant method for the industrial-scale agglomeration of zeolite powder is wet 
granulation, typically employing techniques such as pan granulation or extrusion [2,5,46,47]. This 
process utilizes a wide range of clay binders (particularly bentonite, attapulgite, and kaolin) [46–49]. 
These clays contain group 1A and 1B elements, which act as mobile non-framework cations that 
interact closely with zeolite molecules through ion exchange, altering the acidity of the zeolite. This, 
in turn, influences the selectivity of zeolite pellets toward different substances [26,27]. The crucial 
part of zeolite granules shaping with clays binders is calcination (high-temperature treatment) and/or 
drying, depending on thermal resistance of binder. Notably, certain clays—such as bentonite, 
montmorillonite, illite, chlorite, and bentonite-type exhibit thermal instability at temperatures 
exceeding 700 °C, leading to irreversible phase transformations [27]. The type of clay binder plays a 
crucial role in influencing the catalytic properties of zeolites, primarily by reducing their acidity and 
altering their selectivity performance. Importantly, different types of clay binders affect various 
zeolites in distinct ways, necessitating case-specific studies. This phenomenon has been observed in 
the interaction between kaolin binders and H-gallosilicate zeolites [26,27,50]. On the other hand, [ 
2,26-27,51] investigated the effect of varying amounts of sodium montmorillonite binder on the 
properties of natural zeolites, such as mordenite. Researchers [51] focused on wide range of 
montmorillonite as binder in the compaction of zeolite powder such as from 35 to 65 wt.%. [3,26,27,52] 
demonstrated that, a kaolin-based binder combined with dealuminated mordenite can positively 
influence coke stability. However, it may also reduce the catalytic activity of zeolite in the methanol-
to-gasoline conversion process. Extensive research on the impact of bentonite and attapulgite clay 
binders on the sorption and catalytic properties of synthetic zeolites, such as X- and Y-type zeolites, 
as well as the natural zeolite mordenite, was conducted by Jasra et al., [26]. 

Jasra et al., [26] confirmed that, the utilization of clay binders enhanced the catalytic properties 
of the zeolite through a reduction in the acidity of the zeolite, which is attributed to the migration of 
cations from the clay to the external framework sites of the zeolite during compaction. 

Michels et al., [31] demonstrated that the use of attapulgite as a binder enhances both the 
longevity and light olefin selectivity of the MFI-type zeolite catalyst via ion exchange between the 
binder and the zeolite. In contrast, extrusion with silica or boehmite can negatively impact the 
performance of the zeolite catalyst. Furthermore, the researchers [31] also proved that the use of an 
appropriate binder, applied correctly, can match or even surpass the performance of MFI catalysts 
obtained through hierarchical structuring. Moreover, according to test conducted by Michels et al., 
[31] kaolin applied as binder enhanced the formation of the open pore structure in zeolite. 

Apart from the aforementioned clay binders, such inorganic substances as silica, alumina 
compounds, titania, zirconia, or their combinations are also used in zeolite agglomeration. Among 
organic compounds, binders such as cellulose, polyethylene glycol, and polyvinyl alcohol are 
utilized. Organic binders are primarily used in zeolite formation through extrusion, where the low 
friction and low viscosity is required in order to prevent cracks. Various types of additives are 
incorporated in extrusion methods, such as thickening agents, wetting agents, lubricants, and 
plasticizers [26,27,33,53]. Additionally, peptizing agents, such as nitric acid or acetic acids [5,54–57], 
are also employed to enhance stabilization and improve the distribution of the binder within the 
zeolite matrix [5,27,54–57]. 

Recently, Rogala et al., [58] investigated the shaping of Y-type zeolites using Al2O3 as a binder 
in the context of polypropylene cracking via extrusion. Researchers [58] reported that a binder 
concentration of 50 wt.% Al2O3 can be effectively employed in the shaping process of Y zeolites and 
positively influence the polypropylene cracking process. Moreover, since clay-based binders 
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generally decrease the acidity of zeolites, alumina-based binders used in zeolite palletization enhance 
the acidity of catalysts. This phenomenon occurs due to the migration and incorporation of aluminum 
species into the zeolite framework, as well as the introduction of alkaline sodium cations by the 
alumina binder [26,27,59,60]. Interesting research on the crystallization of MFI-type zeolite for 
catalytic applications has been conducted by Lee et al., [34]. Researchers [34] successfully transformed 
microporous material into a mesoporous one by utilization of the flash-calcined HT up to 20 wt.% for 
the formation of mechanically robust pellets with a mesoporous structure. 

In general, all mentioned above studies proved that, knowledge regarding the impact of specific 
binder types on the properties of the final product and its lifetime will enable future control over the 
effects of binder application on the final product's characteristics and potential improvement of its 
performance. 

The quantity of binder added is contingent upon the desired outcome and the specified 
requirements regarding the properties of the resultant product. It is essential to achieve a balance 
between the strength parameters and the adsorption properties. Bingre et al., [1] reported that the 
typical amount of binder for zeolite agglomeration exceeds 20%. Conversely, [61] indicated that the 
binder content generally ranges from 10% to 20%, while the author also notes that there are 
documented instances in which the binder addition has exceeded 50% [61]. According to [2] the range 
of binder application in zeolite agglomeration can vary from 1% to 50%, which is quite broad. 

As an increased amount of binder leads to enhanced resistance to mechanical disruption [62], 
on the other hand, usually it results in a reduction in porosity, thereby diminishing the adsorption 
properties [5]. However, there are instances where, with the same quantity of binder but different 
agglomeration techniques, granules with superior sorption properties can be achieved. This 
observation underscores the fact that the amount of binder added does not always play a critical role 
in shaping the sorption characteristics of the final products. Supporting evidence is found in the 
research conducted by Charkhi et al., [63], who, used bentonite in amounts ranging from 20% to 40% 
by weight (similar to traditional methods), achieved improved sorption properties while maintaining 
strength characteristics through the application of a novel forming method he developed. 

Recently, the particular research interest focuses on more advanced and sophisticated zeolite 
agglomeration methods such as binder-free granulation [64], especially by implementation of the 3D 
printing for shaping the carbon capture zeolite materials and gas separation adsorbents [64–66]. 
Wang et al., [67] reported the possibility of creating a mechanically strong ZM-BF zeolite with high 
CO2 adsorption capacity using 3D printing technology. Whereas Jivrakh et al., [68] recently, 
developed a carbon capture monolith of zeolite 13X through 3D printing. At the same time, Rianjanu 
et al., [69] investigated the 3D printed zeolite for methylene blue dye sorption. Although, 3D printing 
method seems to be an up-and-coming approach to binder free zeolites granulation, nowadays, it is 
impractical for commercial-scale application due to cost and energy consumption [64]. 3D printing is 
currently primarily applied at the laboratory scale, with a few exceptions at the commercial scale 
[5,70]. 

However, binder- free zeolite granulation technologies, without 3D printing approach, have 
been known since the 1960s [71,72]. More recently, Vasiliev et al., [73], developed a method for 
producing binder-free zeolites through the application of pulsed current processing (PCP). Another 
interesting method for zeolite formation is hard templating or casting methods based on 
crystallization within porous materials, such as polystyrene spheres [74], latex beads [75], and various 
carbon-based substrates [32,76]. A critical step in the hard templating process is calcination, which 
facilitates the removal of the macroscopic hard template, thereby allowing for the successful 
extraction of the zeolite framework. Specific technology for zeolite formation is referred to as "in situ" 
synthesis, which involves the transformation of kaolinite in the presence of a highly alkaline solution. 
Through this agglomeration method, kaolinite undergoes a phase transformation into zeolite, 
resulting in the production of particles with appropriate sizes. This agglomeration technique is 
thoroughly detailed in patents [77–79]. Król et al., [25] demonstrated compelling approach based on 
expanded glass application as a substitute for zeolite crystallization. Moreover, hierarchical zeolites 
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are current scientific interest due to their versatility in industrial applications which take advantage 
of microporous zeolites [80,81]. Gao et al., [82] successfully synthesized hierarchical NaY zeolite for 
toluene adsorption featuring controllable mesopores within the range of 2-5 nm.  

