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Chapter I 
 

Polluted Water from Anthropogenic Activities and its 

Remediation  
 

1.1 Environmental pollution from anthropogenic activities 

 

In the last century, the development of industry has grown enormously together with the global 

population. Unfortunately, the increasing of anthropogenic activities can have a damaging impact on 

the environment in terms of its degradation and pollution.[1,2]  

Pollution occurs when something is introduced to the environment which is harmful to ecosystems 

and human health. In other words, pollution is an adulteration of the environment by a chemical, 

biological or nuclear pollutant that renders it unfit for desired use.[3]  

Activities such as manufacturing and processing industries, transportation and consumption of natural 

resources, agriculture practices release a large amount of toxic pollutants in air, soil and water and 

this give consequently adverse health effects in human population. (Figure. 1.1) 

 

 

Figure 1.1. Environmental pollution from anthropogenic activities. Adapted from references.[4-9] 
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The pollutants produced from anthropogenic activities can be released to the environment in different 

forms. For instance, the atmospheric pollutants can be toxic gases (i.e. nitrogen oxides, sulfur oxides, 

carbon oxides, ozone, etc.), suspended particulate matter (SPM), and volatile organic compounds 

(VOCs). Soil and water pollutants may be of organic compounds (i.e. pesticides, insecticides, 

herbicides, phenols, hydrocarbons, etc.), heavy metals (i.e. lead, chromium, arsenic, zinc, cadmium, 

copper, mercury and nickel), as well as pathogenic agents.[10] 

Furthermore, the significant increase of pollutants in soil, water and atmosphere has warned the 

societies’ conscience and consequently the concern on the human health. For example, substances 

that are toxic at low concentrations, carcinogenic, mutagenic and/or teratogenic can be 

bioaccumulated, particularly if they are persistent in the environment. For this reason, is important 

that pollutants emission from anthropogenic activities keeps below a level that limit their harmful 

effects. 

The environmental challenges and the natural resources management were first focused in 1972 at 

the United Nations Human Environment Conference at Stockholm. Since then, a much greater 

awareness has been marked in the development of international environmental politics.[11-15] 

EPA (United States Environmental Protection Agency), that is an authority to control hazardous 

waste, established “The Resource Conservation and Recovery Act” (RCRA)-42 U.S.C. §6901 et seq. 

(1976). This act regularizes the generation, transportation, treatment, storage, and disposal of 

hazardous waste. Amendments to RCRA at 1986 were done to address environmental problems that 

could result from underground tanks that storing petroleum and other hazardous substances.[16] 

 

1.2 Groundwater pollution  

 

Water is considered one of the most important resources for life on Earth, without water any organism 

could not survive. The total amount of water on Earth is approximately constant as indicated by the 

hydrologic cycle (Figure 1.2) because water moves from one reservoir to another remaining almost 

unchanged. Water evaporates from land and oceans into the atmosphere, forming clouds and then 

precipitates to land as rain or snow, and then goes into rivers and streams and comes back to the 

oceans and air. 

Vaporization and transpiration release about 495 x 1012 m3 to the atmosphere each year. The 71 x 

1012 m3 derived from land from evaporation of lakes, swamps, and soil water. Precipitation falls over 

the oceans, with the remaining over the landscape. Water vapor is transported in the atmosphere, with 

roughly 39 x 1012 m3 from the oceans each year. The additional 71 x 1012 m3 from evapotranspiration 
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over land gives a total atmospheric water volume of 110 x 1012 m3 that falls as precipitation over the 

continents each year.[17-19] 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: The global water cycle, with fluxes in 1012 m3 yr-1. Adapted from ref.[17] 

 

However, about 71% of the Earth's surface is covered with water. The 97% of water on Earth is 

concentrated in the oceans and only the 3% of the water is fresh water (see Figure 1.3) and can be 

used by humans as drinking-water. Nevertheless, most of this useable water is inaccessible because 

this water is frozen in glaciers in places like the Antarctic and Greenland ice sheets. Fresh water can 

be found in underground (Groundwater) as soils moisture and aquifers. The rest of the water used by 

humans can be found on the surface (Surface water) which comes from rivers, lakes and swamps.[20-

22] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Water distribution on earth. Adapted from ref.[23] 
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Groundwater which is defined as the water that is found under the surface of the Earth in conditions 

of 100% saturation. Water in the ground travels through the pores of soil and rocks, and in fractures 

and weathered areas of bedrock.[24,21]  

Furthermore, an aquifer is sediment of saturated water or rock in underground in which water can 

move easily. There are two main kinds of aquifers: unconfined and confined (Figure 1.4). Unconfined 

aquifer is a partially or fully filled aquifer which is exposed to the surface (atmosphere), additionally 

there is not an impermeable layer to protect it. In fact, anthropogenic activities can impact 

significantly on conditions of formation of groundwater because unconfined aquifer impacts by 

meteoric water and any kind of surface contamination. 

 

 

 

 

 

 

 

 

 

Figure 1.4: Aquifer types and groundwater movement. Adapted from ref.[25] 

 

Groundwater pollution affects human health. For example, high concentration of heavy metals such 

as As, Hg, Cd, Pb and Cu in drinking water cause several diseases as cancer of the skin, nervous 

diseases, kidney dysfunction, genetic changes, attacks bone tissues, attacks organic tissue, blood 

diseases, etc. On the other hand, changes in the acidity and free carbon dioxide concentration can 

increase groundwater corrosive activity and consecutively change the ecosystem productivity.  

Hydrocarbon product leakage can create gas ‘caps’ and origin odour problems and fires.[22] 

Groundwater can be contaminated from several sources. Thousands of pollutants are released into the 

groundwater coming principally from industrial manufacturing wastes, municipal landfills, leaking 

underground storage tanks, agriculture activities, mineral extraction (mining) and petroleum and gas 

production/storage.[26] 

For this, the effective application of environmental protection policies for groundwater source 

improves drinking water quality. With the aim of assure water quality, the European Union in 2000 

adopted the Water Framework Directive (Directive 2000/60/EC) of the European Parliament and of 

the Council, establishing a basis for public action in the field of water policy.[27] 
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1.2.1 Organic pollution in groundwater  

 

Organic pollutants detected in groundwater are pesticides, herbicides, solvents degreasers and 

petroleum components.[26,28-31]  

Some classes of organic contaminants are listed in Table 1.1: 

Table 1.1:  Examples of organic pollutants: 

Organic Pollutants 

Petroleum hydrocarbons (fuels): Benzene, toluene, xylene, polynuclear aromatic 

hydrocarbons (PAHs), polychlorinated biphenyl (PCBs) and metals, in particular Pb. 

Aliphatic compounds: methane, ethane and propane 

Nitrogen compounds- pyrrole and pyridine.   

Sulphur compounds- thiols and thioethers. 

Chlorinated solvents- Trichloroethene, tetrachloroethene, trichloroethane, carbon tetrachloride 

Pesticides and herbicides- DDT (dichloro-diphenyl-trichloro-ethane);  

2,4-D (2,4-dichlorophenoxyacetic acid), atrazine, organophosphorus (glyphosate). 

Polychlorinated biphenyls (PCBs)- insulating fluids, plasticizers, pigments. 

Coal tar/creosote-Polycyclic aromatics 

Pharmaceuticals/food additives/cosmetics-Drugs, surfactants, dyes. 

Gaseous compounds-Chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs) 

 

Hazardous organic pollutants present in groundwater can be defined as organic substances or groups 

of substances that are toxic and have an average degradation of more than one year and are widely 

detected or bioaccumulate in animal tissues.[32] Furthermore, the toxicity of an organic contaminant is 

defined as its inherent capacity to cause an adverse health effect.[33] Using information from 

Regulation 1272/2008 (EC, 2008) and guidance provided by the European Chemicals Agency 

(ECHA, 2009), substances are defined as being toxic if the substance is classified as being Acutely 

Toxic (Category 1, 2, 3).  

 

Therefore, when a substance is classified as hazardous, the entry to groundwater should be prevented.  

The appropriate controls on hazardous and non-hazardous substances should be meditated in 

conditions of the surround activities of release of pollutants to groundwater.[32]  For example, oils and 

fuels generally enter to groundwater near to refinery activities as a result of leaking piping or 

accidental spills during transport and leaks from storage tanks.[34]   
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1.2.1.1 Hydrocarbons  

 

Organic pollutants such as hydrocarbons persist as the major class of pollutants of groundwater.  

Generally, when hydrocarbons released into the aquatic environment tend to float on the water surface 

and result in the formation of a thin surface film called the light non-aqueous phase liquids (LNAPLs). 

Others hydrocarbon fractions which have higher molecular weight dense non-aqueous phase liquids 

(DNAPLs) will accumulate in the sediment at the bottom of the water (see Figure 1.5).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Schematic hydrocarbons movement after the storage tank leak into the groundwater. Adapted 

from ref.[35] 

 

Hydrocarbons are organic compounds constitute of carbon and hydrogen atoms arranged in varying 

structural configurations. Hydrocarbons can be divided into two families: aliphatic and aromatic. The 

aliphatic hydrocarbons could be further subdivided into four groups: alkanes (straight and branched 

chain), alkenes, alkynes and cyclic alkanes.  

The aromatic components of gasoline and other petroleum products are a group of aromatic molecule 

hydrocarbon (BTEX compounds: benzene, toluene, ethyl benzene and the three xylene isomers o-, 

m-, and p- xylene) are considered hazardous and are the principal concern about groundwater 

pollution.[32] Aromatic hydrocarbons with lower molecular weight tend to be highly soluble in water 

whereas alkanes are non-polar and hydrophobic and are considered as slightly soluble in water. 

Nevertheless, BTEX due to their high solubility frequently are found in contaminated groundwater 

plumes. Normally, solubility of benzene, toluene, ethyl benzene, xylenes and gasoline in water are 

18, 25, 3, 20, 50–100 mg L-1, respectively.[36]  
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EPA has established a maximum contaminant level (MCL) in drinking water for benzene, toluene, 

ethylbenzene and isomers of xylenes at 0.005, 1, 10 mg L-1, respectively. [37,38]  

Toluene is an aromatic hydrocarbon which has a sweet and pungent odour. The lowest concentrations 

reported to be perceptible to humans on inhalation range from 0.64 to 139 mg m-3. The odour 

threshold in water is 0.024–0.17 mg L-1. The reported taste threshold ranges from 0.04 to 0.12 mg L-

1.[38] In groundwater contaminated, toluene levels of 0.2–1.1 μg L-1 were reported and the highest level 

reported in groundwater in the USA in 1983 was 1.4 μg L-1.[39] 

In approximately 1% of all groundwater-derived public drinking-water systems in the USA, toluene 

levels are above 0.5 μg L-1. [38,39] 

The health effect to the exposure of toluene by inhalation is impairment of the central nervous system 

and irritation of mucous membranes. Fatigue and drowsiness were the most sensitive effects, being 

present at 375 mg L-1 and absent at 150 mg L-1. Furthermore, the toxic effects of toluene after long-

term exposure are basically identical.[38] 

 

n-Hexane is an aliphatic hydrocarbon which is a colourless liquid with a slightly disagreeable odour. 

Additionally, n-hexane is highly flammable and explosive gas. The toxicity of this compound is 

related primarily to inhalation exposure because its high volatility (vapor pressure of 150 mm Hg at 

25 °C) and low solubility in water (9.5 mg/L at 25 °C).[40] 

Significant oral exposure of n-hexane through food or drinking water has not been reported. Little 

information exists for oral or dermal exposure to n-hexane in humans or animals.[41] 

 

Most petroleum hydrocarbon mixtures contain very low concentrations of the polycyclic aromatic 

hydrocarbons (PAHs) which contain 2-6 aromatic rings and are generally toxic, carcinogenic and 

mutagenic. PAHs with less aromatic rings (<4 ringed) such as naphthalene are more volatile and thus 

less toxic than non-volatile, persistent, hydrophobic PAHs. PAHs could potentially affect the nervous 

system, immune systems, excretory system (kidney) and also cause cancer and mutations.[35] In 

particular, benzo(a)pyrene and benz(a)anthracene are classified as probable human carcinogens, and 

a small concentration have been shown to induce skin tumours in skin painting studies in laboratory 

mice.[40,42] Benzo(a)pyrene is normally considered to be the most potent carcinogenic PAH, but the 

carcinogenic potency of most PAHs is not well characterized.  Nevertheless, under situations of spills 

of petroleum products affecting water, PAHs are not usually a specific concern.[40,42]  

 

Besides, petroleum derived products will frequently also contain additives such us oxygenated fuel 

additives as methyl tert-butyl ether (MTBE) in very low concentrations. Nevertheless, MTBE can 
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make water supplies undrinkable, even at low concentrations. For this reason, the use of MTBE in 

gasoline is now being replacing out.[40,42] 

 

1.2.1.2 Herbicides  

 

In recent years, researchers deserved interest for the depollution of groundwater by pollutant coming 

from agriculture activities.[43-45]  

Chemical substances such us pesticides and herbicides are frequently used in the agriculture field. [46] 

More specifically, herbicides are widely used in field crops to control the presence of weeds. Their 

broad application range entails a significant use and consequently an increase of their impact on the 

environment. In particular, it is known that long-term use of herbicides can lead to pollution of 

groundwater.[44] 

Herbicides are classified as: i) contact herbicides (they affect only the part of the plant that they touch) 

and ii) translocated herbicides (that are altering the normal biological function of the plant-systemic 

herbicides). Furthermore, a combination of systemic and contact herbicides (Chlorinated aliphatic 

acid herbicides) such as trichloroacetic acid (TCA), amide herbicides (e.g., alachlor, metachlor), 

carbamates (thiocarbamates and dithiocarbamates) and phenoxy herbicides (e.g., 2,4-D) are also used. 

Examples of contact herbicides are diclofop, dinoseb, diquat, and paraquat whereas translocated 

herbicides are atrazine, glyphosate, 2,4-dichlorophenoxyacetic acid (2,4-D) and simazine.[47]  

Particular attention was recently given to glyphosate-based herbicides which are enormously 

common around the world due to their cost-effectiveness. Glyphosate [N-(phosphonomethyl) 

glycine] is a broad spectrum, non-selective systemic herbicide.[48] According to literature data 

glyphosate is less dangerous than other herbicides from the organophosphorus family, toxic effects 

can only be at high doses.[49-51]  

 

Glyphosate is a compound of EPA Toxicity Class III.[52] However, studies suggest that when 

combined with other ingredients, it may be considerably more toxic than glyphosate alone, for 

example the Roundup Original mixture (commercial herbicide product) formula contains 

polyoxyethylene amine (POEA) that is already demonstrated to be more toxic than glyphosate to 

aquatic organisms.[43] 

The US maximum contaminant level (MCL) of glyphosate in drinking water is 700 μgL−1, which is 

higher than for other pesticides.[53] Nevertheless, this concentration is much higher than the European 

tolerable level of only 0.1 μgL−1.[54] 



9 
 

The large difference between American and European permissible levels is due to different policies. 

In Europe, 0.1 μgL−1 is administratively established as the upper tolerable threshold for all pesticides, 

while the US maximum is based on toxicity tests on glyphosate.[55] 

 

1.3 Removal of pollutants from groundwater 

 

The increased agricultural, industrial, and domestic activities have resulted in the increased of large 

amount of organic compounds which are polluting the available groundwater and affect the human 

and animal health. As a consequence, in the last decades, research efforts were focused to the 

decontamination of groundwater from organic contaminants (e.g. methyl tert-butyl Ether, MTBE).  

Several treatment technologies have been established  to remove pollutants from wastewater (i.e. 

physical techniques, chemical methods and biological processes methods) (Figure 1.6), such as 

biological or chemical oxidation, coagulation, sedimentation, photo-Fenton treatment, advanced 

oxidation processes (AOPs), photocatalytic oxidation/degradation, membrane processes, 

electrochemical oxidation/degradation, adsorption. [56,57]  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Methods for water or wastewaters treatment. Adapted from ref. [56] 

 

All above mentioned methods can be applied alone or in combination and can be further divided into 

in situ (air sparging, flushing, permeable reactive barriers, sand filtration) and ex situ (pump and 

treat methods) remediation technologies.[36] 

Pump and Treat (P&T) is one of the most conventional used ex situ groundwater remediation 

technologies. Conventional “pump and treat” methods involve pumping contaminated water to the 

surface for treatment.[58] 
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In-situ remediation is the in-place remediation of the contaminated groundwater. One example of this 

technology is represented by permeable reactive barriers (PRBs), which have been used for treatment 

of petroleum contaminated groundwater.[36, 59-61]  

Permeable reactive barriers PRBs are an emerging alternative to traditional P&T methods for 

groundwater remediation.[59,60,62] 

 

In fact, PRBs results advantageous with respect to P&T because: once built PRBs don’t require any 

surface manipulation; polluted groundwater is treated underground without any further work by 

operators; can be used while operations are in progress and there are no energy costs because PRBs 

exploit natural flow of groundwater.[63] 

The PRB consists of the emplacement of a reactive media perpendicular to the trajectory of the 

contaminated groundwater. In fact, the contaminate plume migrates through the reactive barrier 

interacting with the media under the influence of the natural hydraulic gradient (us shown in Figure 

1.7).  

The contaminants in the plume react with the media leading to either their transformation to less 

harmful compounds or fixation to the reactive materials[64-67] 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: PRB intercepting pollutants from a contaminate plume. Adapted from ref.[68] 

 

Reactive materials within the barrier are selected to promote reactions that result in the destruction or 

stabilization of the groundwater contaminants.[69] 

For instance, zero-valent iron (ZVI) has been successfully applied for the remediation of groundwater 

and wastewater contaminated with chlorinated organic compounds (COCs), nitroaromatic 

compounds (NACs), arsenic, heavy metals, nitrate, dyes and phenol due ZVI is non-toxic, abundant, 

cheap, easy to produce, and its reduction process requires little maintenance.[70] Another type of 
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adsorbent a lot used and studied is granulated activated carbon (GAC). The simplicity of the GAC 

system operation, commercial availability, no off-gas treatment requirements and well-known 

equipment and methods make such systems relatively beneficial.[71]  

However, it is known that GAC performance is reduced in the presence of other organic compounds 

and natural organic matter.[72] 

Other examples of reactive materials for the PRBs are activated carbons, clay minerals, biomaterials 

microorganisms, natural zeolites, peat, phosphates, limestone and amorphous ferric oxide.[73,74]  

The contaminants are immobilized in the PRB through chemical or physical processes. These 

interactions could be reduction, sorption, precipitation and biochemical degradation of contaminants. 

Sorption and precipitation are potentially reversible and may thus require removal of the reactive 

media and gathered products in order to continue with remediation. [75]  In particular, sorption includes 

adsorption, absorption and ion exchange by a reactive media.[76] 

 

Specifically, adsorption is a process that occurs when pollutants molecules (adsorbate) come in 

contact with the surface of the reactive media (adsorbent). The adsorption process is referred to a 

chemisorption, if the interactions between the reactive media and pollutants are due to the formation 

of chemical bonds. Contrary to chemisorption, physisorption process occurs if the attraction forces 

between the pollutants (adsorptive) and adsorbent surface are due to physical bonding (i.e. van der 

Waals forces) and processes are reversible since attractions are weak.[77] 

 

Since the adsorption process is a surface process, structural and textural properties (i.e. specific 

surface area (SSA), pores size distributions and pores morphology) of the adsorbent is of relevant 

importance to guarantee high adsorption performances. The porous solid materials classified are pores 

according to their size (IUPAC recommendation):(i) pores with widths above about 50 nm are called 

macropores; (ii) pores of widths between 2 nm and 50 nm are called mesopores; (iii) pores with 

widths not exceeding about 2 nm are called micropores.[78] 
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1.3.1 Materials used as adsorbents for groundwater decontamination  

 

Different adsorbents have been studied for depollution of groundwater purpose and their interactions 

with contaminants have been discussed in a lot of reviews.[79] In general, the adsorbent material is 

selected on the basis of the type and concentration of the pollutant to be removed, the treatment 

technologies, the hydrogeological and biogeochemical conditions of the aquifer, the 

environmental/health impacts, mechanical/hydrothermal stability, the availability and cost of the 

material.[64,80]  

In any case, the effectiveness of the adsorbents materials depends of the physical–chemical properties 

and the nature of the pollutants to be removal. Particularly importance is related to the 

decontamination of groundwater from hydrocarbons, chlorinated hydrocarbons and oxygenates 

(MTBE). 

 Figure 1.8: The most common adsorbents for pollutants removal from aqueous solution. Adapted from ref.[56] 

 

Zero-valent iron (ZVI) is the most common adsorbent. Generally, ZVI with specific surface area 

ranging 0.5 to 1.5 m2 g-1.[64] Their advantages are being non-toxic, high activity, low price, and global 

availability.[81] It’s used for groundwater treatment started in early 1990s. For instance, Gillham et. 

al. obtained positive results by testing ZVI as an enhancing agent for the dehalogenation of 

chlorinated methanes, ethanes and ethenes in aqueous solutions.[82,83]  

Works in recent years has demonstrated that ZVI can successfully applied for the treatment of 

groundwater to remove different types of organic pollutants, such as dyes[84,85], chlorinated organic 

compounds (COCs)[86,87] and phenols.[88,89] Although ZVI has been extensively used to remediate 

polluted groundwater, its application has been limited due to main problems, such as a narrow 
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working pH, low reactivity due to its low specific surface area and accumulation of some toxic 

intermediates (especially the lightly chlorinated hydrocarbons).[90] 

Other examples of reactive media are activated carbons (ACs). ACs are chemically stable materials 

and are widely considered as suitable adsorbent for treatment of polluted groundwater.[91] In addition, 

ACs present a high adsorption capacity for organic contaminants due to its high surface area (about 

1000 m2 g−1). ACs are carbonaceous materials possessing chemically heterogeneous surfaces 

(phenolic and carboxylic groups) with high adsorption capacity. Thus, ACs, mostly in granular form 

(GAC), were commonly used materials in the early stages of PRB technology for groundwater 

depollution to removal of contaminants such as phenols, BTEX, tetrachloroethylene (PCE), 

trichloroethylene (TCE) and polycyclic aromatic hydrocarbons (PAHs).[92-94] Generally, GAC has a 

macro and microporous structure with and quite high surface areas (1000–1500 m2 g−1).[95] These 

properties make to GAC an efficient adsorbent for organic molecules with high molecular weight.   