The literature review revealed that high-pressure compaction is an agglomeration method for 
zeolite powder that has received limited research attention. Notably, Bazer-Bachi et al., [83] examined 
the shaping of metal-organic frameworks (MOFs) by compression. Also, Panek et al., [84] 
investigated the effects of various compressive methods—including tableting, extrusion, and 
briquetting—utilizing different binders such as molasses, waterglass, and cement, on the textural 
properties of Na-P1 zeolite. 

In this study, we focused on the roll compaction/dry granulation (RCDG) method, which we 
propose as a promising technique for the agglomeration of zeolite powder. Our approach is based on 
integrating the agglomeration and deagglomeration processes within a roller press, which is rarely 
explored. The applied agglomeration procedure is profoundly discussed later in the paper. 

While RCDG has been a well-established technique in the pharmaceutical industry since its 
inception in 1965, its applications have gained renewed interest in recent years [25,85–88]. However, 
despite the advancements in understanding and optimizing RCDG for pharmaceutical applications, 
its potential for zeolite powder agglomeration remains largely unexplored. Due to low 
manufacturing cost, reliable fabrication of the homogeneous granules, enhanced control over 
operation conditions and possibility of significant reduction in water and binder and/or powder 
lubricants content in agglomerated mixture the RCDG surpasses the complex wet granulation 
[85,86,88]. Moreover, the great advantage of the RCDG method in comparison to wet granulation is 
the capability to handle materials susceptible to heat and moisture [87]. However, the main challenge 
in roll compaction dry granulation is the bimodal size distribution of the produced agglomerates [89]. 

In the roller compaction (RC) process, a powder mixture is introduced between two counter-
rotating rolls, where it undergoes compression under a defined specific compaction force (SCF). This 
compression results in the formation of intermediate products known as ribbons. These ribbons are 
subsequently milled into granules of desired size– final product of the RCDG [87,88]. The ribbons can 
exhibit different shapes (such as flakes, sheets, or strips) depending on the surface of the rolls. Rolls 
with smooth surfaces give flakes, whereas fluted surface gives sheets, and knurled surface gives 
strips. There is another option of roll shape which is pocket-shaped rolls which form briquets [88]. 
According to Miller [90] the process of granule bond formation in roll compaction dry granulation 
consists of following mechanism: particle rearrangement, particle deformation, particle 
fragmentation and particle bonding. Crucial factors in the pressure agglomeration process are Van 
der Waals forces between particles [40]. Moreover, Miller [90] identified 3 distinct zones between rolls 
were mentioned above mechanisms occur which is also related to different force: 

Feeding zone – particles rearrangement occurs due to small stress and densification, 
Compaction zone – particles deform/fragment, and bond due to much more effective than in 

feeding zone pressing force,  
Extrusion zone. 
In RCDG the parameters of granules are influenced by such factors as: compaction force, roll 

gap width, and roll speed [87]. Recently many studies focused on optimalisation of roll compaction 
agglomeration [86,88,91]. 

As discussed earlier, roll compaction dry granulation is a proven technique within the 
pharmaceutical industry. In this sense, overwhelming majority of the studies examinate binders in 
RCDG have focused on materials specifically suitable for drug agglomeration. Moreover, drag 
granules intended for pharmaceutical applications necessitate distinct properties compared to 
granules used for other purposes. Apart from strength and acceptable friability, the most significant 
properties of drug granules are drug loading [91] the features which is of less importance in granules 
dedicated to other application such as: sorption where the porosity is key factor. In this context, the 
commonly used binders in roll compaction agglomeration for drug fabrication are: 
polyvinylpyrrolidone (PVP), cellulose derivates (methylcellulose, hydroxypropyl methylcellulose 
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(HPMC), hydroxypropyl cellulose HPC, microcrystalline cellulose MCC), starch derivates 
(pregelatinized corn starch) and Carbopol [91]. 

In general, in dry granulation technique the most preferable binders exhibit plasticity resulting 
in enhancing cohesive and adhesive force between solid particles. Plasticity of the binder 
improvement in tensile strength of the agglomerates and management of the granule size [91]. 
Although, balance in binder dosage, binder particle size and binder type are crucial in fabrication of 
the granules of required properties. Low dosage of the binder resulting in not covering particles 
surface leading to weak mechanical properties of agglomerates and inadequate size. In opposite, high 
dosage of the binder also can be detrimental to granule performance such as: difficulty in 
disintegration and achievement of the proper size, solubility limitation and sorption inhibition [91]. 

When it comes to binder size distribution the smaller one, with large surface area is preferable 
in roll compaction agglomeration, however it depends on the granule application. Every case should 
be investigated individually [91]. Yusof et al., [92], showed the possibility of using the roll compaction 
in maize powder agglomeration and investigated the optimal operating conditions. García-Triñanes 
et al., [93] investigated the impact on liquid binders such as vinasses and molasses in the roll 
compaction of caustic magnesia. The researchers [93] reported that the organic liquid binders 
(vinasses and molasses) in compaction are beneficial for both properties of the final product and 
process effectiveness, as well. More recently Lim et al., [94] proved that, roll compaction technology 
is an efficient method for agglomerating problematic powdered radioactive waste, leading to 
significant volume reduction of powder waste through the production of mechanically strong pellets. 
The potential application of roll compaction in the agglomeration of materials other than 
pharmaceutical substances, such as zeolite powdered by-products, was investigated in our previous 
paper [10]. The [10] study confirmed the feasibility of RCDG technology for zeolite powder 
agglomeration, particularly for zeolite-based petrol sorbents. Furthermore, the investigation [10] 
explored the impact of different types of binders on the fabricated zeolite pellets. In this context, the 
current study continues this line of research, albeit from a different perspective. 

The main objective of this study was to investigate the influence of varying binder and water 
dosages on the sorption and performance properties of zeolite sorbents shaped from zeolite powder 
by-product using roll compaction agglomeration. A comprehensive physicochemical analysis of the 
feed materials was conducted, including assessments of textural properties (N₂ 
adsorption/desorption, surface area), particle size distribution, and morphology via SEM, as well as 
phase composition through X-ray diffraction (XRD). 

Subsequently, the sorption capacity of the produced zeolite sorbents for petrochemical 
compounds (diesel, used engine oil, and petrol) was evaluated, along with their mechanical 
properties (crush resistance). A critical aspect of the research was the characterization of the pore 
structure through Hg porosimetry and SEM microstructural observation of the zeolite sorbents to 
elucidate the structure-property relationships. 

Finally, this study clarified the effect of varying binder and water content in the feed material 
for roll compaction on the textural and mechanical properties of the fabricated zeolite agglomerates, 
as well as evaluated whether different dosages of binder and water affect the sorption efficiency of 
the sorbents. 

To contextualize the sorption performance of the fabricated zeolite sorbents, their properties 
were compared with diatomite-based petroleum sorbents produced via wet pan granulation and 
energy-intensive calcination, as well as the commercial DAMSORB sorbent from Denmark. 

Given that empirical methods remain the most valuable approach for determining the optimal 
binder-to-water ratio in granulation processes, this investigation is essential for advancing material 
selection and process optimization in zeolite-based sorbent fabrication. 

To our knowledge, this is the first study to address the specific scientific matter of powder zeolite 
agglomeration in this manner. The findings enhanced our understanding of the roles of binder and 
water content in pressure-based agglomeration techniques and proved that, agglomeration and 
deagglomeration in one integrated system using high-pressure roller equipment is a truly up-and-
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coming approach in zeolite powder agglomeration. This approach offers advantages over traditional 
granulation methods. 

2. Materials and Methods 

2.1. Methods 

The mineral composition of the natural zeolite powder and binder was determined via powder 
X-ray diffraction (XRD) performed using PANalytical X'Pert Pro X-ray diffractometer equipped with 
a PW 3020goniometer. The measurements were made in a 2θ range of 7–55° with a step interval of 
0.0167° and a collection time of 120 s per set, utilizing a 0.5° divergence slit and a 10 mm mask. The 
parameters were as follows: CuKα radiation, operating at 45 kV and 35 mA. The PANalytical 
Highscore Plus (version 4.9) software, integrated with the JCPDS-ICDD diffraction database, was 
used to analyse the diffraction data. The samples for analysis were prepared by grinding in an agate 
mortar to a grain size of less than 0.100 mm and back-loading the powder into a circular sample 
holder with a diameter of 27 mm to minimize preferred orientation effects. 

The chemical composition of the zeolite powder and binder was carried out by X-ray 
fluorescence (XRF) with Panalytical Epsilon 3X apparatus. 

Morphology, structural characteristics (size, shape of the raw materials and fabricated 
agglomerates) were examined by means of a scanning electron microscope Thermo Scientific Quattro 
ESEM (Thermo Scientific Company, USA), polarizing microscope Nikon Eclipse LV 100 POL (under 
transmitted and reflected polarized light on thin-sections) and stereoscopic microscope Nikon SMZ 
1000. The SEM analyses were carried out under high vacuum conditions in electron backscatter 
diffraction (EBSD) mode at a voltage of 20 kV and an operating distance of ~10 mm. The specimens 
were coated with a carbon layer approximately 20 nm thick. 

The grain size of the zeolite powder and the binders used in the agglomeration process were 
determined by laser diffraction with a Malvern Mastersizer 2000 analyzer using the dry dispersion 
method according to ISO 13320 [95]. The grain size of the zeolite agglomerates produced was 
determined by sieve analysis according to EN 933-1 [96]. 

The specific density of the powders was determined using the pycnometric method according 
to EN 1097-7 [97], while the bulk density and compacted density according to EN 1097-3 [98]. The 
moisture content of zeolite powder, agglomeration process feedstock and moldings were determined 
using a weighing machine by drying at 105 °C to constant weight. 

The textural parameters (specific surface area, volume of micropore and mesopores, and pore 
distribution) for zeolite powder were determined based on the progression of low-temperature 
adsorption/desorption isotherm of the nitrogen vapor at a temperature of -194,85˚C using 
micrometrics ASAP 2020 device. The sample was degassed (10-1 Pa) at 350 ˚C for 24 h. The textural 
characteristics were determined by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda 
(BJH) methods. The mesopore volume was determined by using BJH method in the range of 
mesopore of 2 to 50 nm. The macropores volume (Vmac) was calculated using the following equation: 

V mac = V tot 0.99 – (Vmic + Vmes BJH) 
The average pore diameter (Dp) was determined by the BET results (4V/A by BET) while average 

pore width (4V/A) was determined by BJH results (4V/A). The pore size distribution was obtained 
from BJH sorption data. 

The textural parameters for fabricated zeolite-based agglomerates sorbents have been 
determined by Hg Intrusion Porosimetry (MIP). MIP tests were performed using PoreMaster 33 
Quantachrome Instruments, which operate in the pressure ranges from vacuum to 30 000 psi (200 
MPa). Prior to the Hg intrusion porosimetry test the samples were degassed (10-1 Pa) at 350 °C for 
16h. The pore size distribution (PSD) was determined from the Washurn equation using a surface 
tension of mercury of 480N m-1 and the contact angel 140°. 

The absorbency of fabricated zeolite-based agglomerates sorbents for oil substances and water 
was determined using the Westinghouse method. The test was conducted in a cone with a diameter 
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of 70 mm and a height of 75 mm, made of stainless-steel mesh with a size of 0.250 mm. Dried to 
constat mass sample of 20g was placed in the cone and then submerged in a dish filled with oil for 10 
minutes. After this period, the funnel containing the sample was removed from the vessel and set 
aside for 5 minutes before weighing. Verva diesel fuel (from the Polish petrol station network Orlen), 
with a density of 0.820 - 0.845g/cm³ at 15 °C, was used [99].  

The absorbency(R) in % was calculated using following equation: 
R = m2o-m1o/m1o × 100%  (1) 

where:  
R – sorption capacity [wt.%] 
m1o - weight of the dry sorbent [g] 
m2o – weight of saturated sorbent [g] 
Based on the Westinghouse method and the study of petrochemical substance absorbency 

conducted by [14], the maximum sorption capacity for petroleum compounds was determined. The 
test procedures involved applying drops of petroleum compounds to a dried to constat mass the 
sample with a known weight (3g – 4g) until the point of maximum saturation was reached. The test 
concluded when the next drop of petroleum compound flowed over the sorbent (indicating that the 
liquid was no longer absorbed). By comparing the weights of the samples before and after the 
sorption of petrochemical compounds, the determination of weight absorbability was facilitated. 

The maximum capacity (S) in % was calculated using the following equation: 
S = (Mp – Mo) × 100% 

where: 
S - maximum sorption capacity [wt.%] 
Mp – weight of the saturated sorbent [g] 
Mo – weight of the dry sorbent [g]. 
The effectiveness of the roll compaction dry granulation and the impact of binder and water 

content were determined through screening analysis according to EN 933-1 [100], along with the 
evaluation of the particle size distribution 0,5 mm (which is the commonly used minimal size for 
commercial petroleum sorbents). In this sense, the following assumption was made: a higher fraction 
yields the agglomeration process more efficiently.  

The mechanical strength with respect to fraction resistance of the fabricated zeolite-based 
agglomerates sorbents was determined through gravitational drop strength test. The procedure 
involved dropping of a dried to constat mass sample of about 50g three times from a height of 1 m 
onto a steel plate. The fraction strength was determined by the ratio of the weight of the agglomerate 
remaining after sifting a sieve with a mesh size corresponding to half the lower dimension of the 
agglomerate (sieves with mesh sizes of 0.250 and 0,500 mm were used in this study) to the weight of 
the sample before the drop test. In this study, the drop test was conducted on granular samples with 
sizes of 0.5–1 mm and 1–2.0 mm. 

The gravitational drop strength was calculated using the following equation  
K= AR/A ×100% (2) 

where: 
K – agglomerate resistance to gravitational drop [%] 
A - weight of the granular sample before the drop test [g] 
AR – weight of the granular sample remaining on the sieve [g] 

2.2. Characteristics of Raw Material Prior to Agglomeration  

Zeolite powder used in this study was a by-product of the processing of the Micocene volcanic 
tuff (clinoptilolite-rich rock) from the Sokyrnytsya deposit (Trans Carpathian region, Ukraine). Table 
1 presents the chemical composition (XRF analysis) of zeolite powder, whereas in Figure 1 the XRD 
pattern is illustrated. The zeolite powder from Sokyrnytsya have been previously mineralogically 
and petrographically described by authors [101]. The XRF and XRD results obtained proved that 
clinoptilolite is the main mineralogical phase in the investigated zeolite. Other identified mineral 
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phases included quartz and K-feldspar (orthoclase). The chemical analysis of the zeolite dust 
confirmed its high purity, indicating a substantial SiO₂ content (68.76%) along with Al₂O₃ at 11.7%. 