Although ACs has been used for groundwater treatment in many cases, the drawback of ACs is that 

the adsorption of contaminants is influenced by the pH. Peng et al. noticed that high pH causes 

ionization of the carboxylic and hydroxylic groups on the surface of the AC.[96] This ionization 

promotes the interactions between the water molecules with the AC surface consequently decreasing 

the adsorption of particularly hydrophobic contaminants. Moreover, Liu and Pinto also observed a 

decrease in phenol adsorption when the pH was reduced from 6.3 to 3.07.[97] Other limitation of ACs 

is the low selectivity for organic pollutants, for example Cornelissen et al. founded that the adsorption 

capacity of ACs to adsorb organic pollutants may also be affected by other constituents such as natural 

organic matter. Therefore, if ACs are considered as adsorbents, then the aquifer must be adequate 

characterized.[64] 

To front these drawbacks of ACs, zeolites have been recently distinguished as an alternative despite 

of the high adsorption capacity of ACs. This due to the selectivity of zeolites is confirmed of their 

regular pores able to adsorb organic molecules with dimension and polarity similar with those of the 

contaminants present in groundwater. For example, Rossner et. al. verified the adsorption 

performances of zeolite, in terms of both selectivity and stability under realistic operating conditions, 

better than that of traditional adsorbents based on granular active carbons (GACs). Authors found 

adsorption uptakes of MTBE was higher for the silicalite zeolite than for GAC and the co-adsorbing 

with natural organic matter had more effect on GAC than the silicalite zeolite.[98] 
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1.3.1.1 Zeolites as adsorbents for hydrocarbons removal from groundwater  

 

Zeolites are aluminosilicate minerals with an ordered structure. They are characterized by high 

internal and external surface areas. A short overview of the structural and physico-chemical features 

of zeolites is given in Appendix I. 

It is acknowledged that the adsorption properties of zeolite minerals are definite by their pore size 

and superficial chemical properties.[99] 

 

The pore architecture i.e. pore size, pore size distribution, pore volume, and pore topology of zeolites  

play a key-role for the adsorption of organic molecules. For instance, zeolites have pore size ranging 

between 2-10 Å.[156] In addition, adsorption of organic molecules on zeolites occurs by filling the 

micropores volume as other microporous adsorbents. This process of adsorption occurs by 

physisorption and is characterised by an enhancement of the adsorption energy due to the increase of 

dispersion forces.[100] This means that the pollutants which have molecular dimensions similar to the 

dimensions of the channels can enter into and interact with the zeolite through Van der Waals and 

other electrostatic interactions. Therefore, zeolites can be used for selective adsorption of organic 

pollutants on the basis of their differences in molecular size and shape. 

 

Natural zeolites generally have larger particle size and specific surface areas up to 145 m2 g−1 which 

makes them able for use as a reactive media, but their low hydrophobicity limits their sorption for 

organic compounds.[101,102]   

In addition, researchers have focused on the development of modified zeolites with the aim of 

increasing their hydrophobic properties to obtain higher hydrocarbon adsorption capacities compared 

to natural zeolite.[103] For instance, Scherer et al. reported the effectiveness of surfactant-modified 

zeolites (SMZs) to remove non-polar organic contaminants such as benzene, toluene, ethylbenzene 

and p-, m- and o-xylene (BTEX compounds) and chlorinated solvents such as perchloroethene, 1,1,1-

trichlorethane, and pentachloroethane) by modifying the surface chemistry of zeolites with 

surfactants (e.g. hexadecyltrimethylammonium, HDTMA, (C16H33)(CH3)3N+)) and by adding 

hydrophobic segments on the zeolite surface. Unfortunately, sorption of non-polar organic 

compounds is favoured at low concentrations.[104] 

 

Another example of surfactant modified zeolites (SMZs) was reported as highly effective for the 

treatment of hydrocarbon-containing wastewater by Altare et al. In particular for the adsorption of 

benzene, toluene, ethylbenzene, and p-, m- and o-xylene (BTEX compounds). Unfortunately, there 
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was evident a progressive surfactant release with a negative impact both on economics and 

environmental issues.[105,106]  

 

Northcott et. al. studied a modified natural zeolite (clinoptilolite) as an adsorbent in permeable 

reactive barrier (PRB) for treatment of hydrocarbons in groundwater. The hydrophobic zeolite was 

obtained by modifying the surface by covalently bonding to octadecyltrichlorosilane (C18). In 

particular, the authors characterized the hydrophobic zeolite (Z-C18) for the adsorption of 

hydrocarbons in water solutions of naphthalene and o-xylene of 20 and 30 mg L−1 of concentration, 

respectively. As showed in Figure 1.9, an effective adsorption capacity was obtained with Z-C18 for 

xylene and naphthalene removal from water. Besides high adsorption capacity, regeneration is 

another important issue for the longevity of PRBs, authors also have demonstrated that only MilliQ 

water and methanol followed by a MilliQ wash can be used to clean the Z-C18 and the regenerated 

Z-C18 can be reused for hydrocarbon sorption at least 3 times.[107] 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Adsorption isotherms of o-xylene (30 mg L-1) and naphthalene (20 mg L-1) on Z-C18. 

Experiments at 20 ◦C with 1.5 g of Z-C18 and 50 mL of the organic component dissolved in water. Adapted 

from reference.[107] 

 

Recently, J. Ma et al. studied the effect of temperature on hydrocarbon adsorption by using a natural 

clinoptilolite zeolite modified with diphenyldichlorosilane (DPDSCI) for its application in PRBs in 

cold regions. They obtained good performances for batch adsorption test for toluene at cold 

temperatures (4 °C). Authors demonstrated that the modification of the zeolite surface improves the 

adsorption capacity of the raw zeolite (at low toluene concentrations, DPDSCI coated zeolite 

presented 17% of toluene uptake whereas the raw zeolite exhibited less than 1% of toluene uptake), 

as shown in Figure 1.10 (adapted from reference). The comparison of adsorption isotherms of the 

modified zeolite at various toluene concentrations at 20 and 4 °C showed that at low concentrations 
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of toluene, the adsorption capacity of modified zeolites decreased to 8.7% of toluene uptake at low 

temperatures. The free energy and enthalpy change of toluene adsorption of DPDSCI coated zeolite 

at 20 and 4 °C, respectively resulted negative (ΔG=−19.15 and -18.04 kJ mol-1) indicating that the 

sorption process occurs spontaneously, which is the nature of adsorption processes. This process was  

found to be endothermic as the enthalpy change of this process resulted positive (1.5 kJ mol-1) 

concluding  that interactions during adsorption process between hydrocarbon and DPDSCI coated 

zeolite were mainly Van der Waals interactions with some hydrophobic bonding between aromatic 

moieties (π-π electron stacking interactions). [108] 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10: Toluene adsorption isotherms on DPDSCI-zeolite at 20 °C and 4 °C. Adapted from 

reference.[108] 

Several studies of natural and synthetic modified zeolites have been extensively performed. A 

summary of these studies is reported in Table 1.2. 

 

Table 1.2: Overview of studies of modified and natural zeolites for groundwater remediation from 

hydrocarbons.[108] 

Adsorbent Material Surfactant modification 
Organic 

pollutant to be 
removal 

Adsorption 
Capacity 

 [μmol g-1] 
Ref. 

Clinoptilolite 

Diphenyldichlorosilane (DPDSCI) 
Toluene 
Xylene 

Naphthalene 

5.16 
8.90 
22.32 

[109] 

Octadecyltrichlorosilane (C18) 
Naphthalene 

o-Xylene 
5.0 
3.5 

[110]  

Hexadecyltrimethylammonium 
(HDTMA) 

Benzene 
Phenol 

Chlorophenol 

212.95 
120.74 
98.86 

[111, 
112]   

 

n-Cetylpyridinium bromide (CPB) 
Benzene 
Phenol 

295.77 
126.38 

[111] 



17 
 

Benzyltetradecyl ammonium 
chloride 

(BDTDA) 

Phenol 
Chlorophenol 

13.81 
49.86 

[112] 

Stearyldimethyl benzyl ammonium 
chloride (SDBAC) 

Atrazine 
Lindane 

Diazinone 

2.00 
3.40 
4.40 

[113] 

Octadecyldimethyl benzyl 
ammonium 
(ODMBA) 

Ochratoxin A 
Fumonisin B1 

8.45 
10.18 

[114, 
115]  

 

Synthetic zeolites     

NaY zeolites  
Si/Al=1.8 and 2.0 

Octylmethyldichlorosilane Toluene 2340 [116] 

ZSM-5 zeolites  
Si/Al= 31  

Hexadecyltrimethylammonium 
(HDTMA) 

Benzene 
Toluene 
Phenol 

99.26 
101.43 
78.96 

[111] 

ZSM-5 zeolites  
Si/Al= 31 

n-Cetylpyridinium bromide (CPB) 
Benzene 
Toluene 
Phenol 

191.67 
178.70 
100.27 

[111] 

Nano-zeolite  
NaA particles 
(NaAZNPs) 

Hexadecyltrimethylammonium 
bromide 
(CTAB) 

Total 
Petroleum 

Hydrocarbons 
(TPH) 

92.30% [117] 

 

1.3.1.2 Hydrophobic zeolites as adsorbents for hydrocarbons removal from groundwater 

 

The effective adsorption properties of zeolites for non-polar organic pollutants can be controlled by 

increasing the SiO2/Al2O3 ratio due that highly siliceous zeolites have a hydrophobic nature and thus 

strong affinity for hydrocarbons.[118,119] 

 

Flanigen et. al. in 1978 synthetized the first high-silica zeolite (ZSM-5 silicalite) with hydrophobic, 

organophilic properties and selective for organic molecules such us methanol, propanol, butanol, 

phenol, 1,4-dioxane, neopentane and hexane in presence of water. [100] Silicalite was synthetized by 

using alkylammonium cations (tetrapropylamonium hydroxide TPAOH) as template in basic medium 

(sodium hydroxide). Silicalite was characterized by a framework with a system of intersecting 

channels composed of zig-zag and straight channels with pore sizes about 6 Å and a pore volume of 

0.19 cm3 g-1. Authors obtained that the most remarkable adsorption property of Silicalite was surface 

selectivity due that this zeolite adsorbs molecules with dimensions similar to benzene (kinetic 

diameter 5.85 Å) but reject molecules with dimension larger than 6 Å such as neopentane (kinetic 

diameter 6.2 Å). Silicalite showed a very low selectivity for the adsorption of water and a very high 

preference for the adsorption of organic molecules smaller than its limiting pore size.[100] In addition, 

this silicalite resulted electrically neutral, therefore there was not strong interaction with water 
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molecules and energetically the molecules of water preferred to remain as a liquid outside the 

silicalite.  

Moreover, hydrophobicity of zeolites can be improved by increasing the Si/Al ratio. This can be 

obtained by modifying the method of synthesis. For instance, by replacing partially or totally the 

hydroxide media (mineralizer agent) with fluoride media such as sodium fluoride (NaF), potassium 

fluoride (KF) and ammonium fluoride (NH4F).[155] 

Anderson et. al. obtained positive results using three different high silica zeolites mordenite (MOR), 

ZSM-5 and Y with diverse pore size and SiO2/Al2O3 ratio (200, 1000 and 75, respectively) for the 

batch adsorption of solution concentrations of 100 µg L-1 of MTBE, chloroform, and 

trichloroethylene (TCE). MOR and ZSM-5 with the highest SiO2/Al2O3 ratio resulted to have higher 

sorption properties for MTBE and TCE than Y zeolite and two activated carbons used as reference 

sorbents.[120] 

 

Other work about the importance of hydrophobic zeolites was reported by Meininghaus et al. They 

studied the adsorption properties of NaZSM-5, Faujasites and dealuminated Mordenite zeolites for 

five solvents (methanol, methyl ethyl ketone, toluene, p-xylene, n-pentane) as single components and 

for the mixture of all five organic solvents in the presence and absence of water. Meininghaus et. al. 

concluded that reducing the amount of aluminium in the zeolites structure gives hydrophobicity 

properties. The authors also concluded that Faujasites and dealuminated mordenite are more suitable 

than ZSM-5 for separating mixtures with several components due their larger pore sizes.[121] 

 

Similarly, Khalid et. al. compared the adsorption properties of three large-pore zeolites (HFAU, 

HBEA, and HMOR) possessing a high Si/Al ratio (16-100), a medium-pore zeolite (MFI) and a one 

purely siliceous BEA zeolite (Si/Al=∞) to those of an activated carbon for the phenol removal from 

aqueous solution (concentration range from 0.1 to 1.6 g L-1).[122] 
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Figure 1.11: Adsorption isotherms of phenol on zeolites where Ce is the residual concentration of phenol in 

aqueous solution: HMOR (80) curve a; HFAU (100) curve b; MFI (500) curve c and BEA (∞) curve d. 

Adapted from reference.[122] 

 

Khalid concluded the hydrophobic character of the zeolite plays an important role in defining the 

adsorption properties. BEA and MFI which possess a high Si/Al ratio resulted more efficient to adsorb 

the phenol concentrations than the other zeolites as shown in Figure 1.11(adapted from reference). 

At low phenol concentration, no significant differences between MFI, FAU, and MOR zeolites 

whereas for higher concentrations, the adsorption capacity follows the Si/Al ratio of the adsorbent: 

BEA (∞) > MFI (500) > FAU (100) > MOR (80). Authors also concluded that BEA (Si/Al=∞)  zeolite 

appeared to be more efficient than an activated carbon at low phenol concentration (<1.6 g L-1) due 

to a pore-size effect whereas the activated carbon resulted to have high capacity at high phenol 

concentrations due to the higher specific surface area (1150 m2 g-1 for activated carbon and 500 m2 g-

1 for BEA zeolite).[122] 

Koubaissy et. al. studied the importance of the pH and solubility in water of organic aromatic 

compounds (nitrophenols, nitroaniline, chlorophenols, chloroanilines) on the adsorption properties of 

a dealuminated faujasite zeolite (HFAU, Si/Al=100). Authors observed a linear correlation between 

the adsorption capacities and the solubility of the organic aromatic compounds. Indeed, authors 

demonstrated that although the adsorption capacity increased with decreasing the pH of the solution, 

increasing the acidity in significant amounts does not always improve the adsorption capacities 

(optimal pH = 4). With this, authors concluded that the neutral form of the pollutants is more easily 

adsorbed into zeolite than the dissociated form and the relative affinity of the phenolic compounds 
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toward the surface of HFAU was related to the electron donor-acceptor complex formed between the 

basic sites (oxygens) on the zeolite and acidic sites (hydrogens) of the aromatic ring and of the phenols 

and anilines compounds.[123] 

 

These previous encouraging results have confirmed that high silica zeolites with hydrophobic 

properties are able to be used as efficient adsorbent materials for the decontamination of groundwater 

from organic pollutants. Consequently, attention has been focused on the characterization and the 

adsorption properties (i.e adsorption capacity, interaction types and selectivity) of different 

dealuminated zeolites for hydrocarbons removal from groundwater. 

 

For instance, Vignola et. al. developed a technology called En-Z-Lite™ at ENI S.p.A. (Ente 

Nazionale Idrocarburi, Italy). Vignola considered the performances of ZSM-5 and mordenite zeolites 

with high SiO2/Al2O3 molar ratio used for one year as adsorbents in a permeable reactive barrier 

(PRB) located under a coastal refinery in Italy for hydrocarbons removal. The reactive media was 

selected according to its specificity towards different classes of contaminants present in the aquifer 

such as aliphatic hydrocarbons (olefins:1-butene and substituted cyclopentanes), aromatic 

hydrocarbons (benzene, ethylbenzene, cumene, xylenes) and oxygenates (e.g. methyl tert-butyl ether, 

MTBE and trace amounts of ketones). The removal of contaminants by zeolite materials has been 

monitored during one year by analysing water samples and the effective adsorption on adsorbed in 

the in the structural channels of both adsorbents. The results of this year of studies demonstrated that 

ZSM-5 was more appropriate for the adsorption of light hydrocarbons than mordenite zeolite which 

structures make it more effective against heavy hydrocarbons and MTBE. As showed in Figure 1.12, 

mordenite reported significative adsorptions of MTBE and was the responsible to maintain the 

concentration of MTBE below the target level (350 μg L-1) whereas ZSM-5 adsorbed over 0.1 ppb of 

MTBE only after the first 100 days. [124,63]  
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Figure 1.12: Evolution and treatment trend during one year with ZSM-5 and mordenite in the presence of 

MTBE in groundwater: concentration evolution of groundwater samples (curve a), concentration uptake on 

ZSM-5 (curve b) and mordenite (curve c). Adapted from reference.[124] 

 

It is known that zeolites contain both isolated and H-bonded silanols (description of silanols surface 

species present on the surface of zeolites is given in Appendix I), our research group studied the role 

of silanols groups in the interactions between MTBE and high silica Faujasite Y (SiO2/Al2O3 = 200) 

by means. The structure of HSZ-Y was characterized by approximatively 12 Å diameter cages, which 

allows quite large molecules to enter and making this zeolite potentially useful in the adsorption of 

MTBE. Braschi et. al. identified the silanol types present on both external and internal surfaces the 

surface of HSZ-Y by of FTIR spectroscopy by outgassing the zeolite from RT to 700 °C. As showed 

in Figure 1.13 (adapted from the reference), the absorption frequencies at 3746 and 3738 cm−1 have 

been assigned to isolated silanols on both external and internal surfaces, respectively and the band at 

3530 cm−1 to H-bonded silanols. Authors concluded that the adsorption process involves isolated 

silanol sites and the siloxane network of the zeolite. Silanols interactions was favored respect to the 

siloxane network through weak H-bonding interactions between external and internal isolated silanol 

groups of HSZ-Y zeolite and MTBE molecules.[125] 
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Figure 1.13: Spectra of HSZ-Y treated in vacuum at increasing temperature: A:  in air (a), after outgassing at 

room temperature (b), and at 100 to 700 °C (c−g). (B) Enlargement of spectral region of external and internal 

isolate silanols at 3746 and 3738 cm−1, respectively. Adapted from reference.[125] 

 

In another study of our research group was outlined the effect of the surface and of the textural 

properties of dealuminated high silica zeolites such as mordenite (MOR) and HSZ-Y zeolites (both 

with a SiO2/Al2O3 = 200) and ZSM-5 solid (SiO2/Al2O3 = 500) towards MTBE adsorption. HSZ-Y 

with SSA of 991 m2 g-1 zeolite is characterized by large supercages characterized by approximately 

12 Å of diameter, whereas in ZSM-5 (SSA of 550 m2 g-1) structure is characterized by two types of 

intersecting straight channels with smaller dimensions. The pore structure of MOR (SSA of 458 m2 

g-1) was described by fusing together two adjacent side-pockets. Sacchetto et. al. combined FTIR and 

SS-NMR (1H and 13C CPMAS NMR) spectroscopy to follow the MTBE adsorption process on MOR, 

characterized by a higher concentration of surface silanols species than in HSZ-Y and ZSM-5. From 

these analyses Sacchetto et. al. concluded that adsorption process on MOR involves isolated silanol 

sites, weakly H-bonding silanols, and the siloxane network of the zeolite. Sacchetto et. al. used FTIR 

spectroscopy and gravimetric measurements to determine the interaction strength and sorption 

capacities of MOR, HSZ-Y and ZSM-5 zeolites. Authors observed that the amount of adsorbed 

MTBE is much higher in HSZ-Y zeolite than in MOR zeolite, this probably due to the fact that the 

surface area of HSZ-Y zeolite is twice with respect to the MOR solid. Nevertheless, authors observed 

higher affinity at low pressure of MTBE for MOR than in HSZ-Y zeolite. In addition, authors 

concluded that MTBE molecules interact with silanol groups (both on internal and external zeolite 

surfaces) and van der Waals interactions between zeolites walls and MTBE molecules (host–guest) 

and between MTBE molecules (guest–guest), whereas ZSM-5 which is characterized by a low 
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amount of surface silanol species, shows low adsorption capacity for MTBE due mainly to van der 

Waals interactions with zeolite siloxane network.[126] 

 

Recently, the interactions of toluene and n-hexane molecules on two dealuminated high silica HSZ-

Y and ZSM-5 zeolites (SiO2/Al2O3 =200 and 280, respectively) were studied.  

Sacchetto et. al. monitored the adsorption properties of toluene and n-hexane as single pollutants by 

different experimental techniques. FTIR analysis of adsorbed toluene allowed monitoring different 

types of interactions between the zeolites and the pollutant. The admission of small doses (Figure 

1.14 A, curves b-e) of toluene on HSZ-Y results in a progressive disappearance of the band related to 

isolated silanols species at ca. 3745 cm-1 and 3738 cm-1 and the formation of intense band at 3595 

cm-1 due to O-H…π interactions between HSZ-Y silanols and toluene molecule. After admission of 

toluene, several bands are formed in the range 3100-2850 and 1650-1350 cm-1: these are relative to 

the vibration modes of toluene molecule. In particular, the bands at 3090, 3065 and 3030 cm-1 are 

related to C-H stretching modes of the toluene aromatic ring, whereas the signals at 2925 and 2875 

cm-1 can be assigned to C-H stretching modes of the toluene methyl groups. The sharp signal at 1605 

cm-1 is due to the quadrant stretching mode of the mono-substituted ring C=C bond whereas the band 

at 1495 cm-1 is associated to the semicircular stretching vibration of mono-substituted aromatic ring. 