Table 1. X-ray fluorescence (XRF) analysis of natural zeolite powder (by-product) for agglomeration. 

 
Figure 1. X-ray diffraction (XRD) analysis of the natural zeolite powder (by-product) for agglomeration. 

The solid binder applied for agglomeration the zeolite powder was of inorganic type. The 
chemical composition of the binder was as follows (in wt.%) CaO – 72,93, MgO – 0,41, SO3 - 0,54, CO2 
– 1,07, LOI – 24,74. The XRD analysis (Figure 2) indicated that, the main mineral phase was 
portlandite identified based on the first major peak around 18.0° and second major peak at 34 2Θ. 
Another mineral phase was calcite recognized based on the first major peak at 29.4° and second major 
peak at 48.5 2Θ. Due to future patent procedure the detailed information about binder source was 
coded. 
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Figure 2. X-ray diffraction (XRD) analysis of the binder for the natural zeolite powder (by-product) 
agglomeration. 

The bulk properties of the zeolite powder and binder used for agglomeration are shown in Table 
2. Specific surface area and specific gravity of both materials are quite similar. However, zeolite 
powder has nearly twice the bulk density and proportionally lower compaction compared to the 
binder. Particle size distribution (PDS) determined by laser diffraction for zeolite powder and binder 
is presented in Figure 3. The obtained results showed that, both materials differ significantly in terms 
of particle size. The powder zeolite has a grain size in range of 0,2 to 70,0 µm while binder is 
composed from much smaller particles in range of 0,4 to 10 µm. The powder zeolite and binder PDS 
distributions are homogenous with a single pick located around 18 µm and 3 µm, appropriately. 
Bothe materials have a wide PDS distribution (D90/D10 >1) which is unfavorable. 

Table 2. Bulk properties of the natural zeolite powder (by-product) and binder for agglomeration. 

Powder 
Type 

BET 
(m2/g) 

Specific 
gravity 
(g/cm3) 

Loos 
bulk 

density 
(g/cm3) 

Tapped 
bulk 

density 
(g/cm3) 

Compaction 
(%) 

Moisture 
content 

(%) 

Avg. grain 
size (µm) 

Zeolite  11.58 2.31 0.97 1.190 18.5 0.70 17.75 
Binder 9.94 2.2 0.47  0.78 39.7 0.53 2,91 
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Figure 3. Particle size distribution (PDS) for feed powder materials for agglomeration experiments (Laser 
diffraction analysis). 

Figure 4. presents the SEM imaging of zeolite powder (Figure 4A and Figure 4B) and binder 
(Figure 4C and Figure 4D). The zeolite powder particles exhibited a relatively regular, sharp-edged 
shape (Figure 4A), while the binder appeared in rosette-like forms (Figure 4C – Figure 4D) that 
strongly agglomerated with one another. 

 

Figure 4. SEM images of the natural zeolite powder (Figure 4A -B) and binder (Figure 4C-D) for 
agglomeration. 

In table 3 the detailed textural properties based on N2 adsorption and desorption is presented.  
Whereas, in Figure 5 N2 sorption isotherms for zeolite powder before granulation is displayed. 
According to IUPAC classifications [102], N2 sorption isotherms for zeolite powder exhibited IV-type 
isotherm patterns and H3-type hysteresis loops. Thommes et al. [102] indicate that H3-type 
corresponds to a diverse range of slit-shaped pores with non-uniform sizes. These pores are present 
in solids composed of aggregates of plate-like particles or non-rigid agglomerates, which define the 
structural morphology of the studied zeolite as observed through Scanning Electron Microscopy 
(SEM) (Figure 6). However, due to the intensive mechanical processing and the by-product nature of 
the examined zeolite, the plate-like structure is not uniformly preserved throughout the material. 
This can be attributed to the relatively lower specific surface area (11.58 m²/g) compared to typical 
high-grade zeolitic materials. The plate-like structure in zeolite is shaped by plates with thickness up 
to 0.100 µm (Figure 6). The pore size distribution obtained from BJH sorption data is shown in Figure 
7. The zeolite powder had a single modal of pore size, which was cantered at 60 nm indicating the 
macropores structure. The average pore volume and pore diameter were 0,043 cm3/g and the pore 
diameter, mainly, about 20 nm. In general, the pore network of the studied zeolite powder consisted 
mainly of mesopores with minimal contribution of micropores. 
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Table 3. Textural parameters of the natural zeolite powder for agglomeration. 

Sample SBET 

(m2/g) 

Vtot 0.99  

(cm3/g) 

 

V BJHmes 

(cm3/g) 

VmicBJH 

(cm3/g) 

Vmac 

(cm3/g) 

Average 

pore 

diameter 

4V/A by 

BET 

(nm) 

Average 

pore 

width 

4V/A by 

BJH 

(nm) 

Zeolite 

powder  

11.58 0.048 0.043 0.001 0.0041 1.01 20.11 

 

Figure 5. N2 adsorption isotherms of the natural zeolite powder for agglomeration. 

 

Figure 6. The structural morphology of the studied zeolite as observed through Scanning Electron Microscopy 
(SEM). 
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Figure 7. BJH pore size distribution for zeolite powder. 

3. Agglomeration of Zeolite Powder 

Agglomeration experiments were conducted using roll compaction dry granulation (RCDG) 
technique on a laboratory high-pressure grinding roller (HPGR) equipped with smooth-surface 
forming rings with a roller working diameter of 0.30 m and gravity feed. Figure 8 schematically 
presents the zeolite powder agglomeration process. In fact, proposed in the paper agglomeration 
process of powder zeolite has a two-step approach (Figure 8). Firstly, the feed powder (Figure 9A) 
was agglomerated using rolling mill resulting in the ribbons shaping (Figure 9B). In the next step, the 
ribbons (Figure 10) were crushed using the same high-pressure roll compaction equipment, but with 
minimal roller force (approximately 20 kN) and a roll gap width of 3,5 mm, forming zeolite pellets. 
The integration of compaction and crushing within a single device significantly enhances process 
efficiency, eliminating the need for additional equipment and streamlining production. Finaly, the 
agglomerates were grain classified using a vibrating screen to separate two grain classes of 0,5-1.0 
mm and 1-2.0 mm (Figure 11). Although the most commercial oil sorbents have a grain size of 0.5–
1.0 mm, in this study the agglomerates with particle size 1–2.0 mm were also fabricated and 
investigated. Different level of binder (2,5%, 5%, 7,5%, 10%) and water-to-powder feed (20%, 22,5%, 
25%) were used in shaping the zeolite agglomerates (Table 4). The homogenization of powder feed 
(fine-grained zeolite and binder) in dynamic counter rotating granulator and bringing to a specific 
moisture by adding the different water amount followed by compaction in HPGR. The roll 
compaction process was carried out with constant parameters of the roller press: speed of the rollers 
0.1 m/s, roller force 150 kN, and roll gap width 3mm. 
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Figure 8. Schematic diagram of agglomeration process via roller compaction of zeolite powder. 

 

Figure 9. Photographs of the feed materials for compaction after homogenization (Figure 9A) and the fabricated 
ribbons after roller compaction of feed materials (Figure 9B). 
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Figure 10. Stereoscopic microscope photographs of the fabricated ribbons. 

  

Figure 11. Stereoscopic microscope photographs of the fabricated zeolite-based agglomerates size of 1-2 mm 
(Figure 11A) and size of 0.5-1 mm (Figure 11B). 

Table 4. Composition of feed materials for roller compaction agglomeration. 

Fabricated 
Zeolite-based 
agglomerates 

Binder 
(%) 

Zeolite 
Powder 

(%) 

Water 
(%) 

1/w/20 2,5 97,5 

20 
2/w/20 5,0 95,0 
3/w/20 7,5 92,5 
4/w/20 10,0 90,0 

1/w/22,5 2,5 97,5 

22,5 
2/w/22,5 5,0 95,0 
3/w/22,5 7,5 92,5 
4/w/22,5 10,0 90,0 
1/w/25 2,5 97,5 

25 
2/w/25 5,0 95,0 
3/w/25 7,5 92,5 
4/w/25 10,0 90,0 

4. Results and Discussion 

Table 5 displays the basic properties of the produced ribbons. The quality of the ribbons was 
evaluated based on fragility, powdering assessment, and water resistance. Due to the absence of 
standardized procedures for assessing the fragility and powdering of the ribbon, these parameters 
were determined descriptively. To facilitate the assessment, the specific scales were developed (see 
Table 5). The water resistance was determined by immersing the ribbon in water for 72h in a baker 
and evaluating the turbidity of the water (Figure 12). For comparison, both calcined and uncalcined 
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diatomite granules manufactured via traditional wet granulation (pan granulation) received [103] 
were also tested for water resistance (Figure 13). 

Table 5. General properties of the fabricated ribbons. 

Fabricated 
Zeolite-based 
agglomerates 

Ribbon moisture 
(%) 

Ribbons 
Fragility 

Ribbons 
powdering 

Ribbons 
Water 

resistant 
1/w/20 17.6 + P 

Ribbons 
Water 

resistance 

2/w/20 16.7 ++ P 
3/w/20 19.5 ++++ PP 
4/w/20 17.6 ++++ PPP 

1/w/22,5 19.4 + P 
2/w/22,5 18.9 +++ P 
3/w/22,5 19.0 +++++ PP 
4/w/22,5 18.2 +++++ PPP 
1/w/25 22.0 + P 
2/w/25 22.9 ++ P 
3/w/25 23.3 ++++ PP 
4/w/25 23.1 ++++ PPP 

 

Figure 12. Photographs of fabricated zeolite-based ribbons immerse in water for 72h. 

 

Figure 13. Photographs of diatomite sorbents immerse in water for 72h (1 – uncalcined diatomite sorbent, 2- 
calcined zeolite sorbents). 

Obtained test results indicate that the fragility and powdering properties of the manufactured 
ribbons are influenced by both the binder and water content in the materials subjected to compaction. 
Ribbons with the lowest binder content (2,5%) exhibited the poorest performance, with an increase 
in binder content resulting in more fragility-resistant ribbons. This trend remained consistent up to a 
binder dosage of 7,5%, after which the water content became the primary factor determining the 
strength of the ribbons. Regarding powdering properties, a strong correlation was observed: higher 
binder content resulted in greater resistance to powdering. Water resistance tests demonstrated that 
the produced ribbons are generally not sensitive to water, in contrast to diatomite granules, 
particularly the uncalcined ones. Figure 14 displays the particle size distribution of produced zeolite 
agglomerates through roll compaction dry granulation. Obtained screening test results indicated that 
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the binder content has a significantly greater impact than water content on the effectiveness of the 
agglomeration process. The higher the binder content, the greater the fraction yields above 0.5 mm. 
The highest agglomeration process efficiency (the most suitable yield of the required 0,5-2,0grain size) 
was observed with the following composition of the feed for the agglomeration process: 10% binder 
and 25% water content (4/w/25). A very similar result (with a fraction yield above 0.5 mm only 2% 
lower) was achieved for the agglomerates with the composition of 7.5% binder and 22.5% water 
(3/w/22.5). To sum up, the highest obtained yield values were approximately 30% better than those 
of the agglomerate with the lowest fraction yield above 0.5 mm (fraction yield > 0.5 mm at 33%), i.e., 
1/w/22.5 and 1/w/25 (fraction yield above 0.5 mm at 33%). 

 
Figure 14. the particle size distribution of produced granular zeolites through roll compaction dry granulation. 

Table 6 presents the results of the gravitational drop strength test for granular zeolite samples 
with sizes of 0,5-1 mm and 1-2,0 mm fabricated via roll compaction agglomeration, as well as for 
granular diatomite sorbents obtained from [103], manufactured through traditional wet granulation 
before and after high temperature calcination, for comparison. The obtained results of the drop test 
indicated that an increase in water content has no significant effect on the crush strength of the 
fabricated zeolite agglomerates. However, it is evident that an increase in the binder content enhances 
the crush resistance of the agglomerates, and this tendency persists regardless of the agglomerates’ 
grain size. A 5% increase in binder content results in an approximately 10% improvement in drop 
strength. It is interesting to note that the improvement of drop resistant of produced agglomerates is 
observed only up to a binder content of 7.5%, beyond which no further improvement in strength 
occurs despite the increasing binder content. Moreover, the particle size of the agglomerates has no 
significant impact on drop strength, however, particles with sizes of 0,5-1 mm exhibited slightly 
better resistance to crushing. Finally, the drop test results indicated that zeolite agglomerates 
manufactured via roll compaction dry granulation process and diatomite granules obtained through 
wet granulation (pan granulation with calcination) exhibited highly comparable, and in some cases 
nearly identical, crush strength. In this context, roll compaction dry granulation appears to be a 
promising method for manufacturing mechanically reliable zeolite agglomerates.  
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Table 6. Mechanical strength of the produced granular zeolites via roll compaction dry granulation (RCDG) and 
granular diatomite manufactured via traditional wet granulation (pan granulation with/without calcination). 

Fabricated 
Zeolite-based 
agglomerates 

Loose bulk 
density 

Drop strength (%) 
Granule size (mm) 
0.5-1 1-2.5 

1/w/20 881 87 84 
2/w/20 860 95 93 
3/w/20 853 99 98 
4/w/20 824 98 98 

1/w/22,5 875 88 86 
2/w/22,5 850 95 93 
3/w/22,5 921 98 97 
4/w/22,5 854 99 98 
1/w/25 879 90 88 
2/w/25 865 95 95 
3/w/25 877 98 98 
4/w/25 850 98 98 