Finally, the bands at 1460 and 1380 cm-1 correspond to the out-of-phase and in-phase deformations 

of the methyl group, whereas the component at 1460 cm-1 is associated to semicircular stretching and 

bending normal modes of mono-substituted benzene ring. 

By increasing toluene pressure, the bands due to toluene increase of intensity, this suggests there are 

also interaction between the zeolite walls and the toluene molecules (host-guest interactions) and 

among toluene molecules (guest-guest interactions). Upon toluene adsorption on ZSM-5 zeolite, 

host−guest and guest−guest interactions were also enlightened for ZSM-5 zeolite.[127] 
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Figure 1.14: A: FTIR spectra at different doses of toluene adsorbed on HSZ-Y zeolite. spectra b to l were 

collected upon dosage of 0.1−30 mbar toluene. B: Toluene gravimetric adsorption/desorption isotherms of 

toluene on Y (circles) and ZSM-5 (triangles). Adapted from ref.[127] 

 

Gravimetric isotherms of toluene adsorbed on both zeolites (Figure 1.14 B) allowed to conclude that 

at low pressure surface silanols play a key role thus explaining the high affinity of toluene for the 

HSZ-Y. The toluene uptake at 1 mbar is 17 wt% and the overall toluene adsorption at 27 mbar is ca. 

22 wt% on Y. Whereas ZSM-5 zeolite, the overall toluene uptake is considerably lower. Indeed at 1 

mbar, ZSM-5  

adsorbs ca. 4.3 wt% of toluene whereas the overall adsorption capacity is 8.8 wt%.   
 

1H MAS and 13C CPMAS SS-NMR experiments were carried out to get more insights on the local 

environment that the pollutants experience inside the pores of zeolites. 
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Figure 1.15: A: Toluene 1Hsolid state MASNMR spectra recorded at RT with a MAS rate of 15 kHz of 

(curves a) bare zeolite HSZ-Y (A) and ZSM-5 (B) and spectra of toluene adsorbed at different pressures 

(curves b-c) on HSZ-Y (A) and ZSM-5 (B). Adapted from reference.[127] 

 

In the spectrum of bare zeolite HSZ-Y (Figure 1.15A, curves a) shows a narrow resonance at 1.7 ppm 

is attributed to isolated silanols whereas the broad feature between 2 and 7 ppm is due to silanol 

species involved in hydrogen bonds with varying strengths and types. In the spectra of toluene 

adsorbed on HSZ-Y (Figure 1.15A, curves b-d) sample show peaks at ca. 2 and 7 ppm due to methyl 

and aromatic protons. These two resonances move upfield to lower chemical shift values as the 

toluene loading increases. Besides, the intensity due to isolated silanol protons reduces as the toluene 

loading increases.  

Similarly, in the spectrum of bare zeolite ZSM-5 (Figure 1.15B, curves a) shows a narrow resonance 

due to isolated silanols, whereas the broad feature is due to hydrogen bonding silanol species. In 

addition, the proton signal at 3.9 ppm is due to Brønsted acid sites (bridging OH group, SiOHAl). 

Similarly, spectra of toluene adsorbed on the ZSM-5 show peaks due to methyl and aromatic protons 

and the intensity due to isolated silanols diminishes as the toluene loading increases. The main 

difference between toluene and n-hexane adsorbed singularly on both different zeolites is in the 

environment of adsorbed molecules. Toluene and n-hexane adsorbed as single pollutants on HSZ-Y 

showed sharp resonances with narrow line widths, whereas in the case of ZSM-5 relatively broad 

resonances are observed.  
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These results allowed to conclude that the adsorption and diffusion of toluene and n-hexane adsorbed 

as single pollutants are significantly influenced by the pore/channel architecture and volume 

availabilities in zeolites. The large space available in supercages of HSZ-Y helps in the enhancement 

of diffusion of pollutants whereas restricted space in ZSM-5 limits mass transfer through channels. 

Computational approaches were used to estimate the energies of interaction between the pollutant 

and zeolite surfaces. For both zeolites the interaction of toluene with isolated silanols is fairly weak 

and the adsorption process is mainly driven by dispersion forces (even more evident for ZSM-5 

zeolite). The same kind of analysis to monitored adsorbed n-hexane singularly on both zeolites was 

also performed. Interactions between this molecule and zeolites were in general weaker than those 

observed for toluene.[127] 

 

Although, zeolites have better performance compared to GACs, in terms of selectivity for organic 

pollutants instead of natural organic matters, one disadvantage of the zeolites is their low adsorption 

capacity.[128] Moreover, high silica zeolites are considered expensive adsorbents because are quoted 

at more than 10 USD/kg compared to less than 3 USD/kg for GACs. [63, 129] 

Therefore, methods of synthesis of mesoporous adsorbents have been also developed for the 

groundwater depollution, such as mesostructured silicas with pores of larger size with respect to 

zeolites in order to adsorb larger molecules and increases the adsorption capacity.[130] 

 

1.3.1.3 Ordered mesoporous silica as adsorbents for hydrocarbons removal from groundwater 

 

Ordered mesoporous silica have interest in water treatment chemistry due to its various remarkable 

properties such us high specific surface area, large pore–size, high amount of surface functional 

groups that can be useful for excellent selectivity towards specific pollutants and low cost of 

manufacture.[131, 132]  

An introduction to mesoporous solids in given in Appendix I.  

 

Ordered mesoporous silicas such as MCM-41 and SBA-15 have been investigated as possible 

sorbents for hydrocarbons removal.[133] Ordered mesoporous materials have drawn attention for the 

sorption of huge amounts of organic contaminants with huge dimensions and are not able to diffuse 

through zeolite micro-pores. This due to the fact that these materials have wide pore openings, high 

specific surface area and large specific pore volume.[63] 
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Zhao et. al. evaluated the organophilic properties of MCM-41 by analysing the thermogravimetric 

desorption of some representative non-polar molecules (hexane, cyclohexane, benzene) and polar 

molecules (acetone, methanol). The adsorption capacity of MCM-41 was compared with the 

hydrophobic silicalite-1 (ZSM-5). The authors demonstrated that the different affinity for the non-

polar and polar molecules between MCM-41 and silicalite-1 is due to the difference between their 

surface hydrophilicity and the difference between their pore structures.[134] 

 

Zhao et. al. also tested MCM-41 as adsorbent for some organic pollutants (benzene, carbon 

tetrachloride, and n-hexane) removal. The adsorption/desorption properties were evaluated and 

compared with other hydrophobic zeolites (silicalite-1 and zeolite Y) and a commercial activated 

carbon (BPL). In this study was able showed the potential of the hydrophobic MCM-41 for the 

removal of organic pollutants present in high concentrations and high humidity streams. The 

hydrophobic zeolite Y (Si/Al= 300) has a SSA of 692 m2 g-1 whereas the pure silicas (Si/Al= =∞) 

MCM-41 and the Silicalite-1 (ZSM-5) have 1060 and 371 m2 g-1, respectively. Finally, the 

commercial activated carbon, BPL has a SSA of 923 m2 g-1. Authors concluded that hydrophobic 

MCM-41 is a potential adsorbent for the removal of VOCs present in high concentrations, as can be 

observed in Figure 1.16 (adapted from reference).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16: Adsorption isotherms of n-hexane over the various adsorbents. Adapted from ref.[135] 

 

For example, as observed on the adsorption isotherms of n-hexane over the adsorbents at 22 °C 

(Figure 1.16). Zhao demonstrated that at low concentration levels of n-hexane, the adsorption 
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capacity followed the sequence of BPL > Y > ZSM-5 > MCM- 41, while at higher concentration 

levels, the sequence changed to MCM-41 > BPL > Y > ZSM-5. Authors indicated that the higher 

amount of adsorption of MCM-41 compared to the microporous adsorbents is due to the large 

accessible internal pore volumes which are filled at higher relative pressures.[135] 

 

Another comparison study of the adsorption capacities of toluene and chlorobenzene on mesoporous 

and microporous materials was performed by Batonneau-Gener and coworkers.[136] The authors 

modified MCM-41 by grafting procedures and by using hexamethyl-disilazane (HMDS) with two 

different HMDS/SiO2 molar ratios. The hydrophobic and hydrophilic properties of grafted MCM-41 

were studied and compared to an all-silica BEA zeolite as reported in the Figure 1.17. A linear 

correlation between the silylation degree and the hydrophobicity measurements has been found for 

MCM-41 materials. The highly silylated MCM-41 sample exhibited a storage capacity for toluene 

and chlorobenzene (3 times higher than BEA zeolite).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17. Toluene and chlorobenzene adsorption isotherms at 294K for MCM-41-SilB and all silica BEA 

zeolite. Adapted from ref. [136] 

 

Serrano et. al. studied the adsorption/desorption properties of different ordered mesoporous materials 

(MCM-41 and SBA-15 synthesized through different methods) for toluene, isopentane, and water by 

means of a thermal programmed desorption technique (TPD). Four pure silicas (Si/Al=∞), SBA-15, 

MCM-41(H-sg) prepared by a sol-gel route, MCM-41(D-sg) synthesized with a similar procedure for 

MCM-41(H-sg) but using a different surfactant (with a shorter chain length to obtain a material with 

a smaller pore size and MCM-41(H-ht) material synthesized by a hydrothermal treatment. A sample 

Al-MCM-41(H-sg) with Si/Al=48 was prepared by a sol-gel synthesis using an aluminium source. 
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Authors observed as predictable that Al-MCM-41 resulted a hydrophilic material which adsorbed 

high amounts of water due to the presence of acid sites. The best performance of adsorption (amount 

adsorbed, adsorption strength, and hydrophobicity) for both toluene and isopentane was observed for 

the MCM-41(H-sg). In contrast, pure silica MCM-41(H-ht) presented a very weak interaction (low 

adsorption amounts) with toluene and isopentane and high hydrophobic character. Authors also 

concluded that SBA-15 shows high strength of adsorbate/adsorbent interactions as denoted by the 

high values of the desorption peak temperature obtained in the TPD curves due to the presence of 

microporous in SBA-15 connecting the mesoporous channel structure where the adsorption is limited 

by the small available micropore surface area. 

Although MCM-41(H-sg) and MCM-41(H-ht) were synthesized with the same surfactant and having 

close textural properties, MCM-41(H-sg) presented better adsorption performance than MCM-41(H-

ht) for the three molecules. Authors assigned this due to significant differences between the pore 

networks and pore ordering of these two mesoporous materials such as a three-dimensional pore 

system, a wider pore size distribution, high concentration of defective silanol and siloxane groups. 

 

It is known that pure silica MCM-41 materials exhibit poor hydrothermal stability in water at high 

temperatures[137] due to the collapse of the porous structure.[138] 

For this reason, although ordered mesoporous silica have higher adsorption capacity compered to 

hydrophobic zeolites, one parameter to be pointed of these materials is the hydrothermal stability 

under severe hydrothermal conditions as an important feature of these adsorbents to obtain invariant 

performance over several regeneration cycles, considering that they are soaked in water during its 

application and in most cases thermal regeneration is applied.[63] 

 

1.3.1.3 Materials for herbicides removal from groundwater 

 

As stated above, other important concern for environment and researchers is the depollution of 

herbicides from groundwater, specifically glyphosate which is a broad-spectrum, non-selective and 

efficient herbicide. Several methods are already used to reduce the glyphosate content in the effluents. 

In particular adsorption method from aqueous solution has been performed to solve glyphosate 

contamination.[139-141]  

Great efforts for development of novel adsorbents with high adsorption capacities for the removal of 

glyphosate are proposed including iron oxide/SBA-15,[142] Zr-MOF,[143] ferric supported active 

carbon,[144] magnetic MnFe2O4-grafene hybrid composite,[145]  polyaniline polymers,[146] clays,[45] and 

resins.[147] 
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For example, Milojevic´-Rakic´ et. al. evaluated nanostructured and granular polyanilines (PANIs) 

and their composites with ZSM-5 zeolite as adsorbents of the organic herbicide glyphosate in aqueous 

solution.[146] Milojevic´-Rakic´ et. al. obtained that among the studied adsorbents, the most efficient 

adsorption for glyphosate (98.5 mg/g) was achieved by the deprotonated granular PANI. High 

adsorption capacity was also measured for the deprotonated PANI/ZSM-5 composite with the lowest 

content of zeolite. Authors concluded that high adsorption capacity of the pure PANIs and their 

composites with lowest content of zeolite were due predominately by the molecular structure of 

polymer chains (level of protonation, oxidation state, chain branching, the amount of structure 

defects, and interactions between PANI and glyphosate such as hydrogen bonding or acid–base 

interactions).[146] 

 

Further studies about the adsorption mechanism was performed by Guo et. al.[148] With the aim of 

investigate adsorption kinetics, isotherm and thermodynamics of glyphosate from aqueous solution. 

For this, Guo et. al. evaluated the effect of adsorption time, glyphosate concentration, temperature, 

pH and ionic strength on the adsorption of glyphosate by cross-linked amino-starch (CAS). To 

examine the controlling mechanism and comprehend the adsorption rate-limiting step of the transport 

of solute between liquid and solid and design of the process, the pseudo first order and second-order 

kinetic models were used in this study. Whereas, to describe the interactions between the adsorbent 

and the solute (glyphosate) at different concentrations, Langmuir, Freundlich and Sips models were 

applied to describe the adsorption equilibrium between the liquid and solid phases. According to the 

kinetic data, Guo et. al. observed that adsorption equilibrium was attained in ca. 60 min and the 

pseudo second-order kinetics model was well fitted for the adsorption process. Guo et. al. observed 

that Sips isotherm was more suitable than Langmuir and Freundlich isotherms for the adsorption of 

glyphosate on CAS, and the maximum adsorption capacity was 3.61 mmol g−1. From this studied, 

Guo et. al. could conclude that the adsorption of glyphosate on CAS was a spontaneous and 

exothermic process, the adsorption mechanism is a chemical adsorption process combined with 

physical adsorption. The results also demonstrated that pH and the ion strength have a significant 

influence on the adsorption capacity, the adsorption capacity reaches a maximum value at pH 6.0 and 

the adsorption capacity decreases with the rising of the ion strength.[148] 

 

Another aspect to be considered to select a possible adsorbent for glyphosate when it is found in 

groundwater is the ionic form of this molecule. It’s already known that glyphosate is a polyprotic acid 

with pKa1=0.78, pKa2=2.29, pKa3=5.96, and pKa4=10.9, which forms zwitterion (neutral form with 

positive and negative electrical charge) and mono/divalent anions in the pH range 2–12 (see Figure 
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1.18, adapted from reference). [149]  Moreover, some literatures have reported that glyphosate can only 

be adsorbed onto variable-charge surfaces and not onto sites with negative permanent-charge, this is 

due glyphosate is present as an anion in the pH range of soils (see Figure 1.18). For example, minerals 

such aluminium and iron oxides, poorly ordered aluminium silicates (i.e. allophane/imogolite) and 

edges of layer silicates especially by goethite (α-FeOOH) which present variable-charge have been 

demonstrated to be effective glyphosate sorbents.[150-153] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18: Deprotonation reactions and their relative pKa values of glyphosate molecule. and their 

percentage distribution according to pH. The zwitterionic structure of carboxyl and amino groups is shown in 

the entire pH range. [149] 

 

For this reason, recently S. Fiorilli et.  prepared silica-based materials modified with functional groups 

which can provide cationic sites (i.e. aminopropyl groups), in order to promote specific interactions 

between the mesoporous silica and glyphosate. Iron oxide nanoparticles were encapsulated together 

a surface functionalization with (3-aminopropyl) triethoxysilane (APTES) on SBA-15 surface. SBA-

15 was impregnated with an aqueous solution of Fe(NO3)3.9H2O and successively functionalized with 

APTES. From the characterization, authors concluded that iron oxide nanoparticles were regularly 

dispersed into the pores of SBA-15 and that the final Fe- NH2-SBA-15 exhibited accessible porosity 

and high SSA (177 m2 g-1).[149] 

The adsorption of glyphosate on Fe-NH2-SBA-15 sample was performed as a function of pH, ionic 

strength, and adsorbate to adsorbent ratio by the means of a chromatographic method based on anion-
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exchange mechanism optimized. The batch adsorption experiments were performed with initial 

concentration of 2 mg L-1 in a volume of 17.5 mL with 0.1 g of sorbent. Authors observed a good 

performance of Fe-NH2-SBA-15 at pH 2.1 for the removal of glyphosate in water solutions (after 24 

h of contact of equilibrium conditions), due to the ionic interactions between the positive charge of 

the protonated amino groups present on the sorbent surface (pKa 7.6 for surface NH3
+ species) and 

the negative charge of the functional groups of glyphosate molecules. Authors suggested that 

although the pH 2.1 is far from pH conditions usually adopted in drinking and wastewater treatment 

processes, the ideal acidic pH of Fe-NH2-SBA-15 is well-matched with some industrial activities.[142] 

 

Recently, Wang et. al. developed a smart adsorbent for glyphosate removal from water.[154] For this 

Wang et. al. synthetized a novel MOF-based smart adsorbent (Fe3O4@SiO2@UiO-67) which contains 

Zr–OH groups with high affinity for the phosphonate group of the glyphosate molecule. Furthermore, 

using Fe3O4 as the magnetic core facilitates adsorption via an external magnetic field. Wang et. al.  

observed that the obtained smart adsorbent exhibits excellent detection and adsorption performance 

with a high adsorption capacity (256.54 mg g-1) for glyphosate.[154] 
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Chapter II 
 

Outline of The Thesis 
 

As it was pointed out in Chapter I, groundwater depollution is of great interest in these last years, 

because of the need to remove organic compounds coming from industrial waste of oil refineries and 

gas stations. 

In the frame of my Ph.D. thesis, special attention was devoted to the preparation and physico-

chemical characterization of silica-based solids with variable porosity (from completely amorphous 

to long-range ordered materials) for potential application in groundwater depollution. In this respect, 

materials with different pore dimensions and architecture, particle size and textural properties have 

been selected and tested as sorbents for hydrocarbons, with particular attention to toluene and n-

hexane molecules chosen as model of aromatic and aliphatic molecules, respectively. Moreover, some 

of the porous materials considered during my Ph.D. were tested also as adsorbents for the removal of 

more complex molecules such as N-(phosphonomethyl)glycine (glyphosate, an herbicide largely used 

in the last years) from aqueous media. This was possible thanks to a collaboration with a research 

group of Perú interest are also related to the study of materials with environmental applications.  

 

The different aspects considered in the frame of the thesis are described in Figure 2.1 
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Figure 2.1: Schematic representation of the aspects related application silica-based solids for groundwater 

depollution investigated in this Ph.D. thesis. 

 

The first part of the thesis work related to the study of the interactions that are driving the on the co-

adsorption of hydrocarbons (mainly toluene and n-hexane) on dealuminated microporous systems of 

commercial origin (HSZ-Y and ZSM-5 zeolites). This issue is relevant from the environmental point 

of view in that, under real conditions, hydrocarbons are often present in groundwater as a mixture. 

For this, the contribution of surface groups on the adsorption properties of HSZ-Y and ZSM-5 zeolites 

were investigated by means of different experimental techniques. FT-IR spectroscopy of adsorbed 

toluene and n-hexane equimolar mixture from the gas phase and SS-NMR spectroscopy were used to 
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gain deeper insight into the interactions and selectivity of the pollutant molecules inside the zeolite 

cavities.  

This research activity is developed in the frame of a collaboration with the Research Center for Non- 

Conventional Energy, Istituto ENI Donegani−Environmental Technologies and inserted in a project 

called: "Treatment of water contaminated by mixtures of hydrocarbons: selective adsorption of micro 

and mesoporous materials from model systems representative of groundwater and production". 

The estimation of concentration of toluene and n-hexane co-adsorbed on the zeolites was possible by 

using of the molar absorption coefficient of n-hexane and toluene adsorbed on microporous systems 

(HSZ-Y and ZSM-5).  

The collection of data coming from FTIR and microgravimetric analysis was used for the 

determination of the molar absorption coefficients of toluene and n-hexane adsorbed on high silicas 

zeolites by adapting the Beer–Lambert law to specific adsorbent/substrate systems. The relevance of 

this study applied for the first time is based on knowledge of molar absorption coefficients of adsorbed 

molecule providing the basis for the quantitative determination of the gas mixtures dosed on porous 

solids.  

 

Moreover, to overcome the limitations related to the use of microporous materials, the interest was 

also given to the use of mesoporous materials.   

In this respect, mesoporous silicas samples with irregular porosity (commercial FUMED and AMS 

silicas) were selected and characterized to be tested as adsorbents towards toluene. Then, the interest 

was devoted to mesoporous SBA-15 and MCM-41 silicas with ordered porosities.  

Volumetric analyses were performed to study the toluene adsorption capacity of these solids. These 

experiments were performed during a period of internship at the laboratories of the Department of 

Environmental and Chemical Engineering at the University of Calabria in Italy under the supervision 

of the Prof. Giovanni Golemme.  

Hydrothermal stability of studied solids was considered also an important task in my Ph.D., 

considering that in real conditions solids are soaked in water during their adsorption use. For this 

reason, the hydrothermal stability of some mesoporous samples was studied by means of different 

experimental techniques. FT-IR spectroscopy and gravimetric analysis of toluene adsorption were 

performed to evaluate the sorption capacity after the hydrothermal treatment. 

 

The determination of molar absorption coefficients of toluene adsorbed on mesoporous silicas (i.e. 

mesoporous silica samples with irregular porosity (FUMED) and ordered mesoporous MCM-41 and 
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SBA-15 silicas) were also carried out by combining the results of the volumetric and FT-IR analyses 

of adsorbed toluene on these materials.  

 

Finally, the last part of my Ph.D. work was devoted to the study of the adsorption properties of ordered 

mesoporous silicas (mainly SBA-15, also functionalized with organic species) for glyphosate removal 

from aqueous solution.  

Kinetics and equilibrium adsorption isotherms of glyphosate on these solids were obtained from the 

adsorption measurements of glyphosate in contact with the selected solids in aqueous media. UV–vis 

spectroscopy was used to determinate the glyphosate concentrations present in the aqueous solutions 

after the batch adsorptions. In order to understand the adsorption mechanisms and the kinetic process, 

different models were applied to the glyphosate uptake isotherms on the select solids. 

These measurements of glyphosate adsorption were performed during a period of internship at 

Department of Sciences, Section Chemistry, Pontifical Catholic University of Peru under the 

supervision of the Prof. Maria del Rosario Sun Kou. 
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Chapter III 
 

Microporous Systems for Groundwater Depollution 
 

3.1 Introduction 

 

As reported in Chapter I, organic pollutants can end up in groundwater where industrial areas, 

especially oil refineries or petrochemicals plants, are located. For this reason, great research efforts 

and several literatures are devoted to the optimization of adsorption processes and to the development 

of novel adsorbents for remediation and separation of organic pollutants from groundwater.[1] 

In this respect, the understanding of the competition of organic contaminants for a specific adsorbent 

is relevant from an environmental point of view in that, under real conditions, pollutants are generally 

present in groundwater as complex mixtures.[2,3] 

This is why the research activities carried out during my Ph.D. thesis were focused on the co-

adsorption of different pollutants (specifically n-hexane and toluene binary mixtures, chosen as model 

molecules of aliphatic and aromatic fuel-based pollutants, respectively) on HSZ-Y and ZSM-5 

zeolites (with a SiO2/Al2O3 ratio of 200 and 280, respectively) with environmental interest.[4,5] 

Highly dealuminated Y (HSZ-Y) and ZSM-5 zeolite with commercial origin were selected as 

microporous adsorbents on the basis of their pore dimensions, high hydrophobicity and capacity to 

adsorb organic pollutants. It is well-known in the literature that zeolites, particularly those with 

hydrophobic character (i.e., having high SiO2/Al2O3 ratio), are capable of interacting with 

hydrocarbons in presence of water.[6-8]  

 

As reported in Chapter I, the adsorption properties of toluene and n-hexane on HSZ-Y and ZSM-5 

zeolites as single pollutants was monitored and reported by our research group by different 

experimental techniques (see Chapter I, paragraph 1.3.1.2).  

 

Taking into account these previous results, in this chapter the results related to the co-adsorption 

process of toluene and n-hexane equimolar mixture on hydrophobic HSZ-Y and ZSM-5 from gas 

phase and in dry conditions are discussed.  
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3.2 Structural, textural and surface properties of HSZ-Y and ZSM-5 

zeolites 

 

In table 3.1 are reported the codes of the zeolites used in the frame of this Ph.D. thesis work together 

with their SiO2/Al2O3 ratio. 

 

Table 3.1: Commercial specifications of HSZ-Y and ZSM-5 zeolites. 

Zeolite 
Framework Type 

Code 
Purchased from 

Commercial 

Code 
SiO2/Al2O3 

Cationic 

forma 

HSZ-Y FAU 
Tosoh Corp 

(Japan) 
HSZ-390HUA 200 H+ 

ZSM-5 MFI Zeolyst CBV28014 280 NH4
+ 

aBefore use, zeolites in ammonium form have been transformed into protonic form by calcination at 600°C for 4h 

at a heating rate of 3 °C/min under oxygen flow (100 mL/min). 

 

The HSZ-Y zeolite belongs to the Faujasite family (FAU) and its framework is characterized of the 

presence of unit cells formed by eight cuboctahedrons or sodalite cages (cage β) which are linked 

together through double T6-rings into a hexagonal layer (D6R, hexagonal prism), forming the three-

dimensional structure called supercage composed of rings of 12 linked tetrahedra (12MR) of diameter 

ca. 7.4 Å x 7.4 Å (see Figure 3.1 A and B). 

Figure 3.1: Schematic representation of the FAU zeolite supercage along the direction [111] (A) and [001] 

(B). Adapted from ref. [9-11] 
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The Faujasite family (FAU) zeolites are characterized by a cell with cubic symmetry Fd3m, by a 

chemical composition of the framework:  | (Ca2+, Mg2+ Na+
2)29 (H2O)240 | [Al58 Si134 O384]-FAU and 

by an accessible volume of 3956.18 Å3.[9] 

Since HSZ-Y zeolite was dealuminated it present some structural defectivity and it was calculated 

that the structure contains an average of three silanols groups given by the composition of the unit 

cell of Si186 O360 (OH)24 formed by eight sodalite cages.[8] 

 

Zeolite ZSM-5 (Zeolite Socony Mobil-five) has the framework type with MFI code in the IZA 

(International Zeolite Association) classification and is characterized by the presence of pentasil 

units, whose structure is defined by 8 rings 5-T [58] (Figure 3.2A). The pentasil units are linked to 

each other forming chains three-dimensional (Figure 3.2B), in turn connected one above the other to 

form a sort of layer (Figure 3.2C). [12] 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic representation of the Pentasil Unit (A), Pentasil chain (B) and MFI framework type 

formed by pentasil chains. Adapted from ref.[12] 

 

The particular structure of the ZSM-5 zeolite is characterized by a three-dimensional pore system 

(Figure 3.3C) consisting of sinusoidal circular pores 10 MR channels with dimension of 5.5 x 5.1 Å 

(Figure 3.3A) along the direction [100] and intersecting straight 10MR channels with dimension 5.6 

x 5.3 Å (Figure 3.3B) that extend along the direction [010]. 
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Figure 3.3: Schematic representation of the pores of ZSM-5 zeolite along the direction [100] (A) and along 

the direction [010] (B). Three-dimensional representation of the structure of the ZSM-5.[10,13] 

 

The MFI family is characterized by a cell with orthorhombic symmetry, Pnma, by a chemical 

composition of the framework:  |Na+
n (H2O)16| [Aln Si96-n O192]-MFI, n < 27 and by an accessible 

volume of 511.01 Å3. [9] 

The  ZSM-5 used in the frame of the thesis has a composition of the unit cell of Al0.17Si95.83O192H0.17.[8] 

 

The morphology of the two zeolites was investigated by using scanning electron microscopy (SEM) 

and the images are reported in Figure 3.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: SEM micrographs of HSZ-Y(A) and ZSM-5 samples 

 

A B 
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The SEM images of HSZ-Y (Fig. 3.4A) and ZSM-5 (Fig. 3.4B) showed a polygonal like morphology 

and particle sizes between 0.4 - 0.6 and 0.5 - 2.2 μm, respectively. 

 

Specific surface area and pore size distribution of the two zeolites used in the frame of the Ph.D.  

thesis work has been determined by N2 adsorption isotherms (Table 3.2).  

 

Table 3.2: Main Textural features of HSZ-Y and ZSM-5 zeolites 

Sample 
SSABETa 

[m2g-1] 

SSAmicropb 

[m2g-1] 

VTc 

[cm3g-1] 

Vmicropd (≤ 20 Å) 

[cm3g-1] 

Vmesopd (20-160Å) 

[cm3g-1] 

HSZ-Y 991 710 0.68 0.28 0.17 

ZSM-5 550 355 0.52 0.02 0.43 
a Braunauer-Emmet-Teller (BET) specific surface area (SSA); bMicropore surface area a by t-plot method; cTotal pore Volume by 

NLDFT method. dVolume calculated by NLDFT method[5] 

 

The SSA for the zeolite HSZ-Y is of 991 m2 g−1, more than half of which is due to the presence of 

micropores (710 m2 g−1) with a related microporous volume of 0.28 cm3 g−1; whereas ZSM-5 zeolite 

has a SSA of 550 m2 g−1, and the presence of micropores is related by a SSAmicro of 355 m2 g−1 with 

a volume of 0.02 cm3 g−1. Two families of pores at ca. 13 and 22 Å are found on HSZ-Y whereas 

micropores of ca. 8 Å are present in ZSM-5 sample, along with mesopores whose diameter is in the 

30−100 Å range. The presence of micropores, along with mesopores in the case of the ZSM-5 sample 

is due to the dealumination process.  It is known, in fact, that the dealumination process modifies the 

zeolite pore architecture, enlarging the windows between interconnected cages with the formation of 

mesopores or large micropores.[14] 

 

The large dimension of the porous of both zeolites allows to enter large molecules, making these 

microporous materials useful in the adsorption of the pollutants.[5]  

 

Surface properties of both zeolites were studied by IR spectroscopy (Figure 3.5). The IR spectrum of 

zeolite HSZ-Y (Figure 3.5 curve a) shows two bands at ca. 3745 and 3738 cm-1, which were assigned 

to surface Si–OH groups located on the external and internal surface of the material (inside the zeolite 

cage). In addition, a broad absorption extending 3700-3200 cm-1, which is due to H-bonded silanols 

had been also found.[14,5] The IR spectrum of ZSM-5 zeolite (Figure 3.5 curve b) showed bands of 

silanols much less intense than the HSZ-Y sample, thus indicates that ZSM-5 has smaller 

concentrations of isolated silanols respect to HSZ-Y zeolite.  
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Figure 3.5: FTIR spectra of HSZ-Y and ZSM5 samples after outgassing at room temperature (spectra a and 

b, respectively). Adapted from Ref.[5] 

 

The amount of silanol groups of HSZ-Y and ZSM-5 zeolites was determined by thermogravimetric 

analysis by considering the weight loss within the range 150−1100 °C and by following the equation 

given in Appendix II. The weight loss within the range 150−1100 °C was approximately 2.3 and 0.8 

wt % corresponding to 1.30 and 0.92 OH/nm2 for HSZ-Y and ZSM-5 zeolites, respectively. [5] 

 

3.3 Adsorption of gaseous mixture of toluene and n-hexane on HSZ-Y 

and ZMS-5 zeolites 

 

Toluene and n-hexane were adsorbed as an equimolar mixture on both zeolites to gain insight on the 

adsorption selectivity of the different solids. The contribution of surface groups (i.e., the type and 

distribution of silanol groups) on the adsorption properties of dehydrated HSZ-Y and ZSM-5 zeolites 

were investigated by FT-IR spectroscopy of adsorbed toluene and n-hexane mixture. Moreover, SS-

NMR spectra are also collected to gain deeper insight into the interactions and selectivity of the 

pollutant molecules inside the zeolite cavities. 
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3.3.1 FTIR spectroscopy analysis  

 

 The IR spectra of adsorbed toluene and n-hexane mixture on HSZ-Y are reported in Fig. 3.6. 

 

Figure 3.6: A: Infrared spectra of increasing doses of toluene and n-hexane equimolar mixture on HSZ-Y 

zeolite outgassed at r.t. Spectrum a was recorded after outgassing the sample for 60 min at beam temperature 

before mixture adsorption. Spectra collected upon adsorption of 0.1, 0.4, 0.6, 1, 2, 4, 8, and 30 mbar (spectra 

b-j) of pollutant mixture. B: Infrared spectra of 15 mbar of pure n-hexane (spectrum a) and toluene (spectrum 

c) on HSZ-Y zeolite outgassed at r.t. compared with the spectrum collected upon adsorption of 30 mbar of 

their equimolar mixture (spectrum b). 

 

As reported above, the IR spectrum of HSZ-Y zeolite (Figure 3.6A, curve a) presents absorptions at 

3740 and 3735 cm−1, corresponding to the vibration of OH groups located on the external and internal 

(i.e., inside the zeolite cage) surface of the HSZ-Y, respectively. A broad absorption extending in the 

region between 3700 and 3200 cm−1, due to the stretching modes of H-bond donor silanols that are 

present on the zeolite (internal) surface, is also visible.  

In order to investigate the interactions occurring between the equimolar mixture of pollutants and 

zeolite surface, 30 mbar of vapor mixture was admitted and then gradually decreased. However, for 

the sake of clarity, the spectra will be described starting from the low to high pressure.  

The adsorption of small doses of the n-hexane/toluene mixture (from 0.1 to 1 mbar) led to the partial 

disappearance of the band related to isolated SiOH species at 3745 cm−1 with a consequent formation 

of a broad band with a maximum at about 3595 cm−1 (Figure 3.6A, curves b−f).  

This behavior has been already observed in the case of toluene adsorption (see Chapter I, paragraph 

1.3.1.2): the band at 3595 cm−1 is due to the interaction of isolated silanols with the aromatic ring of 

the toluene molecules (i.e., O−H···π interactions).[5] The spectra of increasing doses of mixture, up to 

3800 3500 3200 2900 1800 1700 1600 1500 1400 1300

3065
2860

 

a

j

b

0.1

1605

3595

3
7

40

13801
46

0
14

6
5

1495
2875

2927
2960

3027

3092

P
max

A
b

so
rb

an
ce

 [
a.

u
.]

Wavenumber [cm-1]
3600 3200 2800 1600 1500 1400

1460
1465

2875
2860

3065

3092

0.5

 

a

b
c

29272960

1380

3027 1495

1605

A
b

so
rb

an
ce

 [
a.

u
.]

Wavenumber [cm-1]



54 
 

ca. 4 mbar of pollutants mixture (Figure 3.6, curves b−h) show a progressive decrease of the bands 

related to isolated silanols. Nevertheless, the opposite occurs when toluene is adsorbed as a single 

pollutant on HSZ-Y, and the bands related to isolated SiOH species do not completely disappear, thus 

indicating that a fraction of OH species is not accessible to the pollutants because of the copresence 

of n-hexane. This fact suggests that the presence of n-hexane (that following SS-NMR studies is more 

mobile than toluene in HSZ-Y cages) generates steric hindrances that partially limit the interactions 

between toluene and SiOH species.  

It is also observed a broad band with a maximum at ca. 3400 cm−1, becoming especially evident at 

pressure higher than 2 mbar. 

 

To understand better the interactions occurring between the mixture and the  surface sites on HSZ-Y 

zeolite, the HSZ-Y zeolite was outgassed at 700 °C to reduce the heterogeneity of surface (H-bonded 

Si−OH species). With this purpose, the comparison of selected IR spectra related to the adsorption of 

30 mbar of the equimolar mixture, pure toluene and pure n-hexane adsorbed on the HSZ-Y outgassed 

at rt and 700 °C is reported in Figure 3.7.  

 

In the Figure 3.7 it is possible to distinguish that after the adsorption of the mixture, or toluene and 

n-hexane singularly adsorbed on HSZ-Y zeolite outgassed at 700 °C, which does not show H-bonded 

silanols, the broad band with a maximum at ca. 3400 cm−1 is not evident.  

This suggest that the band at 3400 cm−1 is due to the interactions of pollutants (mostly toluene, as it 

can be derived from Figure 3.7) with H-bonded Si−OH species. 
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Figure 3.7: Infrared Differential spectra of the mixture (curves a and a’), of pure toluene (curves b and b’) 

and of pure n-hexane (curves c and c’) adsorbed on HSZ-Y outgassed at 700 °C (curves a, b and c) and 

adsorbed on HSZ-Y outgassed r.t. for 60 minutes (curves a’, b’ and c'). The spectrum of the bare samples 

was used as references and subtracted from the spectra obtained after exposure of 30 mbar of each pollutants 

vapor. 

 

Upon adsorption of toluene and n-hexane mixture (total pressure of 30 mbar) on HSZ-Y zeolite, IR 

bands at 3100−2800 and 1650−1300 cm−1 are found: for a better description of these absorptions, 

spectra obtained after a dose of 15 mbar (partial pressure) of both toluene and n-hexane, as single 

pollutants, are directly compared in Figure 3.6B.  

As can be derived from the comparison with the IR spectra of singly adsorbed molecules (Figure 

3.6B, curves a and c), bands of pollutants mixture (Figure 3.6B, curve b) at 3092, 3065 and to 3027 

cm−1 can be attributed to the C−H stretching modes of the toluene ring. Instead, the intense bands at 

2960 and 2927 cm−1 are associated with the asymmetric stretching modes of CH3 and CH2 moieties 

of n-hexane, the associated symmetric modes falling at 2875 and 2860 cm−1, respectively.[15] These 

bands are intense and overlapped to the C−H stretching modes of the toluene methyl group. In the 

low frequency range, the absorptions can be assigned as follows: (i) the sharp signals at 1605 and 

1495 cm−1 are due to the quadrant stretching mode of C=C groups in monosubstituted aromatic 

molecules and to the semicircular stretching vibration of the toluene aromatic ring, respectively; (ii) 

the bands at ca. 1465 and 1460 cm−1 are mainly associated with the asymmetric bending modes of 
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the CH3 and CH2 moieties of n-hexane. Nevertheless, out-of-phase bending modes of toluene methyl 

groups also contribute to the 1460 cm−1 band; (iii) the band at 1380 cm−1 is due to the in-phase 

deformation of CH3 groups of both n-hexane and toluene molecules.[5] 

 

The adsorption of toluene and n-hexane mixture were carried out also for ZSM-5 zeolite. The 

comparison of selected IR spectra related to the adsorption of equimolar mixture of toluene and n-

hexane on HSZ-Y and ZSM-5 zeolites is reported in Figure 3.8A,B. 

Figure 3.8: A: Infrared spectra of 15 mbar of pure n-hexane (spectrum a) and toluene (spectrum c) on ZSM-5 

zeolite outgassed at r.t., compared with the spectrum collected after contacting 30 mbar of their equimolar 

mixture (spectrum b). B: IR spectra of equimolar toluene/n-hexane mixture on the two zeolites. Spectra 

related to HSZ-Y and ZSM-5 zeolites outgassed at r.t. for 1 h (curves a and a′, respectively), spectra 

collected after adsorption of the mixture on the same supports at a pressure of 1 mbar (curves b and b′, 

respectively), 5 mbar (curves c and c′, respectively), 15 mbar (curves d and d′, respectively), and 30 mbar 

(curves e and e′, respectively). 

 

Upon adsorption of the pollutant mixture on the ZSM-5, IR bands in the 3100−2800 and 1650−1300 

cm−1 range are observed: for a better comprehension of these absorptions, spectra obtained after a 

dose of 15 mbar (partial pressure) of both toluene and n-hexane, as single pollutants are reported 

(Figure 3.8A, curves a and c). It is evident from the comparison reported in Figure 3.8A that the 

adsorption of 30 mbar (total pressure) of the mixture pollutants on ZSM-5 (curve b) led to the 

appearance of intense bands typical of adsorbed n-hexane molecule, thus suggesting that this species 

is preferentially retained on the ZSM-5 zeolite. The presence of a small amount of toluene molecule 

is nevertheless attested by the formation of bands at 3027 and 1495 cm−1 (see also Figure 3.8A curve 

b).  
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As already pointed out, the spectrum of ZSM-5 (Figure 3.8B, curve a′) is characterized by a band at 

ca. 3737 cm−1 and a broad and weak band visible in the 3700−3200 cm−1 range related to the presence 

of Si−OH species mainly interacting with each other through H-bonding.[5] 

 

The adsorption of increasing amounts of the toluene/n-hexane mixture on ZSM-5 zeolite (Figure 

3.8B, curves b′−e′) shows that the peak of isolated silanols at 3735 cm−1 decreases in intensity and 

that a broad and weak band at ca. 3600 cm−1 appears. This behavior is due to the interactions of 

surface OH groups with adsorbed n-hexane molecules, as already reported in the case of singularly 

adsorbed pollutant.[5] 

After adsorbing the pollutant’s mixture, intense IR stretching bands of the aliphatic chain of n-hexane 

(2960, 2927, 2875 and 2860, 1465, 1460, and 1380 cm−1) dominate the spectra.[15] Very weak bands 

at 3027, 1605, and 1495 cm−1 testify that a limited amount of toluene is adsorbed, thus suggesting 

that n-hexane is preferentially retained on ZSM-5.[16] 

The collected IR spectra suggested that the two zeolites behave differently in the presence of the 

toluene/n-hexane mixture: indeed, the HSZ-Y zeolite preferentially retains toluene, whereas n-hexane 

results are more similar to those of ZSM-5 (Figure 3.8B b′−e′). The high affinity of toluene for HSZ-

Y can be partially associated with the presence of silanol species in this specific zeolite that, already 

at low pressure, have an important role in stabilizing the aromatic molecule through H-bond 

interactions.[16] 

 

3.3.2 1H MAS and 13C CPMAS SS-NMR analysis  

 

Solid-state NMR spectroscopy is often been used to characterize inorganic−organic hybrid materials 

in which proton and carbon atoms are present in several environments labeled by very different 

isotropic chemical shifts due to their molecular interactions with inorganic interfaces. Isotropic 

chemical shifts of NMR-active nuclei are very sensitive to their local bonding environments and 

therefore can give valuable information on the nature of pollutant interactions with zeolites. The 

“local probe” nature of solid-state NMR spectroscopy offers insights into the guest−host interactions 

between gas molecules and zeolites. The versatility of the NMR approach has been used in the past 

to conduct investigations of gas adsorption in zeolites. [5,16] 

 

Complementary solid-state 1H and 13C NMR methods along with variable temperature measurements 

have been used in the frame of the Ph.D. to establish the adsorption and investigate the nature of the 

interactions of pollutant molecules at the zeolite interfaces. The results are then correlated with other 
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physicochemical characterization techniques, such as textural properties determined by N2 

physisorption. 

As already reported (see Chapter I, paragraph 1.3.1.2), the adsorption and diffusion of toluene and n-

hexane adsorbed as single pollutants are significantly influenced by the pore/channel architecture and 

volume availabilities of both HSZ-Y and ZSM-5 zeolites. The large space of supercages of HSZ-Y 

helps in the improvement of diffusion of pollutants whereas restricted space of ZSM-5 limits mass 

transfer through channels.[5] 

 
1H MAS and 13C CP-MAS experiments were carried out to gain deeper insight into the competitive 

adsorption selectivity of pollutant mixtures inside the zeolite cages/channels. 