Uncalcined 
granular diatomite - 100 94 

Calcined granular 
diatomite - 100 100 

Figures 15 and 16 present the results of the oil absorbency (Westinghouse method Figure 17) for 
the fabricated zeolite-based sorbents with particle sizes of 1–2 mm and 0.5–1 mm, respectively. For 
comparison, the oil and water sorption properties of diatomite granular sorbents received via wet 
granulation are provided. According to the Polish Journal of Laws of 2010 (No. 85, item 553) [103], 
sorbents approved for use by PPS units in Poland must exhibit a minimum oil absorbency of 50% by 
weight determine by Westinghouse method. The conducted study demonstrated that, produced 
zeolite sorbents with a particle size of 0.5–1 mm met the specified requirement. Furthermore, zeolite 
sorbents manufactured via roll compaction dry granulation (RCDG) exhibited oil absorbency values 
much higher than those of diatomite sorbents obtained through traditional pan granulation. The 
highest oil absorbency was observed in the 4/w/22.5 and 3/w/22.5 samples, which displayed oil 
sorption capacities of 86% and 85%, respectively. Notably, these sorbents (particle size of 0.5–1.0 mm) 
demonstrated approximately 54% and 45% higher oil sorption compared to calcined and uncalcined 
diatomite sorbents of the same size, respectively. Furthermore, the oil absorbency of the 4/w/22.5 
(86%) and 3/w/22.5 (85%) zeolite samples was comparable to commercial petroleum substances 
sorbent (DAMSORB – Producer Imerys Industry Minerals, Nykobing Mors, Denmark) commonly 
used in Poland, for which an oil sorption value of 83% was reported by E. Pabiś-Mazgaj et al., [10]. 
Among the fabricated zeolite sorbents with a particle size of 1–2 mm, only the 3/w/22.5 sample 
achieved the required oil absorbency value of 50%. Based on these results, it can be concluded that 
the water content in the manufactured zeolite sorbents has a negligible effect on oil sorption capacity. 
In contrast, the binder content and the particle size of the agglomerates displayed a more significant 
role in determining the sorption properties. For binder contents up to 7.5%, higher sorption capacities 
were observed; however, beyond this threshold, the sorption properties of zeolite agglomerates (0.5–
1.0 mm) remain relatively unchanged. Apart from the water and binder content, the textural 
parameters of the materials have a significant impact on their sorption properties. However, this issue 
will be discussed later in the paper. As for the oil absorbency of diatomite sorbents manufactured via 
wet pan granulation and calcination, the high-temperature process has a detrimental effect, resulting 
in a decrease in absorbency of approximately 15%. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 March 2025 doi:10.20944/preprints202503.1514.v1

https://doi.org/10.20944/preprints202503.1514.v1


 20 of 37 

 

  
Figure 15. Oil sorption (Westinghouse method) for the fabricated zeolite-based agglomerates and diatomite 
granular sorbents. Particle size 1-2 mm. 

 

Figure 16. Oil sorption (Westinghouse method) for the fabricated zeolite-based agglomerates and diatomite 
granular sorbents. Particle size of 0.5-1 mm. 

 

Figure 17. Oil sorption test using Westerhouse method (A –general view, B- top view). 
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Figures 18 and 19 display the water absorbency test results (Westinghouse method Figure 20) 
for the fabricated zeolite-based sorbents. For comparison, the water sorption properties of the 
granular diatomite sorbents received via wet pan granulation are provided. Regarding water 
absorbency, although no standardized requirements exist, these properties may be essential in certain 
applications. In this context, the fabricated zeolite sorbents with a particle size of 0.5–1 mm 
demonstrated superior performance, exhibiting approximately 20% higher water sorption compared 
to zeolite sorbents with a particle size of 1–2 mm. Nearly all zeolite sorbents with a size of 0.5–1 mm 
showed higher water absorbency than diatomite sorbents produced via traditional pan granulation 
of the same size. The highest and most comparable water absorbency values were observed in the 
4/w/22.5 (102%), 1/w/22.5 (100%), and 3/w/22.5 (99%) zeolite samples, which were produced via roll 
compaction dry granulation. Furthermore, the water absorbency of these zeolite agglomerates 
(4/w/22.5, 1/w/22.5, 3/w/22.5) was approximately 16% lower than that of the commercial petroleum 
sorbent DAMSORB, which exhibited a water sorption of 116%, as confirmed in our previous studies 
[10]. It can be concluded that, with regard to water absorbency, water content plays a crucial role. 
The optimal water content in the tested samples was found to be 22.5%. A similar trend was observed 
for zeolite sorbents with a particle size of 1–2 mm. However, the highest water absorbency was 
recorded for the calcined diatomite sorbent (approximately 89%), which was about 9% higher than 
the best-performing zeolite sorbent (4/w/22.5), which exhibited a water sorption capacity of 80%. 
Notably, the water absorbency of diatomite sorbents produced via pan granulation was inconsistent 
with respect to particle size and whether they were calcined or uncalcined. Water sorption for 
calcined diatomite with a particle size of 0.5–1 mm was approximately 18% lower than that of 
uncalcined diatomite of the same size, whereas water sorption for calcined diatomite with a particle 
size of 1–2 mm was approximately 18% higher than that of uncalcined diatomite of the same size.  

  

Figure 18. Water sorption (Westinghouse method) for the fabricated zeolite-based agglomerates and diatomite 
granular sorbents. Particles size of 1-2 mm. 
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Figure 19. Water sorption (Westinghouse method) for the fabricated zeolite-based agglomerates and diatomite 
granular sorbents. Particle size of 0.5-1 mm. 

 

Figure 20. Water sorption test using Westerhouse method (A –general view, B- top view). 
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approximately 40% higher than that of diatomite. Among the fabricated zeolite-based sorbents, the 
3/w/22.5 sample exhibited the best sorption properties, achieving a used oil sorption rate of 100%. A 
comparable value of 96% was obtained for the 4/w/22.5 sample. Based on the sorption test results 
(Figure 21), it remains unclear whether the binder content, water content, or a combination of both, 
or neither, is the primary factor influencing the used oil absorbency. However, the test results 
confirmed well-establish statement [15,16] that the granulation method has a significant impact on 
oil sorption capacity which can be attributed to changes in pore size distribution.  

Furthermore, the diesel and used engine oil sorption tests conducted using Westinghouse 
equipment align with the findings of Bandura et al., [15], which indicated that higher sorption 
capacities are observed for oils with higher densities and viscosities, as seen in the case of used engine 
oil. The physicochemical properties of petroleum compounds significantly influence their interaction 
with porous materials, thereby indirectly affecting the sorption mechanisms. In general, higher-
viscosity petrochemical liquids (such as petrol, diesel, and used engine oil) exhibit slower penetration 
into the zeolite's porous structure, with the adsorbate gradually filling the available pores more 
thoroughly [16]. In accordance with this, the Westinghouse test revealed that the sorption efficiency 
of the used engine oil was the highest among the examined petroleum compounds. However, as 
discussed later in this paper, the maximum sorption capacity results did not corroborate this 
observation. This discrepancy can be attributed to differing experimental conditions, particularly the 
duration of petroleum saturation, which in the case of Westinghouse tests is strictly defined (10 
minutes), whereas the determination of maximum sorption capacity is typically conducted until a 
thin layer forms on the sample, a process that usually takes less than one minute. Regarding the 
granulation method and its impact on sorption properties, it can be concluded that roll compaction 
is more suitable than wet granulation (with or without calcination) for producing agglomerates with 
higher petroleum sorption capacity. This is likely due to the development of secondary porosity, 
typically meso- and macro-pores, and a less dense structure during the roll compaction 
agglomeration process. In contrast, pellet coating (pan granulation) results in a denser and more 
compact structure. The sorption results further demonstrated that the calcination process does not 
significantly affect petroleum sorption, particularly in the removal of used engine oil.  

  

Figure 21. Used engine oil sorption (Westinghouse method) for selected fabricated zeolite-based agglomerates 
and granular diatomite sorbents. 
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To comprehensively evaluate the sorption properties of petroleum compounds (such as petrol, 
diesel, and used engine oil) on the selected fabricated zeolite-based agglomerates, zeolite powder 
(raw material/feed for agglomeration), and granular diatomite (wet pan granulation with/without 
calcination), a maximum sorption capacity test was conducted (Figure 22).given the strong 
correlation between sorption capacity, specific surface area, and, more importantly, pore size 
distribution in the materials, the sorption results were further corroborated by the textural properties 
of the samples. Additionally, to deepen the understanding of the sorption capacity of petroleum 
compounds on zeolite materials, previously reported data [16] were incorporated in Figure 22. 