Figure 3.9 (A, curve c) shows the 1H MAS NMR spectrum recorded after the adsorption of the 

equimolar mixture of pollutants at a total pressure of 3 mbar has been in contact with zeolite HSZ-Y 

for 30 min. For comparison purposes, spectra of single pollutants adsorbed on the same zeolite under 

the same conditions are shown (Figure 3.9A, curve a and b). The spectra have been normalized to the 

highest peak intensity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: 1H solid state MAS NMR spectra of toluene (a,d), n-hexane (b,e), and their mixture (c,f) 

adsorbed at a partial pressure of 3 mbar (equimolar quantity of pollutants in the gas phase) on zeolite HSZ-Y 

(A) and ZSM-5 (B). The spectra were recorded at r.t. and a MAS rate of 15 kHz. 
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As reported in Chapter I, the description of SS-NMR spectra related to pollutants singularly adsorbed 

on the HSZ-Y zeolite has been already reported (see Chapter I, paragraph 1.3.1.2).[5]  The spectrum of 

toluene adsorbed singularly on HSZ-Y zeolite (Figure 3.9A, curves a) shows peaks at ca. 2 and 7 

ppm due to methyl and aromatic protons, respectively. Whereas the spectrum of n-hexane adsorbed 

singularly on HSZ-Y (Figure 3.9A, curves b) shows resonances due to methyl and methylene protons 

at around 0.8 and 1.2 ppm, respectively.  

In the spectrum of the mixture adsorbed on the HSZ-Y zeolite (Figure 3.9A, curve c), narrow peaks 

due to methyl protons from n-hexane at 0.76 ppm and from toluene at 2.16 ppm are visible.  

In addition, two peaks due to methylene protons from n-hexane are also observed at 1.03 and 1.1 

ppm. In the aromatic region, peaks due to toluene protons are also seen at around 7 ppm. 

If we compare the spectra of a single pollutant adsorbed on zeolites with those of the adsorbed 

mixture, it is evident that the peaks are shifted in the latter case. In particular, a downfield shift was 

observed for toluene protons, while an upfield shift was observed for n-hexane protons in mixture. 

This can be expected due to the fact that the co-presence of another kind of pollutant leads to a mutual 

change in the environment of adsorption when compared to the single pollutant adsorption scenario. 

An explanation of this behaviour is that nuclei are extremely sensitive to the surrounding chemical 

environment and multicomponent adsorption leads to a competition for adsorption sites, and the 

nature of interactions between different adsorbed components (guest−guest and guest−host) 

influences their NMR behavior within the interfaces of cages. This proved indirectly that the non-

covalent guest−host as well as guest−guest interactions are different when the pollutants are adsorbed 

in single or mixed state.[16] Upon increase in the total pressure to 25 mbar (Figure 3.10A, curve c) of 

the mixture adsorbed on HSZ-Y zeolite, no dramatic change in the spectrum has been observed. 

Nevertheless, despite similar chemical shifts of 1H MAS NMR signals, these peaks are characterized 

by different intensities. The higher pressure used in the adsorption of the mixture of pollutants leads 

to intense peaks. 
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Figure 3.10: 1H solid state MAS NMR spectra of toluene (a, d), n-hexane (b, e) and mixture (c, f) adsorbed at 

a pressure of 25 mbar on zeolite HSZ-Y (A) and on zeolite ZSM5 (B). The spectra were recorded at r.t. and a 

MAS rate of 15 kHz was used in all the experiments. 

 

Figure 3.9B curve c shows the 1H MAS NMR spectrum of a mixture of pollutants (3 mbar) adsorbed 

on zeolite ZSM-5. Again, for comparison purposes, spectra of single pollutants adsorbed on ZSM-5 

under the same conditions are also shown (Figure 3.9B, curve d and e). As reported in (see Chapter 

I, paragraph 1.3.1.2), the description of SS-NMR spectra related to pollutants singularly adsorbed on 

the ZSM-5 zeolite has been already reported.[5] Likewise of HSZ-Y, spectrum of toluene adsorbed 

singularly on the ZSM-5 (Figure 3.9B, curves d) shows peaks at ca. 2 and 7 ppm due to methyl and 

aromatic protons, respectively. Whereas in the spectrum of n-hexane adsorbed singularly on the same 

zeolite (Figure 3.9B, curves e) shows resonances due to methyl and methylene protons at around 0.8 

and 1.2 ppm, respectively. All spectra (Figure 3.9B, curves d-f) are generally characterized by broad 

resonance lines. The cubic symmetry of the zeolite HSZ-Y offers higher symmetry than ZSM-5. 

Residual dipolar broadening is almost completely averaged out due to the isotropic motion of 

molecules inside the cubic symmetry zeolite HSZ-Y. However, ZSM-5 possesses a non-cubic 

symmetry, and generally, the anisotropy of mobility is expected here, which indeed retains residual 

dipolar broadening. Similar chemical shifts are observed here for n-hexane and toluene as in zeolite 

HSZ-Y. Resonances due to methyl protons are at 0.71 and 2.2 ppm for n-hexane and toluene, 
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respectively, and are also observed (Figure 3.9B curve f). While methylene protons from n-hexane 

appeared at 1.2 ppm, aromatic protons from toluene are seen at 7.06 ppm. 

Increasing the pressure to 25 mbar (Figure 3.10B) of the mixture on ZSM-5 zeolite, the broader 

resonances further broaden, and no distinguishable peaks for different methylene protons from n-

hexane were observed. 

The change in the chemical shift of the proton sites (when compared with the individual pollutant 

adsorbed system) is almost absent conversely to what is found for the zeolite HSZ-Y system. Zeolite 

ZSM-5 is characterized by a network of straight and zigzag intersecting channels. Since toluene and 

n-hexane can be considered non-branched molecules, they can locate either in the channels or at the 

intersections. Therefore, no change in environment is expected by the pollutant molecules either being 

in single or mixed state.[16] 

Besides 1H NMR spectra, also 13C CP-MAS spectra were collected. Short CP contact time (1 ms) 

experiments gave maximum signal intensity for ZSM-5 system, while long values (40 ms) were used 

for the zeolite HSZ-Y system. In general, short cross-polarization contact time reveals rigid 

components, while mobile units are exposed with longer CT experiments. The peak assignments are 

straightforward as shown in Figure 3.11. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 3.11: 13C solid state CPMAS-NMR spectra of mixture of pollutants (at a total pressure of 3 mbar) 

adsorbed on zeolite HSZ-Y (a) and ZSM-5 (b). A cross-polarization contact time of 40 and 1 ms was used in 

experiments a and b, respectively. 
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The main difference between the two spectra is highlighted by the distinction in the line-width of 

resonance lines. While pollutants adsorbed on ZSM-5 show relatively broad resonances, sharper 

resonances with narrow line widths are observed in the case of HSZ-Y. It is important to note here 

that the flipping motion of the aromatic ring is restricted in zeolite ZSM-5 which gives away the 

preferred adsorption site of toluene. The narrow lines in HSZ-Y indicate an isotropic motion of the 

pollutant molecules inside the zeolite cages.  

These findings are in full agreement with 1H MAS NMR (Figure 3.9) results, thus confirming that 

the pore/channel architecture and volume accessibilities play a decisive role in the adsorption and 

diffusion of pollutant molecules. The presence of large cages in HSZ-Y supports the pollutant 

adsorption and storage, and restricted channel space in ZSM-5 leads to the surface interaction with 

pollutants. 

 

SS-NMR measurements of the mixture adsorbed on the HSZ-Y zeolite were also carried out at low 

temperature (163 K). The major motivation of studying a mixture of pollutant adsorbed systems at 

low temperature was to slow down the motion of toluene and n-hexane to an extent sufficient to 

enable their investigation by solid state NMR. All of the NMR interactions measured in the solid state 

are susceptible to modifications by thermal molecular motions and therefore expected to show diverse 

spectral patterns at different temperatures. In Figure 3.12 is reported the 1H MAS NMR spectra of 

pollutant mixtures (at 6 mbar) adsorbed on zeolite HSZ-Y at low temperature (curve b) and r.t. (curve 

a).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: 1H solid state MAS NMR spectra of pollutant mixture (at 6 mbar) adsorbed on zeolite HSZ-Y at 

r.t. (a) and 163 K (b). The spectra were recorded with a MAS rate of 15 kHz. 
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The peaks are very broad in the spectrum recorded at 163 K (curve b), and they show multiple lines 

for CH3 groups from toluene and n-hexane. Broad lines generally result from the superposition of 

multiple resonances, in addition to the strong homonuclear dipolar interactions. A considerable 

change in the isotropic chemical shift values at low temperatures was observed as well. The multiple 

resonances observed for the single CH3 group in toluene and n-hexane at low temperature are 

attributed to the presence of non-equivalent environment for the methyl moieties. The methyl group 

conformations are locked in space, revealing specific chemical environments with diverse chemical 

shifts. At r.t. (curve a), molecules tumble rapidly as well as isotropically leading to an averaged 

equivalent environment and show narrow sharp lines. At low temperature, a majority of toluene 

molecules are adsorbed on the surface of zeolite cages leading to various intermolecular interactions 

which result in broad resonances. It is important to note here that these spectra were recorded well 

below the toluene freezing point (approximately 178 K). 

However, molecules confined in small pores behave differently from the bulk. Therefore, it can be 

concluded that toluene molecules are in a weakly adsorbed state with a mobility resembling that in 

the gas phase at r.t. inside the zeolite cages (at 6 mbar), while an adsorbed frozen state can be 

envisaged at 163 K. However, n-hexane behaves as a gas at r.t. inside the zeolite cages, and a partially 

frozen state but still with mobile methyl units was detected at 163 K. The diverse behavior at 163 K 

for pollutants with similar freezing point can be supported by the fact that a higher amount of toluene 

adsorbed will lead to liquefaction and further to freezing, while the low amount of n-hexane will 

probably restrict the eventual freezing inside large cages. On the other hand, the coexistence of 

multiple components below the freezing point is characteristic of the formation of plastic crystals, a 

highly disordered solid phase. 

 

The 13C CPMAS NMR spectra of pollutant mixtures (at 6 mbar) adsorbed on zeolite HSZ-Y at low 

and r.t. are shown in Figure 3.13.  
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Figure 3.13: 13C solid state CPMAS-NMR spectra of mixture of pollutants (at 6 mbar) adsorbed on zeolite 

HSZ-Y recorded at r.t. with a contact time of 20ms (a), at 163 K with a contact time of 20 ms (b), 5 ms (c) 

and 0.2 ms (d). 

 

The spectra recorded with a long cross-polarization contact time of 20 ms show different patterns at 

r.t. and 163 K. While resonance peaks due to toluene and n-hexane are visible in the spectrum 

recorded at r.t. (Figure 3.13, curve a), only peaks due to n-hexane are observed at 163 K (Figure 3.13, 

curve b). However, peaks due to toluene start to emerge when the crosspolarization contact time was 

lowered to 5 ms. In this spectrum (Figure 3.13, curve c), resonances due to both molecules are visible 

albeit broader ones for toluene. Furthermore, the spectrum recorded with very short contact time of 

0.2 ms shows only broad aromatic peak (Figure 3.13, curve d). Ring-flipping motions of the aromatic 

carbons are probably frozen at this temperature. Nevertheless, a very broad peak in the range 10−40 

ppm was detected and is due to aliphatic carbons in a very rigid environment. Since the spectra were 

recorded well below pollutant freezing points, toluene molecules may find themselves in a “frozen” 

state leading to line broadening. 

This is characteristic of the formation of plastic crystals and is attributed to the formation of a highly 

disordered phase. It is important to note here that the sharper lines due to n-hexane carbons are 

missing in this spectrum. From the 13C CPMAS data recorded at 163 K, it is established that toluene 
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molecules are rigid due to freezing, while n-hexane molecules are partially moving inside the zeolite 

HSZ-Y cages. This conclusion is in line with the fact that HSZ-Y retains more toluene than n-hexane. 

Unlike FTIR spectroscopy, solid state NMR measurements characterize the entire sample without 

spatial resolution between various states of matter at equilibrium. At least three distinct environments 

can be expected in presented samples at room temperature. The first is adsorbed molecules (but still 

mobile) in the cages or channels surfaces, the second one is gaseous molecules inside the cages or 

channels, and the third is gaseous molecules outside the cages or channels (bulk). In equilibrium at 

r.t., there is a fast exchange (compared to NMR time scale) between these 3 states. As the time scale 

in NMR is long as well as being a slow technique, any processes occurring at frequencies of the 

multiple order of chemical shift will tend to average. However, resonance peaks are dominated by 

contributions from major components which in the current case are gaseous toluene and n-hexane, 

present both inside and outside the cages or channels. Since equimolar gaseous mixtures were used 

for adsorption, the SS NMR spectra shown in this work represent an equimolar ratio between n-

hexane and toluene.[16] 

It is clear from this work that solid state NMR spectroscopy is a valuable tool in the study of local 

effects on the adsorption of pollutant molecules in zeolite cages. The main difference between the 

behaviour of two different zeolite systems can be explained in terms of their pore architecture 

(topology and dimension) itself and their interaction with and between the adsorbed molecules. While 

pollutants adsorbed on HSZ-Y show sharper resonances with narrow line widths, relatively broad 

resonances are observed in the case of ZSM-5. It is presumed that the isotropic reorientation of the 

molecules in HSZ-Y is much faster, while slow anisotropic motion of the molecules in ZSM-5 leads 

to a harmony of molecular mobility and MAS which moderates the MAS line narrowing. We 

demonstrate that the adsorption and storage characteristics of these two zeolites are markedly 

different. An interesting feature of solid-state NMR is its ability to visualize directly the co-diffusion, 

adsorption, and storage of several gases in a mixture.[16] 

 

3.3.3 Determination of the amount of toluene and n-hexane adsorbed on HSZ-Y 

and ZSM-5 zeolites 

 

An estimation of the relative amount of toluene and n-hexane adsorbed on both zeolites was obtained 

by using the molar absorption coefficients (ε) of the specific bands of toluene and n-hexane singularly 

adsorbed on both HSZ-Y and ZSM-5 zeolites.   

The molar absorption coefficients (ε) of toluene (1605 and 1380 cm-1) and n-hexane (1380 cm-1) were 

determined by combining microgravimetric and IR adsorption data on HSZ-Y and ZSM-5 (see 
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Chapter IV). In particular, these molar absorption coefficients were obtained adapting the Beer-

Lambert Law to adsorbent/substrate systems, described in the Chapter IV.  

 

These coefficients were then used for the determination of the molecules uptake when the two zeolites 

were put in contact with toluene/n-hexane mixtures by the following method. 

 

The spectroscopic data related to the adsorption of pollutants on zeolites HSZ-Y and ZSM-5 at 

controlled pressures of the gas mixture have been used to quantify the toluene and n-hexane uptakes. 

The estimation of concentration of toluene on HSZ-Y zeolite was calculated using the molar 

extinction coefficient (ε) of the 1605 cm-1 band related to the C=C stretching mode of toluene ring 

(see Chapter IV). For n-hexane molecule, the uptake was derived using the band related to the bending 

mode of CH3 groups at 1380 cm-1: at this frequency the methyl deformation modes of the toluene and 

n-hexane are strongly overlapped, and thus the fraction of n-hexane was obtained taking into account 

the concentration of the toluene determined by using the extinction coefficient of the band at 1605 

cm-1 (vide infra). 

 

In both zeolites, the concentration of adsorbed toluene (Ctoluene) defined as [μmol g-1] was obtained 

by using the formula 3.1: 

 (3.1) 

 

where AMIX (1605) is the integrated area [cm-1] of the band at 1605 cm-1, εY_toluene is the molar absorption 

coefficient [cm μmol-1] of toluene adsorbed on FAU zeolite and ρ [g cm-2] is the density 

of the pellet that represents the path length. 

For n-hexane adsorption, the concentration was derived from the integrated area of the bending mode 

of CH3 groups at 1380 cm-1. Nevertheless, it has to be taken into account that the frequency of this 

bending mode is very close to that of the toluene methyl group and that when a mixture is adsorbed 

the components related to both molecules are strongly overlapped (i.e. not distinguishable).  

Therefore, the n-hexane uptake for each zeolite is obtained taking in account also of the contribution 

of the aromatic molecules present in the mixture. The integrated area of the band at 1380 cm-1 (AMIX 

(1380)) be derived by the following equation 3.2: 

 

 

 

𝑪𝒕𝒐𝒍𝒖𝒆𝒏𝒆 = 
𝑨𝑴𝑰𝑿(𝟏𝟔𝟎𝟓)

𝛆𝑌_ 𝑡𝑜𝑙𝑢𝑒𝑛𝑒  𝝆
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(3.2) 

 

Where ρ is the density of the pellet, the molar extinction coefficients of both toluene and n-hexane at 

1380 cm-1 are determined by the adsorption of the single molecules, and Ctoluene is determined by 

using the extinction coefficient of the band at 1605 cm-1. Thus, the n-hexane uptake was estimated as 

indicated below by the equation 3.3:  

 

 

                                                   (3.3) 

 

Therefore, the determination of the uptake of each pollutant (toluene and n-hexane) for each value of 

vapor pressure was calculated by using Equation 3.4:  

 

       (3.4) 

Where Ctoluene/n-hexane is concentration of adsorbed pollutant [mol g-1] calculated from the equations 

3.1 and 3.3, and Mr [g mol-1] is the molecular mass of pollutants (92.14 and 86.18 g mol-1 for toluene 

and n-hexane, respectively). 

The optical isotherms of toluene and n-hexane uptake vs pressure obtained on both zeolites are 

reported in Figure 3.14. 

Figure 3.14: Optical isotherms (uptake vs pressure) for toluene and n-hexane derived from IR bands (1605 

and 1380 cm−1, respectively) formed upon adsorption as gaseous equimolar mixtures on HSZ-Y (A) and 

ZSM-5 (B) zeolites. 

𝑨𝑴𝑰𝑿(𝟏𝟑𝟖𝟎)  = ATOL (1380) + An-HEX (1380) 

                    = 𝜺𝒕𝒐𝒍𝒖𝒆𝒏𝒆(𝟏𝟑𝟖𝟎)  𝑪𝒕𝒐𝒍𝒖𝒆𝒏𝒆  𝝆 + 𝜺𝒏−𝒉𝒆𝒙𝒂𝒏𝒆(𝟏𝟑𝟖𝟎) 𝑪𝒏−𝒉𝒆𝒙𝒂𝒏𝒆   𝝆 

                    = [𝜺𝒕𝒐𝒍𝒖𝒆𝒏𝒆(𝟏𝟑𝟖𝟎)𝑪𝒕𝒐𝒍𝒖𝒆𝒏𝒆  + 𝜺𝒏−𝒉𝒆𝒙𝒂𝒏𝒆(𝟏𝟑𝟖𝟎)𝑪𝒏−𝒉𝒆𝒙𝒂𝒏𝒆 ] 𝝆  

𝑈𝑝𝑡𝑎𝑘𝑒% = 𝐶𝑡𝑜𝑙𝑢𝑒𝑛𝑒 / 𝑛−ℎ𝑒𝑥𝑎𝑛𝑒  ×   𝑀𝑟  ×  100 

𝑪𝒏−𝒉𝒆𝒙𝒂𝒏𝒆 =
൤

𝑨𝑴𝑰𝑿(𝟏𝟑𝟖𝟎)

𝝆 
  ൨  − ൣ 𝜺𝒕𝒐𝒍𝒖𝒆𝒏𝒆(𝟏𝟑𝟖𝟎)𝑪𝒕𝒐𝒍𝒖𝒆𝒏𝒆 ൧

𝜺𝒏−𝒉𝒆𝒙𝒂𝒏𝒆(𝟏𝟑𝟖𝟎)
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On HSZ-Y (Figure 3.14A), the uptake of both molecules rapidly increases until ca. 1 mbar, and then 

the slope decreases up to ca. 2 mbar when gradually both curves tend to a plateau. At low pressure, 

the amount of toluene adsorbed on the zeolite HSZ-Y is higher than that of n-hexane (15.2 and 1.3 

wt %, respectively, at a pressure of 2 mbar). The maximum uptake is 17.2 wt % for toluene and 1.5 

wt % for n-hexane. 

 

As expected, the maximum uptake of each pollutant when adsorbed from the mixture is lower if 

compared to the amount of the single contaminant retained on the same support (see Chapter I, 

paragraph 1.3.1.2) [5] because of the competition of different molecules for the same adsorption site.  

In this sense, when the molecules are mixed, toluene is adsorbed preferentially on the HSZ-Y zeolite 

with respect to n-hexane. It has been already observed that the pore diameter of the FAU-type zeolite 

is sufficiently large, compared with the molecular size of the selected hydrocarbons, and a limited 

resistance to mass transfer at the pore mouth occurs.[18, 19] The reasons why HSZ-Y preferentially 

adsorbs toluene is probably related both to the silanols present at the surface (in large number with 

respect to ZSM-5 zeolite) which are able to interact through π H-bonding interactions with toluene 

molecules and to the fact that the architecture of FAU zeolite presents large supercages in which 

toluene molecules can be easily accommodated. Thus, the molecules of toluene fill the available pore 

volume of FAU sorbent leaving a reduced space to the n-hexane molecules.[20] This could explain why 

the n-hexane uptake when pollutants are adsorbed in a mixture is extremely reduced compared to the 

amount of the single pollutant on HSZ-Y support (from 15 to 1.5 wt %). 

 

The ZSM-5 sorbent shows an opposite behavior concerning the molecule uptake after mixture 

adsorption (Figure 3.14B). In this case, the uptake increases until ca. 0.5 mbar for both toluene and 

n-hexane. Then, the slope decreases up to ca. 2 mbar when gradually both curves tend to a plateau. 