In general, the agglomeration process through roll compaction of zeolite powder with binder 
and water altered the petrochemical sorption behavior of the fabricated zeolite agglomerates 
compared to the natural zeolite powder, accompanied by changes in textural properties. However, 
no unambiguous correlation between binder/water content, sorption, and textural properties was 
identified. Regarding the diesel sorption, nearly all produced zeolite-based sorbents exhibited higher 
capacities than natural zeolite powder (0.2g/1g), except for the 3/w/20 sample, where diesel removal 
was the same as for the zeolite powder. Notable differences were observed in the 3/w/22.5 and 
4/w/22.5 samples, which demonstrated four times higher diesel sorption than natural zeolite powder. 
This can be attributed to the larger contribution of pores in the 10-100 µm range in these samples. 
Furthermore, the higher affinity of the 3/w/22.5 and 4/w/22.5 samples for certain petrochemicals can 
be linked to the predominance of macropores (approximately 4.8 µm), whereas the 3/w/20 and 3/w/25 
samples exhibited pores of approximately 0.035 µm. The manufactured zeolite-based agglomerates 
also exhibited enhanced sorption properties for petrol, except for the 3/w/25 sample, which 
demonstrated the same sorption capacity as zeolite powder (0.2g/1g). In terms of used engine oil 
removal, the 3/w/22.5 and 4/w/22.5 samples exhibited the highest maximum sorption capacities of 
0.4g/1g and 0.3g/1g, respectively. This can be attributed to the larger and similar contributions of 
pores in the 10-100 µm range in both samples, with proportions of 16.5% and 16.2%, respectively. The 
3/w/20 and 3/w/25 samples exhibited the same maximum sorption capacity for used engine oil as 
zeolite powder (0.2g/1g). The sorption results for petroleum compounds on diatomite granules 
supported the findings obtained using the Westinghouse method (Figure 15-16, Figure 21). The 
maximum sorption capacities of the studied zeolite powder for petroleum compounds do not align 
with the previously reported sorption values for natural zeolite powder by Muir and Bajda [16]. In 
their studies [16], diesel and used engine oil removal on zeolite powder was approximately 0.4g/1g, 
and petrol sorption was around 0.3g/1g. This discrepancy can be attributed to the different sources 
of zeolite powder. While both powders are derived from Ukrainian deposits, the studied zeolite 
powder is a by-product of zeolite rock processing, whereas the zeolite powder used in Muir and 
Bajda’s study [16] was a high-quality mineral product. Moreover, Muir and Bajda [16] emphasized 
that experimental conditions during sorption determination can significantly influence the results. 

Surprisingly, the maximum sorption capacity of the synthetic zeolite powder Na-P1 did not 
exceed that of the manufactured zeolite agglomerates for any of the petroleum compounds, and the 
sorption efficiency of Na-P1 was notably lower. Na-P1 exhibited petrol, diesel, and used engine oil 
sorption capacities of 0.5g/1g. In comparison, the 3/w/22.5 and 4/w/22.5 samples exhibited higher 
affinity for used engine oil, with capacities of 0.8g/1g for both. 

The test results confirmed the previously reported correlation by Muir and Bajda [16] regarding 
the role of mesopores in the sorption process, where the number of available pores for petroleum 
compounds is associated with a higher affinity for these compounds. Conversely, the analysis of 
sorption properties in relation to the specific surface area of the samples revealed no direct 
correlation. Notably, the 3/w/22.5 sample, exhibited the highest sorption capacity for petrochemical 
compounds, had the lowest specific surface area (16.15 m²/g) among the produced zeolite 
agglomerates. In contrast, the 3/w/25 sample, with a more developed surface area (19.59 m²/g), 
displayed similar sorption efficiency for petrol (2g/1g) and used oil (2g/1g) and a slightly higher 
sorption capacity for diesel (3g/1g) compared to zeolite powder (which exhibited the same sorption 
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capacity for diesel, petrol, and used engine oil—2g/1g), despite having a significantly lower surface 
area (11.58 m²/g). 

The maximum sorption capacity results (Figure 22) indicated that the zeolite-based sorbent 
(3/w/22.5), produced via roll compaction, exhibited the most versatile sorption properties, 
demonstrating the highest capacity for various petroleum compounds (Eurosuper 95 petrol – 0.4g/1g, 
Verva On diesel – 0.8g/1g, and used engine oil – 0.3g/1g). Additionally, this zeolite-based sorbent 
(3/w/22.5) outperformed diatomite sorbents fabricated via traditional pan granulation (with/without 
calcination) in its maximum sorption capacity for used engine oil and diesel, while exhibiting 
comparable efficiency for petrol sorption. This can be associated with the most developed surface of 
macro- and mesopores in sample 3/w/22,5 compared to other produced zeolite agglomerates. 

According to Sharma et al., [18], the variability in oil composition and contamination poses one 
of the biggest challenges in managing natural remediation techniques for oil spills. Considering this, 
the fabricated 3/w/22.5 zeolite-based oil sorbent appears to be very promising. 

In general, the results of textural analysis (based on MIP, see Table 7-8) for the selected fabricated 
zeolite-based agglomerates indicated that, irrespective of binder and water content, the roll 
compaction of powdered zeolite led to an increase in the specific surface area of all manufactured 
samples. Furthermore, the roll compaction process induced the formation of a secondary pore system 
composed of macro- and mesopores, which significantly influenced the sorption and textural 
properties of the produced sorbents. The presence of an additional interparticle macro- mesopore 
network was confirmed through mercury intrusion porosimetry (Table 8, Figure 23-24) as well as 
SEM and polarized microscopy observations, which are discussed later in this paper. 

The analysed samples exhibited a consistent macropore (pores > 50 nm, as defined by [102]) 
proportion, averaging approximately 70%, with the remaining fraction consisting of mesopores (2–
50 nm, according to [102]). The contribution of micropores in the produced agglomerates is negligible. 
Overall, the manufactured zeolite-based agglomerates have not displayed substantial differences in 
textural parameters (Table 7); however, certain samples exhibited slightly greater variability. This 
variation was particularly noticeable in total porosity, specific surface area, and pore size distribution. 
The porosity of the agglomerates ranged from 35.1% to 43.1% for samples 3/w/22.5 and 3/w/20, 
respectively. The specific surface area varied between 16.15 m²/g and 19.59 m²/g for samples 3/w/22.5 
and 3/w/25. As previously mentioned, a significant difference was observed in pore size distribution. 
In samples 3/w/20 and 3/w/25, pores of approximately 0.035 µm predominate, whereas in samples 
3/w/22.5 and 4/w/22.5, substantially larger pores of 4.8 µm were prevalent (Table 7). 

An analysis of the obtained textural parameters in relation to the sorption properties of the 
agglomerates concerning petroleum-derived substances revealed no direct correlation between total 
porosity or specific surface area and the sorption capacities of the agglomerates. However, attempts 
to establish a correlation between sorption properties and textural parameters indicated that an 
increased proportion of pores within the 10–100 µm range (Table 8, Figure 23-24) is associated with 
a slight enhancement in sorption capacity, particularly for diesel fuel and used motor oil, with the 
latter exhibiting a more pronounced dependency. 

The contribution of pore sized 10-100 um in the manufactured zeolite-based agglomerates 
increased in the following order: 3/w/20, 3/w/25, 4/w/22.5, and 3/w/22.5 (see Table 8), which 
correlated with the obtained sorption test results (Figure 25-26). 
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Figure 22. Maximum sorption capacity for petrochemical compounds (test method adapted from [16]) on 
selected samples. 

Table 7. Textural parameters for fabricated zeolite-based agglomerates for petroleum sorption based on MPI. 