The amount of n-hexane adsorbed on the zeolite ZSM-5 (Figure 3.14B) is higher than that of toluene 

(5.0 and 0.44 wt %, respectively, at a pressure of 5 mbar). The maximum uptake is 0.60 wt % of 

toluene and 5.3 wt % of n-hexane. Also, in this case, the co-adsorption of toluene and n-hexane as 

equimolar mixture on the ZSM-5 zeolite is different if compared to the adsorption of the single 

pollutants: the overall uptake of n-hexane from the mixture is reduced passing from 7.3 to 5.3 wt % 

in comparison to the uptake as a single component (see Chapter I, paragraph 1.3.1.2), and the toluene 

uptake when adsorbed from a mixture is dramatically reduced to 0.6 wt %, instead of 8.8 wt % when 

singly adsorbed (see Chapter I, paragraph 1.3.1.2) 

However, even if the amount of mixed pollutants adsorbed is considerably lower than the uptake of 

the contaminants singly retained, ZSM-5 has a higher capacity of adsorption for n-hexane than for 
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toluene. Probably, the diffusion of n-hexane is driven by the channel architecture of the zeolite: on 

MFI zeolites, the n-alkanes with short chain length molecules likely have access to both strait and 

zigzag channel types[21] and do not allow toluene to arrange at the intersection channel where it is 

generally favourably adsorbed. In fact, in ZSM-5, only one n-hexane molecule fits in the intersection 

of a channel: in the small pores of MFI, n-hexane molecules are stretched along the pore axis and 

have a better interaction with the zeolite walls than with the faujasite.[7] It is likely that toluene 

molecules, when co-adsorbed with n-hexane, are not able to get into the straight and zigzag channels 

of the zeolite where the n-hexane molecules accommodate more easily.[16] 

 

3.4 Conclusions 

 

The co-adsorption of organic molecules from gaseous and/or aqueous mixtures into sorbents is of 

great relevance from an industrial point of view because this allows one to understand the competition 

among contaminants for a specific adsorbent. With this aim, this chapter was focused on the 

adsorption selectivity of HSZ-Y and ZSM-5 zeolites with a specific industrial interest. 

For this purpose, the co-adsorption of toluene and n-hexane as an equimolar mixture on HSZ-Y and 

ZSM-5 were performed by FTIR and SSNMR spectroscopies. FTIR spectroscopy allowed  to obtain 

both qualitative and semi-quantitative estimations of the adsorbed pollutants in the case of possible 

competition among different molecules for the same support and also to have some indications about 

the affinity of the two zeolites for the specific pollutants, even if present simultaneously. These 

measurements indicated that n-hexane is preferentially adsorbed on ZSM-5 with respect to toluene. 

The opposite behaviour was found when the mixture was adsorbed on the HSZ-Y sample: in the open 

pore structure of the zeolite, the retained n-alkane shows less steady absorptions, whereas toluene 

molecules are more interactive with the support. This is probably facilitated by the presence of 

isolated silanol species able to interact with toluene through O−H···π interactions. 

The determination of optical adsorption isotherms of both molecules co-adsorbed on the zeolites 

allowed to get the uptakes of each pollutant on supports. The amount of adsorbed toluene and n-

hexane within each zeolite varies, n-hexane is preferentially adsorbed on ZSM-5 with respect to 

toluene (5.3 wt % of n-hexane and 0.60 wt % of toluene) and the opposite behaviour was found when 

the mixture was adsorbed on the HSZ-Y (17.2 wt% for toluene and 1.5 wt % for n-hexane). The 

topology of MFI zeolite influences the diffusion of n-hexane: the aliphatic molecules are able to 

occupy both linear and zig-zag channel types so that they do not allow toluene to arrange at the 

intersection channel where molecules are generally favorably adsorbed. In other words, it is likely 

that toluene diffusion, during co-adsorption, is limited and that the molecules are not able to fill both 
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the straight and zig-zag channels of the ZSM-5 zeolite where the n-hexane molecules are primarily 

located. 

Moreover, SS-NMR spectra are also collected to gain deeper insight on the local environment that 

the pollutants experience inside the zeolites pores. The main differences between the two different 

zeolites are in the environment of adsorbed molecules. SS-NMR studies reveal, under the chosen 

experimental conditions, the hindrance or assistance of toluene and n-hexane upon diffusion in zeolite 

channels and pores. Moreover, it was noticed that, in full agreement with FTIR results, the amount 

of adsorbed toluene and n-hexane within each zeolite varies, thus showing the molecular affinity 

relative to the two porous systems. 
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Chapter IV 

Experimental Determination of the Molar Absorption 

Coefficient of Toluene and n-hexane Adsorbed on  

Zeolites 

 

4.1 Introduction 

 

It is already known that FTIR spectroscopy is often used to monitor the adsorption of probe molecules 

(i.e., carbon monoxide, pyridine, or ammonia) on the surface of materials giving insights into the 

physico-chemical properties of solids, with special emphasis on surface sites and their role in 

adsorption/desorption processes.[1-3] Besides, the intensity of vibrational IR bands expressed as 

integrated bands of adsorbed molecules can also be determined for a deeper understanding of 

absorption: the IR band intensity depends on the change of the dipole moment, and therefore, reflects 

the polarization of the chemical bond, resulting from the vibration.[4] Thus, the determination of the 

molar absorption coefficient (ε) provides quantitative information about the adsorbed molecules (and 

indirectly of the adsorbing sites); thereby extending the applications of IR spectroscopy.[5] 

In the literature, there are few examples related to the determination of molar absorption coefficients 

of molecules (i.e., pyridine, propene, ammonium, water, methanol, alkanes, 1-butanol, 1-pentanol, 1-

hexanol, 1-octanol, butanal, and decanal) on different solids. [4][6-12] 

As already reported in Chapter I (paragraph 1.3.1.2), the study of toluene and n-hexane singularly 

adsorbed on HSZ-Y and ZSM-5 zeolites have been already reported by our research group.[13,14] As it 

was pointed out, in such studies FTIR and microgravimetric analysis have been exploited to monitor 

the interactions of the model molecule on selected solids.  

 

In the frame of the Ph.D. work, FTIR and microgravimetric data were combined and used for the 

experimental determination of the molar absorption coefficients of molecules toluene and n-hexane 

adsorbed on microporous solids: the values were obtained by adapting the Beer–Lambert law to 

adsorbent/substrate systems.[5,14] To our knowledge, this procedure was applied for the first time to 

toluene and n-hexane adsorbed on microporous systems.  

 

Therefore, FTIR experiments of toluene and n-hexane singularly adsorbed on HSZ-Y and ZSM-5 

zeolites were thus repeated five times (every time on different pellets of material) and the pellet 
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surface was calculated by using an accurate image processing software. This with the aim of reducing 

experimental errors associated with spectroscopic measurements and especially with measurements 

of the pellet density. And from the microgravimetric experiments of toluene and n-hexane singularly 

adsorbed on HSZ-Y and ZSM-5 was possible to determinate of the uptake of each molecule at specific 

adsorption vapor pressure and from this the number of adsorbed molecules. 

 

Moreover, experimental determination of the molar absorption coefficients of n-hexane adsorbed on 

HSZ-Y and ZSM-5 were supplemented by theoretical modelling of n-hexane molecules embedded in 

two cluster models of HSZ-Y and ZSM-5 pores: the adduct geometries were optimized at the DFT 

level with inclusion of long-range nonelectrostatic contributions, and the corresponding harmonic 

vibrational spectra were simulated. 

 

4.2 Determination of molar absorption coefficient of n-hexane adsorbed 

on HSZ-Y and ZSM-5 zeolites  

 

Figure 4.1A shows the difference IR spectra of n-hexane adsorbed on both HSZ-Y and ZSM-5 

zeolites at selected pressures (2, 15, and 27 mbar) in the low frequency range between 1550 to 1300 

cm-1. This frequency range was preferred due to the fact that the bands are less overlapped compared 

to those at higher frequency range.   

The difference IR spectra reported in Figure 4.1A are obtained by subtracting the spectrum of the 

bare zeolites outgassed at room temperature (RT), used as a reference, from the spectra of adsorbed 

n-hexane; this allowed the contribution of the solid to be removed from the IR spectra, and therefore, 

the calculation of integrated absorbances of IR selected bands was simplified.  
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Figure 4.1: A: IR spectra in difference mode (after subtracting the bare solid) of n-hexane adsorbed on HSZ-

Y (curves a–a’’) and ZSM-5 (curves b–b’’) materials at pressures of 2 (curves a and b), 15 (curves a’ and b’), 

and 27 mbar (curves a’’ and b’’) of n-hexane. B: n-hexane gravimetric adsorption (empty symbols) and 

desorption (full symbols) isotherms on HSZ-Y (curve a) and ZSM-5 (curve b). 

 

As also detailed in our previous work,[14] the bands at 1465 and 1460 cm-1 formed upon adsorption of 

n-hexane on HSZ-Y and ZSM-5 zeolites are due to the asymmetric bending modes of CH3 and CH2 

species, respectively, whereas the band at 1380 cm-1 is related to the symmetric bending mode of CH3 

groups.[16] 

The band at 1380 cm-1 was preferred for determination of the molar absorption coefficient of n-hexane 

adsorbed on both HSZ-Y and ZSM-5 due to the fact that the bands at 1460 and 1465 cm-1 are heavily 

overlapped. 

 

The uptake of adsorbed species at a specific pressure was determined independently by means of a 

microgravimetric technique (Figure 4.1B), [14] see Chapter I (paragraph 1.3.1.2). 

The adsorption isotherm of n-hexane on HSZ-Y zeolite shows three different adsorption regimes. At 

pressures lower than 1 mbar, n-hexane uptake as a function of the equilibrium pressure is quite steep; 

thus, suggesting a high affinity of the molecule for the zeolite surface. At 1 mbar, the HSZ-Y retains 

about 11.4 wt% of n-hexane. 

Then, the isotherm slope decreases up to 10 mbar, when it gradually comes to a plateau, at which it 

reaches an uptake of about 15 wt%. The overall uptake of n-hexane for ZSM-5 zeolite is lower than 

that of HSZ-Y zeolite because of the lower SSA and micropore volume. The ZSM-5 isotherm shows 
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a slope change at 0.45 mbar and then it rapidly becomes a plateau. At pressures lower than 0.45 mbar, 

the n-hexane uptake is 5.5 wt% and the overall adsorption is 7.3 wt%. 

 

The values of molar absorption coefficient for n-hexane adsorbed on both zeolites were obtained by 

combining quantitative gravimetric measurements and IR spectroscopic data. The methodology used 

for this calculation was already used for other types of molecules on silica systems.[17,11] [18-21] 

More specifically, to obtain the value of the molar absorption coefficients of specific IR bands of 

molecules adsorbed on a solid material, the Beer–Lambert law can be rewritten as Equation 4.1: 

 

                                                                                                                             

(4.1)  

in which ε [cm mmol-1] is the molar absorption coefficient of the adsorbed species; A [cm-1] is the 

integral absorption of the IR band specifically chosen for the adsorbed molecule, which is calculated 

by using the OPUS 5.5.4 software; N [mmol g-1] is the concentration of the adsorbed molecules [see 

below, Eq. 4.3]; and ρ [g cm-2] is the density of the pellet of the adsorbent. Indeed, for each 

experiment, the pellet was weighed, so that the density could be calculated by using Equation 4.2:  

 

                                                                   (4.2) 

in which ω [g] is the weight and S [cm2] is the pellet surface. The value of S was calculated by using 

image processing software (ImageJ), which calculated the area of each pellet by correlating the 

number of pixels of photographs of the pellets to another photograph with pixels of known 

dimensions. This similar method to determine the area of pellets was used already by Anderson and 

co-workers.[7] 

As stated above, the integral absorption of the IR band centered at 1380 cm-1 was determined for n-

hexane adsorbed on both ZSM-5 and HSZ-Y zeolites. The analysis was repeated five times on each 

zeolite, each time on a different pellet, to reduce experimental errors associated with spectroscopic 

measurements and especially with measurements of the pellet density.  

 

Microgravimetric experiments allowed the determination of the uptake of n-hexane for each value of 

vapor pressure and from this the number of adsorbed molecules, N [mmol g-1], was calculated by 

using Equation 4.3:  

 

𝜀 =  
𝐴

𝑁 𝜌
 

𝜌 =
𝜔

𝑆
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                                                              (4.3) 

in which Uptake% is the weight percentage obtained from each microgravimetric adsorption isotherm 

and Mr [g mol-1] is the molecular mass of n-hexane (86.18 g mol-1). 

The average value of the five repeated IR measurements of the integrated area (Ᾱ) at 1380 cm-1 and 

the n-hexane uptakes at a determined absolute pressure are reported in Table 4.1. 

 

Table 4.1: n-Hexane adsorbed on HSZ-Y and ZSM-5 zeolite. Pressures, integrated areas of the 1380 cm-1 band 

(determined as average of 5 repeated measurements) and uptake of n-hexane at increasing pressures (evaluated 

by microgravimetric measurements). 

n-hexane adsorbed on HSZ-Y   n-hexane adsorbed on ZSM-5 

Pressure 
[mbar] 

Ᾱ1380 

[cm-1] 

Uptake 
  Pressure 

[mbar] 

Ᾱ1380 

[cm-1] 

Uptake 

[mmol g-1] [%] [mmol g-1] [%] 

0.50 0.67 0.84 7.24   0.50 1.74 0.67 5.74 
1.00 0.96 1.24 10.72   1.00 1.85 0.71 6.14 
2.00 1.12 1.42 12.20   2.00 1.95 0.74 6.39 
3.00 1.14 1.49 12.82   3.00 1.96 0.75 6.50 
4.00 1.15 1.53 13.19   4.00 1.97 0.76 6.57 
4.50 1.16 1.55 13.33   4.50 1.97 0.76 6.59 
6.00 1.17 1.57 13.53   6.00 1.98 0.80 6.85 
9.20 1.19 1.62 13.99   9.10 2.00 0.81 6.96 

12.2 1.21 1.66 14.30   12.1 2.01 0.82 7.02 

15.2 1.22 1.69 14.54   15.3 2.02 0.82 7.08 
18.2 1.24 1.71 14.74   18.1 2.04 0.83 7.12 
24.1 1.28 1.75 15.05   21.0 2.06 0.83 7.16 
26.9 1.30 1.76 15.17   26.9 2.09 0.84 7.22 

 

To distinguish the different contributions, the molar absorption coefficients (ε) were first estimated 

over a specific range of pressures, for which the correlation between the Integrated Absorbance of 

1380 cm-1 band (IA) and the amount of adsorbed molecules [mmol g-1] was linear. These pressure 

ranges were determined experimentally by comparing the IA values with the concentration of 

adsorbed n-hexane (Figure 4.2 A, B).  

Figure 4.2A shows that, in the case of zeolite HSZ-Y, there is a linear trend between IA and n-hexane 

uptake in the range between 2 and 15 mbar n-hexane, whereas for ZSM-5 the linear correlation of the 

abovementioned parameters is from 2 to 12 mbar (Figure 4.2B). 

𝑁 =
𝑈𝑝𝑡𝑎𝑘𝑒%

𝑀𝑟
 𝑥 1000 
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Figure 4.2: Dependence of the integrated absorbance [cm-1] of the band at 1380 cm-1 (i.e. the IR bending 

mode of the -CH3 species of n-hexane) versus the amount of n-hexane adsorbed on HSZ-Y (A) and ZSM-5 

(B). 

 

Linear fitting for both experimental data sets shows high coefficients of correlation (R2), as reported 

in Figure 4.2. Error bars have been determined on the basis of repeated experiments (5 repeated IR 

adsorption experiments for each zeolite). These pressure ranges correspond to the formation of a 

statistical monolayer on both supports.  

Indeed, by applying the linearized BET equation[22] to the gravimetric isotherms (Figure 4.3), it is 

possible to derive the range of pressure at which the statistical monolayer of adsorbed molecule is 

formed; thus defining the range over which adsorption is mainly driven by zeolite/n-hexane host–

guest interactions. This allows the use of data of the pressure range at which the guest–guest 

interactions contribute to the overall uptake to be avoided. 

The linearized BET equation can be expressed as the following equation 4.4:  

 

       

    (4.4) 

 

where Vm is molar volume of n-hexane adsorbed on 1 g of material [mL g-1], VAds1 is monolayer 

volume of n-hexane adsorbed on 1 g of material [mL g-1] and C is a constant related to the affinity of 

n-hexane for the surface material. The VAds1 and C constant can be calculated from the slopes and the 

intercepts of the equation 4.4.  Vm obtained from the equation 4.5: 
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(4.5) 

 

where the values of N [mmol g-1] are reported in table 4.1. 

 

 

 

 

 

Figure 4.3: Linearized BET plot relative to the gravimetric isotherm of n-hexane adsorption on HSZ-Y (A) 

and ZSM-5 zeolite (B). 

 

The linearized BET equation shows that the monolayer is formed between 2 and 15 mbar for HZS-Y 

(Figure 4.3A) and between 2 and 12 mbar for ZSM-5 (Figure 4.3B): very high correlations are derived 

for both linear curve-fitting procedures. 

These ranges are in good agreement with those found by the linear correlation between the 

experimental absorbance values of the 1380 cm-1 band and the n-hexane uptakes (Figure 4.2); thus, 

indicating that the interactions among n-hexane molecules are negligible over the pressure range 

considered in Figure 4.2, for which monolayers of adsorbed n-hexane are essentially formed. 

 

From the BET algorithm, the value of the C constant, which is a measure of the affinity of n-hexane 

for the surface, was also derived and reported in table 4.2.  
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Table 4.2: Values of C constants of n-hexane for the surface of both HSZ-Y and ZSM-5 zeolites and their 

values of ∆H(Ads1-Cond) (difference in the heat of adsorption of the first layer and the heat of condensation)  

Samples C 
∆H(Ads1-Cond)  

[kJ mol-1] 

HSZ-Y 986 17.66 

ZSM-5 2227 19.75 

 

The high value of C of n-hexane adsorbed on ZSM-5 indicates that n-hexane molecules have greater 

affinity to MFI framework than that to the FAU structure. These values of C are in full agreement 

with the results of the co-adsorption of equimolar mixture toluene/n-hexane (see Chapter III), where 

ZSM-5 has a higher affinity of adsorption for n-hexane than for toluene and HSZ-Y has the opposite 

behaviour. 

Moreover, the C constant derived from the BET model is related to the difference in heat produced 

from the formation of the first layer (HAds1) and of subsequent layers of adsorbed molecules (HCond).[23] 

This relationship can be expressed as the following equation 4.6:  

   

(4.6) 

 

Where ∆H(Ads1-Cond) is the difference between the heat of adsorption of the first layer and the heat of 

condensation [kJ mol-1], R is the universal gas constant [8.314 J mol-1 K-1] and T is the adsorption 

temperature [K]. La equation 4.7 can be also expressed as:     

 

 (4.7) 

 

Therefore, the large values found for the C constants of both zeolites reflect high adsorption energies, 

and thus, a large difference between the heat of adsorption of the first layer and the heat of 

condensation. On this basis, considering the values of C when n-hexane is adsorbed on both HSZY 

and ZSM-5, ∆H(Ads1-Cond) [kJ mol-1] values were calculated using the equation 4.7 and reported also 

on Table 4.2.  

The calculated value is higher for ZSM-5 with respect to that of HSZ-Y, and this confirms that n-

hexane interacts more effectively on ZSM-5 than that on Y zeolite, as also derived by the previous 

results of the co-adsorption of equimolar mixture toluene/n-hexane (see Chapter III).[24] 

 

𝐶 = 𝑒(
𝐻𝐴𝑑𝑠 1− 𝐻𝐶𝑜𝑛𝑑  

𝑅𝑇
) = 𝑒(

∆𝐻(𝐴𝑑𝑠 1−𝐶𝑜𝑛𝑑 )

𝑅𝑇
)
 

∆𝐻(𝐴𝑑𝑠 1−𝐶𝑜𝑛𝑑 ) = 𝑅𝑇 ln(𝐶) 
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For n-hexane adsorption, a limited P/P0 range is used because of the interactions that n-hexane forms 

with the two zeolites (host–guest interactions). As also derived from gravimetric isotherms (see 

Figure 4.1B), the plateau for both supports is reached at low P/P0 range (ca. 0.10 for Y and 0.08 for 

ZSM-5 zeolite, respectively, corresponding to ca. 15 and 12 mbar of n-hexane). These data are also 

in agreement with intervals calculated by the BET method related to the formation of a pseudo-

monolayer. 

The average values of ε of the band at 1380 cm-1, calculated by applying Equation 4.1 over the 

selected range of pressure for adsorbed n-hexane, are as follows on table 4.3 

 

Table 4.3: The average values of ε of the band at ῦ =1380 cm-1 of adsorbed n-hexane on both HSZ-Y and 

ZSM-5 zeolites with their standard deviations. 

Samples ε1380 [cm μmol-1] 

HSZ-Y 0.278 ± 0.018 

ZSM-5 0.491 ± 0.032 

 

The experimental error is 6.5% for both zeolites. Interestingly, the calculated molar absorption 

coefficients are different for the two microporous zeolites and this means that the physico-chemical 

properties of the different zeolites (in particular, their pore architecture) influence the dipole moment 

of the adsorbed molecules. The relevance of this result has to be underlined, in that the use of probe 

molecules for quantitative measurements of surface site has to be judiciously adopted, and the 

extinction coefficient cannot be used indiscriminately for all systems without an accurate preliminary 

test study.[25] This applies especially when adsorption occurs in restricted spaces of microporous 

solids. 