Fabricated 
Zeolite-
based 

agglomerates 

Particle 
Fraction 

(mm) 

Total 
volume 

of 
intrusion 

(cm3/g) 

Total pore 
Surface 
(m2/g) 

Average 
Pore 

radius 
(2V/A) 

Apparent 
density 
(g/cm3) 

Specific 
surface 

area 
(m2/g) 

3/w/20 

0.5-1 

16.1056 7.8984 4.0782 1.23 18.33 
3/w/25 13.5428 7.0563 3.8385 1.17 19.59 

4/w/22.5 12.1479 6.788 3.579 1.31 18.72 
3/w/22.5 13.1967 5.6687 4.656 1.20 16.15 
3/w/22.5 2-1 11.952 6.8599 3.485 1.31 17.12 

Table 8. Porosity and pore size distribution in the fabricated zeolite-based agglomerates (based on MPI). 

Fabricated 
Zeolite-
based 

agglomerates 

Particle 
Fraction 

[mm] 
Porosity 

Pore size 

1-10 nm 
10-100 

nm 
100nm-

1µm 
1-10 
µm 

10-
100µm 

Pore content (%) 
3/w/20 

0,5-1 

43.09 2,1 33,6 7,8 42,9 13,5 
3/w/25 36.02 1,2 41,3 20,4 24,2 14,2 

4/w/22.5 36.26 1,5 39,8 18,8 23,7 16,2 
3/w/22.5 35.10 2,3 35,6 16,3 29,4 16,5 
3/w/22.5 2-1 40.07 0,7 35,1 17,5 39,9 6,8 

0 0.2 0.4 0.6 0.8

Na-P1 zeolite powder [16]
Zeolite powder [16]

Zeolite powder
3/w/20   0.5-1 mm

3/w/22,5 0.5-1 mm
4/w/22,5 0.5-1 mm
3/w/25   0.5-1 mm

Diatiomite 0.5-1 mm (calcined)
Diatomite 0.5-1 mm (uncalcined)

Maximum sorption capacity [g/g]
Diesel Verva On Used enginge oil Petrol Eurosuper 95
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Figure 23. Cumulative pore volumes for the fabricated selected zeolite-based agglomerates size of 0.5–1 mm 
(based on MPI). 

  
Figure 24. Cumulative pore volumes for the 3/w/22.5 agglomerates size of 0.5-.1 mm and 1-2 mm for comparison 
(based on MPI). 
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Figure 25. Pore 10-100 um content (based on MDPI) vs oil sorption efficiency (Westinghouse method). 

 
Figure 26. Pore 10-100 um content (based on MDPI) vs used oil sorption efficiency (Westinghouse method). 

A significant proportion of pores with sizes ranging from 10 to 100 µm in samples 3/w/22.5 and 
4/w/22.5 was confirmed by microscopic observations using both scanning electron microscopy (SEM) 
and polarized light microscopy (Figure 27-29). SEM imaging revealed that secondary porosity, 
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zeolite-based agglomerates exhibited a rough surface composed of randomly orientated particles of 
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revealed that, binder particles are embedded in the primary zeolite powder particles. Conversely, 
observations made with polarized light microscopy indicated that, for sample 3/w/22.5, a more 
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Figure 27. SEM images of the structure and secondary-porosity generated via roller compaction of the fabricated 
zeolite-based agglomerates (Figure 27A-B – 3/w/22.5 sample; Figure 27C-D – 4/w/22.5 sample). 

 

Figure 28. Microstructure with marked pore size of the fabricated zeolite-based agglomerates 3/w/22.5. 
Polarizing microscope. 
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Figure 29. Microstructure with marked pore size of the fabricated zeolite-based agglomerates 4/w/22.5. 
Polarizing microscope. 

5. Conclusions 

In this study, zeolite-based sorbents for petroleum compounds were fabricated using an 
inorganic binding agent and water in varying amounts through an agglomeration and 
deagglomeration process in high-pressure grinding roll (HPGR) equipment. The influence of binder 
and water content on the sorption capacity and performance properties of the zeolite-based 
agglomerates was analyzed. Additionally, the study aimed to explore the relationship between 
textural properties and the performance of the fabricated agglomerates. To provide a broader 
perspective on this scientific experiment, a commercial diatomite-based sorbent—produced via 
traditional wet granulation followed by the highly energy-intensive calcination process—and 
synthetic Na-P1 zeolite powder were selected as reference materials. 

Conducted tests revealed that: 
• Agglomeration and deagglomeration in a single integrated system using HPGR (high-

pressure grinding rolls) for powder zeolite with a solid binder enhanced the petroleum sorption 
capacity, primarily due to the formation of a secondary porosity network, 

• The proposed zeolite dust agglomeration approach significantly increased the specific 
surface area (Sᴮᴱᵀ) of the final product compared to the raw zeolite powder. While this increase has a 
negligible impact on petroleum sorption, it can be a key factor in the sorption efficiency of other 
substances, 

• The correlation between binder and water content and the physical properties of the 
fabricated zeolite agglomerates is not straightforward, particularly concerning water content. 
However, a higher binder content reduced powdering of the produced ribbons and improved the 
effectiveness of the roll compaction process, as indicated by the lower yield of fine particles (below 
0.5 mm), 

• All fabricated zeolite-based sorbents with a particle size of 0.5–1 mm met the required oil 
absorbency threshold of 50 wt.%, as specified for petroleum spill cleanup materials used on roads 
and pavements by fire departments in Poland, 

• Binder contents up to 7.5 wt.% improved both the sorption capacity and mechanical 
strength of the fabricated zeolite particles (0.5–1 mm). However, exceeding this threshold did not 
further enhance these properties, 

• The agglomeration process via roll compaction of zeolite powder with binder and water 
altered the maximum petroleum sorption capacity of the zeolite agglomerates compared to natural 
zeolite powder in nearly all cases, except for sample 3/w/20, where sorption efficiency remained 
comparable. Additionally, some manufactured zeolite-based sorbents exhibited superior sorption 
efficiencies compared to synthetic Na-P1 zeolite powder. Na-P1 showed sorption capacities of 0.5g/g 
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for petrol, diesel, and used engine oil, whereas the 3/w/22.5 and 4/w/22.5 samples achieved capacities 
of 0.8g/g for used engine oil, 

• Zeolite-based sorbents fabricated via roll compaction outperformed commercial 
diatomite sorbents in their affinity for petrochemical compounds, 

• Sample 3/w/22.5 surpassed commercial diatomite sorbents (produced via traditional pan 
granulation) in maximum sorption capacity for used engine oil and diesel, while demonstrating 
comparable efficiency for petrol sorption. This is likely due to the well-developed macro- and 
mesoporous structure of 3/w/22.5, which was more advanced than in other produced agglomerates, 

• SEM observations of the fabricated zeolite-based agglomerates revealed that binder 
particles are embedded within the primary zeolite powder particles. The random distribution of feed 
particles of varying sizes resulted in structural heterogeneity, leading to areas with different packing 
densities, which directly influenced the total porosity of the granules. In contrast, particle coating 
through wet pan granulation created a denser, more compact structure. 

This study demonstrated that integrating agglomeration and deagglomeration within a high-
pressure roll compaction system for zeolite powder granulation offers multiple advantages over 
traditional wet granulation followed by energy-intensive and pollution-emitting calcination. The 
proposed method enhances process efficiency by eliminating the need for additional equipment and 
presents a more environmentally friendly approach. 

Furthermore, since oil composition and contamination variability pose significant challenges for 
natural remediation techniques in oil spill management, the roll-compacted zeolite-based sorbents 
showed great promise. 

In summary, this experimental study provided valuable insights into the role of binder content 
in determining the properties of final zeolite-based sorbent agglomerates produced via roll 
compaction, helping to bridge the existing knowledge gap in this field. 
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