 

For comparison, the molar absorption coefficient of gaseous n-hexane was also determined. Vapours 

of n-hexane were admitted into the IR cell with an optical path length of 10 cm and spectra were 

recorded at RT over the same range of pressures as those adopted for the adsorption experiments. The 

integrated absorbance of the band at 1380 cm-1 was plotted versus the gas phase concentration, as 

determined from each pressure measurement and by applying the ideal gas law (see Figure 4.4). [10] 
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Figure 4.4: Dependence of the integrated absorbance [cm-1] of the band at ῦ =1380 cm-1 (i.e. the IR bending 

mode of the -CH3 species of n-hexane in gas phase) versus the gas phase concentration [mmol L-1]. 

 

The average value of the molar absorption coefficient of n-hexane in the gas phase was calculated 

over the range of pressures at which there is a linear trend between IA and gas-phase concentration 

of n-hexane.  

The average value of the molar absorption coefficient at 1380 cm-1 of gaseous n-hexane (considering 

six IR experiments) over the range of pressure between 2 and 15 mbar is 0.165 ± 0.005 cm μmol-1. 

The value is lower with respect to the calculated coefficients of n-hexane adsorbed on both zeolites 

(see table 4.3), especially ZSM-5. This behaviour could also indicate that the interactions of n-hexane 

on ZSM-5 are greater than those on HSZ-Y zeolite, in agreement with our previous work.[14] 

 

The same approach as that applied above for the determination of the molar absorption coefficient 

was extended to the entire available pressure range (i.e. from 2 to 27 mbar). As reported by the results 

in Table 4.4. 

Table 4.4: The average values of molar adsorption coefficients (ε) at ῦ =1380 cm-1 of n-hexane on HSZ-Y and 

ZSM-5 zeolites with their standard deviations. 

Sample ε1380 [cm µmol-1] n-hexane 

 2 mbar 9 mbar 15 mbar 27 mbar 

HSZ-Y 0.298 ± 0.020 0.275 ± 0.019 0.271 ± 0.019 0.279 ± 0.020 

ZSM-5 0.504 ± 0.034 0.475 ± 0.032 0.471 ± 0.031 0.479 ± 0.032 
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Upon adsorption on the HSZ-Y support at 2 mbar, n-hexane has a molar absorption coefficient of 

0.298 ± 0.020 cm µmol-1, whereas upon increasing the pressure to 27 mbar the value decreases to 

0.279 ± 0.020 cm µmol-1. Regarding ZSM-5 sorbent, the molar absorption coefficient changes from 

0.504 ± 0.034 cm µmol-1 at 2 mbar to 0.479 ± 0.032 cm µmol-1 at 27 mbar. The reported data indicate 

that, due to differences in the textural and structural properties, the overall uptake of n-hexane for 

ZSM-5 zeolite is different from that of the HSZ-Y sample in agreement with our previous work.[14] 

This effect is even more evident at low pressures because the molecules interact predominantly with 

the surface of the zeolites through host–guest interactions and the contribution of guest–guest 

interactions is reduced.  Whereas increasing the pressure from 9 to 27 mbar, the molecules are forced 

to enter the pores: as a consequence, the system becomes stabilized and the values of molar absorption 

coefficients do not vary considerably. 

 

4.2.1 Computational DFT study 

 

As anticipated above, some theoretical calculations were performed to support the experimental   

findings. Two molecule/zeolite adducts were modeled by inserting one n-hexane molecule into the 

HSZ-Y and ZSM-5 cluster models described below and optimizing their geometries at the DFT level 

with inclusion of the dispersion contributions. 

 

Theoretical calculations were performed with the Gaussian 09 program at the DFT level, with hybrid 

functional B3LYP,[26-28] by using the Poples 6-31G(d,p) basis set, including polarization functions on 

all centers, for light atoms,[29] and LANL2DZ effective core potentials and basis set for silicon.[30] The 

atom–atom pairwise algorithm proposed by Grimme and Schwabe,[31] and implemented in Gaussian 

09 was used to estimate the contribution from dispersion (van der Waals) forces to energies, 

geometrical structures, and harmonic frequencies and intensities.  

The zeolite matrices were simulated by extracting suitable clusters from the database periodic 

structures. As shown in Figure 4.5, the cluster model of HSZ-Y zeolite was modeled with a single 

tetragonal cage, whereas the ZSM-5 model reproduced the crossing of straight and sinusoidal 

channels, which were characteristic of this system. No aluminum atoms were included and all 

dangling silicon valences were saturated with hydrogen atoms.  
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Figure 4.5: Cluster models of HSZ-Y (a) and ZSM-5 (b); hydrogen atoms used to saturate the external 

valences are not shown. 

 

The optimized structures (molecule/zeolite adducts) are shown in Figure 4.6.  As recently revealed 

by our research work,[14] the dominant contribution in the n-hexane/zeolite interaction comes from 

dispersion energies, which induce the molecule to stick close to the surface, also undergoing some 

geometry distortions, especially in ZSM-5. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Optimized adducts of n-hexane in the cluster models of HSZ-Y (a) and ZSM-5 (b); hydrogen 

atoms used to saturate the external valences are not shown. 

 

The vibrational spectra of n-hexane adsorbed on both HSZ-Y and ZSM-5 zeolites were simulated by 

computing the energy second derivatives by numerical differentiation of gradients in the two adducts: 

only the n-hexane atoms were allowed to move; the zeolite structures were fixed to make the 

calculations affordable. Because the normal modes of the organic molecule are likely to be well 

separated from the inorganic matrix, freezing the zeolite atoms is not expected to introduce a 

significant error into the computed spectra. The computed harmonic spectra are reported in Figure 
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4.7 (limited to the region of C-C and C-H deformations, ῦ =1300-1600 cm-1): the vibrational 

frequencies match well for the two systems, although the intensities are clearly higher for n-hexane 

in ZSM-5 than that in HSZ-Y, in agreement with the experiments described above. The simulated 

band at 1430 cm-1 corresponds to the experimental band at 1380 cm-1, with the expected 

overestimation in the harmonic spectrum, and it is due mainly to -CH3 deformations.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Computed harmonic vibrational spectra of n-hexane in HSZ-Y and ZSM-5 cluster models in the 

region of C-C and C-H deformations. 

 

The ratio of the computed band maxima at ῦ =1430 cm-1 in ZSM-5 and in HSZ-Y is 1.37, which 

should be compared with the experimental value of 1.77 at very low concentration, as derived from 

the expressions for the average extinction coefficients reported in table 4.4. Clearly, the models 

optimized herein are just one of many possible structures for the n-hexane/zeolite adducts; however, 

these calculations confirm that the interactions with the zeolite walls can actually modify the IR 

intensities to an extent comparable to that of the experimental findings, and that n-hexane interacts 

more tightly with the narrower pores of ZSM-5, as already noted in our previous work.[14] 
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4.3 Experimental determination of the molar absorption coefficients of 

adsorbed toluene on HSZ-Y and ZSM-5 zeolites 

 

The adsorption properties of HSZ-Y and ZSM-5 zeolites towards toluene have been already reported 

by means of both experimental and computational techniques by our research group.[14] Following 

these preliminary studies and using the same methodology carried out in the case of n-hexane (see 

paragraph 4.2.1) the molar absorption coefficients of toluene adsorbed on both zeolites were also 

determined. 

 

The difference IR spectra of toluene adsorbed on dehydrated HSZ-Y and ZSM-5 zeolites at selected 

pressures (2, 15 and 27 mbar) are reported in Figure 4.8A. As in the case of the molar absorption 

coefficient of n-hexane, to avoid the contribution of absorbances of the materials on the integrated 

absorbances of the IR selected bands (1605 and 1380 cm-1), the reported difference IR spectra were 

obtained by subtracting the spectrum of the bare materials outgassed from the spectra of adsorbed 

toluene. 

 

Figure 4.8: A: IR spectra in difference mode (after subtracting the bare solid) of toluene adsorbed on HSZ-Y 

(curves a–a’’) and ZSM-5 (curves b–b’’) zeolites at pressures of 2 (curves a and b), 15 (curves a’ and b’), 

and 27 mbar (curves a’’ and b’’)of toluene. B: toluene adsorption (empty symbols) and desorption (full 

symbols) isotherms on HSZ-Y (curve a) and ZSM-5 (curve b)  

 

As previously reported, the band at 1605 cm−1 is due to the quadrant stretching mode of the 

monosubstituted ring C=C bond whereas the band at 1495 cm−1 is associated with the semicircular 
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stretching vibration of monosubstituted aromatic ring. The bands at 1460 and 1380 cm−1 correspond 

to the out-of-phase and in-phase deformations of the toluene methyl group.[14] The single vibrational 

bands at 1605 and 1380 cm-1 were preferred for determination of the molar absorption coefficient of 

toluene adsorbed on both HSZ-Y and ZSM-5 due to that the bands at 1495and 1460 cm-1 are heavily 

overlapped. 

 

The concentrations (uptake) of the adsorbed toluene at definite pressure were obtained by means of 

microgravimetric analysis (Figure 4.8B). The adsorption and desorption isotherms of toluene on both 

HSZ-Y and ZSM-5 zeolites (Figure 4.8B, curves a and b, respectively) show three regimes of 

adsorption/desorption. At pressures lower than 1 mbar, the curves are steep thus suggesting the high 

affinity of the toluene molecules for the zeolites surface. At 1 mbar, the HSZ-Y (Figure 4.8B, curve 

a) retains ca. 17 wt% of toluene, then the isotherm slope decreases up to 9 mbar when gradually the 

curve tends to a plateau, at which it reaches an uptake of ca. 22 wt% at 27 mbar. Although the shape 

of the gravimetric isotherm collected on ZSM-5 is similar to that observed on HSZ-Y, the overall 

uptake at 27 mbar of toluene for ZSM-5 zeolite is lower than that of HSZ-Y zeolite because of the 

lower SSA and micropore volume. Indeed, at 1 mbar the zeolite absorbs ca. 4.3 wt % of toluene 

whereas at 27 mbar the capacity is of 8.8 wt%.[14] 

Moreover, volumetric analyses of toluene adsorbed on has been also performed.  

The toluene volumetric adsorption/desorption isotherms (Figure 4.9, curve b) were obtained at 35 °C 

and at standard temperature pressure (STP) on HSZ-Y silica samples. Prior the adsorption, the 

samples were outgassed for 30 min at 50 °C, 30 min at 80 °C, 2h at 120°C, 2 h at 220 °C and finally 

at 12 h at 300 °C under high vacuum conditions (final pressure 7 × 10−4 mbar).  

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Gravimetric (curve a)  and volumetric (curve b) of toluene adsorption (empty symbols) and 

desorption (full symbols) isotherms on HSZ-Y. Before the volumetric analysis, HSZ-Y was outgassed in 

vacuum conditions at 300 °C for 12 h. 
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As can be observed from the comparison of the gravimetric (Figure 4.9, curve a) and the volumetric 

(Figure 4.9, curve b) isotherms  of toluene adsorbed on HSZ-Y, both types of quantitative analysis 

are comparable. 

 

The molar absorption coefficients ε [cm mmol-1] of the specific vibration modes at 1605 and 1380 

cm-1 of toluene adsorbed on zeolites were determined by using the same methodology used to 

determine the molar absorption coefficient of n-hexane on the same zeolites (see paragraph 4.2). 

Therefore, the Beer-Lambert law for solids: Equation 4.1 was applied to calculate the value of the 

molar absorption coefficients of the specific IR bands. As in case of n-hexane, the IR analysis was 

repeated five times on each zeolite, each time on a different pellet, to reduce experimental errors. 

Each pellet was also weighed for each experiment, so that the density could be also calculated by 

using the equation 4.2. 

 

Microgravimetric experiments allowed to obtain the number of toluene adsorbed molecules N [mmol 

g-1] for each value of vapor pressure by using Equation 4.3. In this case of toluene Mr [g mol-1] is the 

molecular mass of toluene (92.14 g mol-1).  

From each IR measurement it was possible to obtain the integrated absorption A [cm-1] of the specific 

IR bands at 1605 and 1380 cm-1 for selected toluene pressure values. Then, for each adsorption band 

the average value of the integrated area was calculated.  

These values are reported in Table 4.5 and are indicated as Ᾱ [cm-1]. In the same table, the uptake of 

toluene (expressed as mmol g-1 and %) derived from microgravimetric isotherms (at selected 

toluene pressure values) are also reported.  
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Table 4.5: Toluene adsorbed on HSZ-Y and ZSM-5 zeolites. Pressures, integrated areas of the bands at 1605 

and 1380 cm-1 (determined as an average of 5 repeated measurements), and uptake of toluene at increasing 

pressures (evaluated by microgravimetric analysis). 

Microporous System 
HSZ-Y  ZSM-5 

P Ᾱ1605 Ᾱ1380 Uptake  P Ᾱ1605 Ᾱ1380 Uptake 

[mbar] [cm-1] [cm-1] [mmol g-1] [%]  [mbar] [cm-1] [cm-1] [mmol g-1] [%] 
0.50 2.10 1.24 1.63 15.03  0.50 0.80 0.30 0.44 4.09 

1.00 2.61 1.56 1.78 16.40  1.00 0.95 0.44 0.48 4.41 

2.00 3.21 1.88 1.90 17.54  2.00 1.14 0.62 0.52 4.78 

3.00 3.32 1.93 1.98 18.21  3.00 1.19 0.65 0.55 5.07 

4.00 3.40 1.98 2.03 18.70  4.00 1.22 0.68 0.58 5.33 

4.50 3.48 2.01 2.05 18.90  5.00 1.24 0.69 0.61 5.58 

6.00 3.52 2.03 2.12 19.52  6.00 1.26 0.70 0.69 6.37 

9.20 3.59 2.07 2.20 20.26  9.00 1.28 0.72 0.79 7.25 

12.10 3.64 2.10 2.26 20.81  12.20 1.30 0.73 0.85 7.82 

15.00 3.69 2.12 2.30 21.22  15.10 1.32 0.75 0.88 8.08 

18.10 3.76 2.16 2.34 21.57  18.00 1.35 0.77 0.90 8.27 

24.10 3.91 2.23 2.41 22.19  24.00 1.40 0.81 0.93 8.58 

26.80 4.03 2.29 2.44 22.46  26.90 1.41 0.82 0.94 8.70 

 

 

The molar absorption coefficients (ε) of toluene adsorbed on microporous systems were firstly 

determined over a specific range of pressures, where the correlation between the integrated absorption 

of 1605 and 1380 cm-1 bands (IA) and the amount of toluene adsorbed molecules [mmol g-1] is linear. 

These pressure ranges were determined experimentally by comparing the IA values of 1605 and 1380 

cm-1 bands (average values) with the concentration of adsorbed toluene on both HSZ-Y and ZSM-5 

zeolites (Figure 4.10A, B). 
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Figure 4.10: Dependence of the integrated absorbance (cm-1) at 1605 cm-1 (fits a, i.e. the IR stretching mode 

of the monosubstituted ring C=C bond) and for the band at 1380 cm-1 (fits b, i.e. the IR in-phase 

deformations mode of the methyl of toluene) versus the amount of toluene adsorbed on HSZ-Y(A) and ZSM-

5 (B). 

 

Linear fitting for each experimental data set shows high coefficients of correlation (R2), as reported 

in Figure 4.10. Error bars have been determined on the basis of the five repeated IR adsorption 

experiments for each zeolite. In Figure 4.10 is shown that for both zeolites that in the range between 

2 and 5 mbar there is a linear trend between IA of the bands at 1605 (fit a) and 1380 cm-1 (fit b) and 

toluene uptake [mmol g-1]. These pressure ranges correspond to the formation of a statistical 

monolayer of toluene molecules on the two supports. 

 

As in the case of n-hexane (see paragraph 4.2), by applying the linearized BET equation[22] to the 

gravimetric isotherms reported in Figure 4.8, it was also possible to derive the range of pressure at 

which adsorption is mainly driven by host–guest interactions (zeolite/toluene). This allows the use of 

data of the pressure range at which the guest–guest interactions contribute to the overall uptake to be 

avoided. 

The linearized BET equation shows that the monolayer of toluene molecules is formed between 2 and 

5 mbar for HZS-Y and ZSM-5 (Fig. 4.11A, B, respectively). High values of the correlation 

coefficients (R2) are obtained from linear curve-fitting procedures. 
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Figure 4.11. Linearized BET plot relative to the gravimetric/volumetric isotherm of toluene adsorption on 

HSZ-Y (A) and ZSM-5 zeolite (B). 

 

These ranges of pressure are in good agreement with those found by the linear correlation between 

the values of IA of the bands at 1605 and 1380 cm-1 and toluene uptake (Figure 4.10); indicating that 

over this pressure range, the interactions between toluene molecules are not considered. 

From the BET algorithm, the value of the C constant, which is a measure of the affinity of toluene 

for the surface, was also derived and reported in table 4.6.  

 

Table 4.6: Values of C constants of toluene for the surface of both HSZ-Y and ZSM-5 zeolites; and their values 

of ∆H(Ads1-Cond) (difference in the heat of adsorption of the first layer and the heat of condensation)  

Samples C 
∆H(Ads1-Cond)  

[kJ mol-1] 

HSZ-Y 429 15.53 

ZSM-5 214 13.75 

 

Values of C for HSZ-Y resulted higher than those of ZMS-5: this is an indication of the fact that 

toluene molecules have greater affinity to FAU framework respect to the MFI structure. These values 

of C are in full agreement with the results of the co-adsorption of equimolar mixture toluene/n-hexane 

(see Chapter III), where toluene is adsorbed preferentially on the HSZ-Y zeolite with respect to n-

hexane and ZSM-5 has the opposite behaviour. 
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As in the case of n-hexane (see paragraph 4.2), by considering the values of C when toluene is 

adsorbed on both HSZY and ZSM-5, the difference in the heat of adsorption of the first layer and the 

heat of condensation ∆H(Ads1-Cond) [kJ mol-1] were also calculated using the equation 4.7 and reported 

also on table 4.6.  

The ∆H(Ads1-Cond) for the HSZ-Y is 15.53 kJ mol-1, whereas for toluene adsorbed on ZSM-5 zeolite it 

corresponds to 13.75 kJmol-1.  

The calculated value is higher for HSZ-Y than the value calculated for ZSM-5, and this confirms 

again that HSZ-Y has high adsorption energies for toluene than ZSM-5 zeolite, as also derived by the 

previous results of the co-adsorption of equimolar mixture toluene/n-hexane (see Chapter III).[24] 

 

For toluene adsorption, a limited P/P0 range is used because of the interactions that toluene forms 

with these solids (host–guest interactions). As also derived from gravimetric (see Figure 4.8), the 

plateau for supports is reached at low P/P0 range ca. 0.14 and 0.16 for HSZ-Y and ZSM-5 zeolites, 

respectively, corresponding for both zeolites to ca. 5 mbar of toluene adsorbed. These data are also 

in agreement with intervals calculated by the BET method related to the formation of a pseudo 

monolayer of zeolites.  

 

The average values of ε of the bands at 1605 and 1380 cm-1, calculated by applying Equation 4.1 over 

the selected range of pressure for adsorbed toluene on solids are reported in Table 4.7. 

 

Table 4.7: The average values of ε of the band at ῠ = 1605 and 1380 cm-1 of toluene adsorbed on supports with 

their standard deviations and experimental errors percentage. 

Samples ε1605 [cm μmol-1] ε1380 [cm μmol-1] 

HSZ-Y 0.224 ± 0.017 (7.6%) 0.130 ± 0.009 (7.1%) 

ZSM-5 0.378 ± 0.030 (8.0%) 0.219 ± 0.019 (8.8%) 

  

The calculated molar absorption coefficients of the bands at 1605 and 1380 cm-1 of toluene adsorbed 

are different for the two microporous zeolites. This suggests that the pore architecture of zeolites 

influence the dipole moment of the adsorbed toluene in limited spaced of microporous solids, as it 

was already observed in the case of n-hexane.[25] 

 

Moreover, for comparison, the ε of the bands at 1605 and 1380 cm-1 of toluene in gas phase were also 

determined by following the same methodology used for n-hexane (see Paragraph 4.2). For this, 

vapours of toluene were admitted into the same IR cell and spectra were recorded over the same range 
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of pressures as those adopted for the adsorption experiments. In Figure 4.12 is reported the plotting 

of the IA of bands at 1605 and 1380 cm-1 versus the gas-phase concentration of toluene, as determined 

from each pressure measurement and by applying the ideal gas law. [10,25] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Dependence of the integrated absorbance [cm-1] at 1605 cm-1 (fit a,) and for the band at 1380 

cm-1 (fit b,) 

 

The average value of the molar absorption coefficient of toluene in the gas phase was then calculated 

over the range of pressures at which there is a linear trend between IA and gas-phase concentration 

of toluene. The average value of the molar absorption coefficients of the bands at 1605 and 1380 cm-

1 of gaseous toluene (considering six IR experiments) over the range of pressure between 2 and 6 

mbar are 0.217 ± 0.012 and 0.041 ± 0.003 cm µmmol-1 with 5.7 and 7 % of experimental error, 

respectively.  

 

These values are slightly similar to the calculated coefficients of toluene adsorbed on HSZ-Y (see 

table 4.7): this suggests that at low coverages of toluene, the dipole moment of the adsorbed toluene 

is not influenced by the HSZ-Y cages. This behaviour also indicates that the interactions of toluene 

on HSZ-Y at low pressures are fairly weak interactions (van der Waals contributions), in agreement 

with our previous work. [14,25]  

Whereas these values are lower than those calculated for ZSM-5 (see Table 4.7): this suggests that at 

low coverages of toluene, the dipole moment of the adsorbed toluene is influenced by the limited 

space of ZSM-5 channels. 
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The same approach as that applied above for the determination of the molar absorption coefficients 

in a specific range of pressure was also used to the full available pressure range (i.e. from 2 to 27 

mbar) and as reported in Table 4.8. 

 

Table 4.8. Molar Adsorption coefficients εi of the bands at ῦ = 1605 and 1380 cm-1 of toluene on HSZ-Y and 

ZSM-5 zeolites. 

Samples ε1605 [cm µmol-1] toluene 

 2 mbar 9 mbar 15 mbar 27 mbar 

HSZ-Y 0.224±0.020 0.217±0.020 0.213±0.020 0.220±0.020 

ZSM-5 0.412±0.056 0.305±0.038 0.282±0.034 0.281±0.036 

 ε1380 [cm µmol-1] toluene 

 2 mbar 9 mbar 15 mbar 27 mbar 

HSZ-Y 0.131±0.011 0.125±0.011 0.122±0.011 0.124±0.010 

ZSM-5 0.226±0.020 0.172±0.018 0.160±0.017 0.162±0.017 

 

Upon adsorption on the HSZ-Y support at 2 mbar, toluene has molar absorption coefficients of the 

bands at 1605 and 1380 cm-1 of 0.224±0.020 and 0.131±0.011 cm µmol-1; whereas increasing the 

pressure to 27 mbar the values continue slightly constant to 0.220±0.020 and 0.124±0.010 cm µmol-

1. Regarding ZSM-5, the molar absorption coefficients of toluene change from 0.412±0.056 and 

0.226±0.020 cm µmol-1 at 2 mbar to 0.281±0.036 and 0.162±0.017 cm µmol-1 at 27 mbar. 

 

The different behaviours of the molar absorption coefficients of adsorbed toluene on both zeolites are 

probably due to their differences of the textural properties, as also observed for n-hexane adsorbed 

on the same zeolites (see paragraph 4.2). This effect is even more evident on ZSM-5 on which molar 

absorption coefficients at low pressures resulted affected because the molecules interact 

predominantly with the surface of ZSM-5 through host–guest interactions and the contribution of 

guest-guest interactions is reduced. Only increasing the pressure from 9 to 27 mbar and increasing 

the molecules inside the pores, the system becomes stabilized due the toluene-toluene interactions 

(guest-guest interactions) and the values of molar absorption coefficients keep constant.[32] 
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4.4 Conclusions 

 

The determination of the molar absorption coefficient (ε) can provides quantitative information about 

the adsorbed molecules thus spreading IR spectroscopy applications. 

According to this, this chapter was focused on the description of the determination of the molar 

absorption coefficient of n-hexane and toluene adsorbed on microporous systems with different pore 

structure.   

The molar absorption coefficients of n-hexane and toluene of adsorbed on HSZ-Y and ZSM-5 zeolites 

were obtained by combining IR spectroscopy and microgravimetric analysis.  

The microgravimetric measurements were used to evaluate the amount of adsorbed toluene and n-

hexane at different specific pressures, whereas the optical absorbance of the specific band could be 

estimated through FTIR spectroscopy. 

The coupling of the obtained data allowed to apply the Beer–Lambert law for the determination of 

the molar absorption coefficients (ε) of selected IR bands that are formed after adsorption of toluene 

and n-hexane singularly on the two microporous systems.  

Notably, the experimental data indicated that the molecule experienced a different adsorption 

environment inside the solids; thus, resulting in very different values of the molar absorption 

coefficient of n-hexane and toluene adsorbed. 

Indeed, the ε1380 of n-hexane values is 0.278±0.018 cm μmol-1 for HSZ-Y and 0.491±0.032 cm μmol-

1 for ZSM-5. The difference on the calculated values means that the pore architecture property of the 

HSZ-Y and ZSM-5 zeolites affects the dipole moment of the adsorbed molecules. 

These experimental data of n-hexane adsorbed microporous were also supported by computational 

modelling, which confirmed the effect of the different matrices on the IR absorption intensity. 

Moreover, as observed in the case of n-hexane, the limited space of microporous solids also influences 

on the dipole moment of the adsorbed toluene, resulting different values of ε1605 and ε1380 of toluene: 

0.224 ± 0.017 and 0.130 ± 0.009 cm μmol-1 for HSZ-Y whereas 0.378 ± 0.030 and 0.219 ± 0.019 cm 

μmol-1 for ZSM-5, respectively. Nevertheless, the established molar absorption coefficients for 

adsorbed toluene and n-hexane can be safely used for the quantitative determination of these 

molecules when they are adsorbed in a mixture of contaminants on similar supports; thus, providing 

a basis for environmentally relevant issues. 

 

The values of the ε1605 and ε1380 of the gaseous phase of toluene and the value of ε1380 of the gaseous 

phase of n-hexane were also determined, in order to compare them with those when molecules are 

adsorbed. The value of ε1380 of the gaseous phase of n-hexane is 0.165 ± 0.005 cm μmol-1 which was 
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lower with respect to the calculated coefficients of n-hexane adsorbed on both zeolites, especially 

much lower than that calculated on ZSM-5. This behavior indicated that the interactions of n-hexane 

on ZSM-5 are greater than those on HSZ-Y zeolite. 

Besides, the ε1605 and ε1380 of the gaseous phase of toluene are 0.217 ± 0.012 and 0.041 ± 0.003 cm 

µmmol-1, respectively. These values are slightly similar to the calculated coefficients of toluene 

adsorbed on HSZ-Y, this suggested the dipole moment of the adsorbed toluene (at low pressures) is 

not influenced by the HSZ-Y cages and the interactions of toluene on HSZ-Y are fairly weak 

interactions (van der Waals contributions). Whereas the values of ε1605 and ε1380 of the gaseous phase 

of toluene are lower than those calculated of toluene adsorbed on ZSM-5, this suggests that at low 

coverages of toluene, the dipole moment of the adsorbed toluene is influenced by the limited space 

of ZSM-5 channels. 
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Chapter V 

Silica-based Materials as Adsorbents for  

Groundwater Depollution 
 

5.1 Introduction 

 

Part of the research activities carried out during this Ph.D. work was focused to the study of the 

adsorption capacity of mesoporous silicas materials for groundwater depollution.  

Special attention was devoted to mesoporous silica with different porosity, in particular two types of 

mesoporous silicas with irregular porosity (one from commercial origin the other one prepared in 

laboratory) and two ordered mesoporous silica with ordered arrays of pores. 

Commercial FUMED silica, amorphous mesoporous silicas (AMSs) belonging to MSA family and 

two ordered mesoporous silicas (SBA-15 and MCM-41) were selected and characterized to be tested 

as sorbents for toluene adsorption (see Figure 5.1). Preliminary studies of n-hexane adsorption on the 

same supports have shown that this molecule is not significantly adsorbed on these materials.  

 
 Figure 5.1: Solids investigated for the adsorption of toluene  
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Amorphous mesoporous silica (AMS) belonging to the mesoporous silica aluminas materials (MSA) 

family have been prepared by Eni S.p.A. Indeed, researchers from Eni S.p.A have successfully 

developed these amorphous mesoporous silicas whose interesting features can be exploited for 

adsorption purposes.[1,2]  

 

The selected silica samples have been studied through different experimental techniques such as N2 

adsorption, TGA, FTIR and SS-NMR spectroscopy in order to determine their physico-chemical 

properties. The capacity of toluene adsorption of these solid, together with the type and strength of 

the host-guest interactions between the molecules and the silica surface, has been studied by FTIR 

and volumetric analysis. 

In particular,  toluene adsorption volumetric analyses have been performed during a period of 

internship at the laboratories of the Department of Environmental and Chemical Engineering at the 

University of Calabria in Italy under the supervision of Prof. Giovanni Golemme.  

 

Another aspect that was considered is the hydrothermal stability which is an important concern for 

researchers. This aspect is important because adsorbents are normally soaked in water during the 

adsorption of pollutants and in most cases thermal regeneration is required. For this, during my Ph.D. 

work, particular attention was given to the determination of the hydrothermal stability of the AMSs 

samples, since these kinds of materials are considered innovative with good performance for 

hydrocarbons removals.[3] 

 

The hydrothermal stability of the samples was studied by means of different experimental techniques 

and the overall toluene sorption capacity of hydrothermally treated mesoporous silicas was then tested 

and compared with those of fresh samples. 

 

5.2 Amorphous silicas with non regular porosity 

 

5.2.1 Fumed silica 

 

Fumed silica is normally obtained by using a pyrolysis method in which SiCl4 reacts with O2 in a 

flame, and the SiO2 seed grows in size or aggregates. Indeed, the morphology of the flame made silica 

nanoparticles in the aerosol consist of agglomerates, aggregates, and primary particles which  

determine the specific surface area(SSA).[4] The SSA of Fumed can be varied over a large range 

between 50–500 m2 g-1 depending on the synthesis conditions as the temperature in the flame, the 
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flame length, the flow turbulence and velocity and the ratio of reactants.[5] Aggregations are formed 

when the primary particles form larger, tightly bound tenth micrometer aggregates from which flake-

like tertiary structures (agglomerates) arise on cooling. (5 to 30 nm, e.g. FUMED Aerosil).[6,7] 

Fumed Aerosil 380 used in this work is from commercial origin (purchased from Evonik Industries, 

CAS Number 112945-52-5). 

 

5.2.1.1 Physico-chemical characterization of fumed silica  

 

FUMED Aerosil 380 has been studied using a multidisciplinary approach including scanning electron 

microscope (SEM), N2 physisorption at liquid nitrogen temperature (77K) in the pressure range of 

1.00 × 10−4 mbar to 1009 mbar (1 mbar = 100 Pa) using an Autosorb-1-MP (Quantachrome 

Instruments), FTIR spectroscopy and thermogravimetric analysis.  

 

The morphology of FUMED Aerosil 380 was investigated by using scanning electron microscopy 

(SEM) and its images are reported in Figure 5.2. 

 

Figure 5.2: SEM micrographs of FUMED silica sample. 

 

The SEM images of FUMED silica showed particles (see Fig. 5.2A) which dimensions vary from at 

8–10 nm and agglomerates (see Fig. 5.2A) of larger diameters between 7-11 μm.  

 

 

 

 

A B 



102 
 

Specific surface area and pore size distribution of FUMED silica sample was determined by N2 

adsorption-desorption isotherms at 77K. 

Prior to the adsorption, the sample was outgassed for 2 h at 80°C, 1 h at 140°C, 1 h at 180°C and 

finally at 10 h at 220°C under high-vacuum conditions (final pressure 7 × 10−4 mbar).  

The specific area of the samples was determined by the Brunauer−Emmett−Teller (BET) equation in 

the range 0.1-0.25 p/p0 of relative pressure. The pore size distribution was calculated by applying the 

cylindrical pore NLDFT kernel in the desorption branch isotherms. 

 

In Figure 5.3 A,B the isotherm and pore size distribution of FUMED  silica is reported. 

 

Figure 5.3: N2 adsorption/desorption isotherms at 77K °C (A) and relative pore size distribution (B) of 

FUMED sample. 

FUMED silica isotherm (Figure 5.3A) is of Type II following the IUPAC classification and present 

a hysteresis loop of H3 type. [5,8]  The narrow hysteresis loop suggests the presence of two kind of 

aggregation (i.e., primary particles and smaller secondary particles).[5]  In fact, at low pressures of 

p/p0 is possible to notice the completion of monolayer coverage, due the presence of porosity with 

small diameter given by aggregation of plate-like particles.[9] 

 

The textural properties of FUMED is reported in Table 5.1. 

Table 5.1: Main Textural Properties of FUMED silica sample 

 

 

 
aBrunauer−Emmet−Teller (BET) specific surface area (SSA); bTotal pore volume by NLDFT method; cVolume of 

mesopores NLDFT method. 
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From table 5.1, it can be derived that FUMED silica has a SSA of 412 m2 g-1 with a total pore volume 

of 1.47 cm3 g-1. The sample presents a heterogenous pore size distribution (Figure 5.3B) with pores 

in the range from 20 to 300 Å and mesopores fraction of 0.57 cm3 g-1. 

 

For the sake of brevity, a short overview of the chemical composition (types of silanols species) of 

silica-based material is given in the Appendix I. 

 

Surface properties of FUMED sample was studied by IR spectroscopy (Figure 5.4). The spectrum of 

FUMED was recorded after dehydration under vacuum at beam temperature (b.t.) for 30 minutes in 

order to remove water molecules from the samples surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: FTIR spectrum of amorphous mesoporous silica samples FUMED. The spectrum was recorded 

after outgassing the samples for 30 minutes at beam temperature (b.t.). 

 

The IR spectrum of FUMED sample presents an evident narrow peak at ca. 3745 cm-1 that can be 

assigned to isolated silanols and a broad absorption extending from 3720-3200 cm-1 with a maximum 

around at 3520 cm-1 that corresponds to hydrogen-bonded silanols.[10,11] 

Thermogravimetric analysis was also performed in order to quantify the amount of surface silanols, 

by considering the weight loss within the range 150−1100 °C and by following the equation given in 

Appendix II. The weight loss in the range 150-1000 °C of FUMED sample due to the condensation 

of silanols was approximately 1.82 wt%. From this, and the data of Table 5.1, the amount of silanol 

species of fumed silicas is normalized to 3.08 OH/nm2.  
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5.2.1.2 Toluene adsorption on FUMED silica  

 

To investigate the interactions occurring between toluene and silica samples surface, IR spectroscopy 

analysis and volumetric measurements were performed.  

 

The IR spectra collected after the adsorption of 30 mbar of toluene, and subsequent gradual decrease 

of pressure on FUMED silica are reported in Figure 5.5 together with the volumetric isotherms of 

toluene adsorbed on the same sample.  

 
Figure 5.5: A FTIR spectra of toluene adsorbed at r.t. on FUMED sample. Spectrum a was recorded after 

outgassing the sample for 30 minutes at beam temperature (b.t.) before toluene adsorption; the spectra from g 

to b were collected during the progressive outgassing of toluene (30-0.1 mbar). B: Toluene volumetric 

adsorption (empty symbols) and desorption (full symbols) isotherms obtained at 35 °C on FUMED sample. 

Before the volumetric analysis, FUMED silica sample was outgassed in vacuum conditions at 220 °C for 12 

h. 

 

The IR adsorption experiments were carried out starting from high toluene pressure, however, for the 

sake of clarity, in the following text the IR spectra are described starting from low toluene pressure 

to high loading. It is evident from Figure 5.5A that the adsorption of small toluene doses from 0.1 to 

4 mbar on FUMED (Figure 5.5A, curves b-e) led to the partial disappearance of the band related to 

isolated SiOH species at 3745 cm−1 and to the consequent formation of a band at ca. 3594 cm−1.  

This behavior has been already observed in the case of toluene adsorption on dealuminated 

zeolites[12]: the band at 3594 cm−1 is due to the interaction of isolated silanols present on the silica 

surface with the aromatic ring of the toluene molecules (i.e., O−H···π interactions), the associated 

ΔυOH being ca. 150 cm-1. The IR spectra of FUMED upon contact with toluene also show a broad 
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band with a maximum at ca. 3400 cm-1, more evident at pressure higher than 15 mbar. This band is 

probable due to the interactions of toluene with the hydrogen-bonded silanol species present on the 

surface of FUMED.[12]  

 

Upon toluene admission, several absorptions are formed: the bands at 3085, 3060 and 3030 cm-1 are 

related to C-H stretching modes of the toluene aromatic ring, whereas the signals at 2922 and 2871 

cm-1 can be assigned to C-H stretching modes of the toluene methyl groups. The sharp signal at 1605 

cm-1 is due to the quadrant stretching mode of the mono-substituted ring C=C bond whereas the band 

at 1495 cm-1 is associated to the semicircular stretching vibration of mono-substituted aromatic ring. 

Finally, the bands at 1460 and 1380 cm-1 correspond to the out-of-phase and in-phase deformations 

of the methyl group.[12,13] 

Increasing the toluene amount (till 30mbar, Figure 5.5, curve g), it is also possible to observe a slight 

increase of the intensity of the bands related to the toluene molecules. This indicates that the 

adsorption is likely driven by van der Waals interactions between the silica walls and the toluene 

molecules (host-guest interactions) and among toluene molecules (guest-guest interactions).  

 

The toluene volumetric adsorption/desorption isotherms (Figure 5.5B) were obtained at 35 °C and at 

standard temperature pressure (STP) on FUMED silica samples. Prior the adsorption, the samples 

were outgassed for 30 min at 50 °C, 30 min at 80 °C, 2h at 120°C, 2 h at 150 °C and finally at 12 h 

at 220 °C under high vacuum conditions (final pressure 7 × 10−4 mbar).  

The volumetric isotherm of  FUMED silica (Figure 5.5B) present a narrow hysteresis loop at high 

toluene pressure related to condensation in porosities given by the aggregation of the particles.  

Three regimes can be observed on the isotherm (Figure 5.5B). The isotherm is indeed steep till 2 

mbar and then the slope decreases up to ca.35 mbar when the slop increases again. The isotherms 

curves do not reach a plateau, thus suggesting that the pore saturation does not occur.  

The uptake at 2 mbar is ca. 5 Q% (where Q represents the ratio between the amount adsorbed toluene 

(in mg) respect to 100 mg of solid sample). In the second regime of adsorption (between 2 and 35 

mbar) the toluene uptake increases till 24 Q%. The third regimen at higher pressures of 35 mbar 

where the maximum of uptake is 71 Q%. This behaviour could be associated with the filling of 

heterogeneous porosity between 20-300 Å given by aggregation of plate-like particles (see pore size 

distribution on Figure 5.3B).[9] 
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5.2.2 MSA-type silicas 

 

In this Ph.D. work, two amorphous mesoporous silica (hereafter AMS) materials belonging to the 

amorphous mesoporous silica aluminas materials (named MSA) were selected as adsorbents for 

toluene adsorptions. The two samples were prepared by modifying the synthesis method of 

amorphous mesoporous silica-aluminas (MSA).[14] 

 

5.2.2.1 Preparation and physico-chemical characterization of amorphous mesoporous silicas 

(AMS) 

 

The AMS materials were synthesized by[2,15] using Si(OC2H5)4 (TEOS, Dynasil-A, Nobel), 

tetrapropylammonium hydroxide (TPAOH, Sachem), 1-propanol (Sigma-Aldrich), via sol–gel 

synthesis in alkali-free medium, involving alkoxide hydrolysis and condensation, catalyzed by a 

proper basic organic gelling agent (TPAOH). 

In a solution containing 280 g of 11.16 wt% TPAOH and 415.4 g of 1-propanol, a second solution of 

360 g of TEOS and 415.4 g of 1-propanol was added at room temperature to get the molar gel 

composition of 1 TEOS:0.09 TPAOH:8 1-propanol :8 H2O. 

A monophasic clear solution was obtained then transformed in homogeneous opalescent gel without 

separation of phases. After 15 h of aging, the gel was dried under vacuum at 80°C for 24h, then in air 

at 120 °C for 48h. 

Half of the gel was directly calcined at 550°C for 8 h. This first obtained material was named AMS-

LSA due to its lower specific surface area (see below) whereas the rest of the gel was submitted to a 

further treatment in a boiling ethanol (1000 mL) for 2 h followed by room temperature water washing. 

The treatment was repeated twice, then the sample was calcined at 550°C for 8 h. This material 

showed higher specific surface area (see below) and was named AMS-HSA.  

 

The two AMSs (AMS-HSA and AMS-LSA) have been studied using a multidisciplinary approach 

including scanning electron microscope (SEM), FTIR spectroscopy, solid state NMR, 

thermogravimetric analysis and nitrogen physisorption at 77K.  

 

The morphology of AMS-HSA was investigated by using scanning electron microscopy (SEM) and 

its images are reported in Figure 5.6. 
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Figure 5.6: SEM micrographs of AMS-HSA silica sample. 

 

The SEM images of AMS-HSA (Fig. 5.6A and B) showed polygonal particles with micrometric size 

with particle size between of 7-17 μm. 

 

The specific surface area (SSA) of AMS samples were measured by means of N2 adsorption-

desorption isotherms at 77K to obtain information about textural properties. 

Prior to adsorption, the samples were outgassed for 2 h at 80°C, 1 h at 140°C, 1 h at 180°C and finally 

at 10 h at 220°C under high-vacuum conditions (final pressure 7 × 10−4 mbar). In Figure 5.5 A,B are 

reported the isotherm and pore size distribution of both AMS samples. 

 

 

 

Figure 5.7: N2 adsorption/desorption isotherms at 77K °C (A) and relative pore size distribution (B) of AMS-

HSA (a) and AMS-LSA (b). 
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The N2 adsorption isotherms of both porous materials (Figure 5.7A, curves a and b) are of type IVa 

following the IUPAC classification, thus indicating the presence of mesopores[8] 

The hysteresis loops are formed in the range 0.72-0.94 p/p0 and can be classified as H2(b) types, 

following the extended IUPAC Technical Report of 2015, thus suggesting that adsorbents have large 

neck pores mainly generated by aggregation between the silica particles.[8,16] At relative pressure 

below 0.72 p/p0 in the desorption branch, the hysteresis is not completely closed (more evident for 

AMS-LSA sample): this behaviour suggests the presence of a fraction of small mesopores. Indeed, 

as evidenced by pore size distribution (Figure 5.7B), the samples have a heterogeneous pore size 

distribution between 30 to 200 Å. Moreover, a significant decrease of the volume for pores ranging 

from 50 to 150 Å is visible for the AMS-LSA sample (Figure 5.7B). 

 

The textural properties of the AMS samples are reported in Table 5.2, where they are compared with 

those of FUMED silica. The AMS-HSA sample has higher specific surface area (SSA) and total pore 

volume than the AMS-LSA and FUMED samples. 

 

Table 5.2: Main Textural Properties of AMS-LSA and AMS-HSA samples 

Sample SSABETa  
 [m2g-1] 

VTb  
[cm3 g−1] 

V<50 Åc  

[cm3 g−1] 
V 50-300 Åd  

[cm3 g−1] 

AMS-HSA 870 1.66 0.12 1.48 

AMS-LSA 496 0.99 0.08 0.85 

FUMED 412 1.47 0.10 0.49 
aBrunauer–Emmet–Teller (BET) specific surface area (SSA); bTotal pore volume (VT) by NLDFT method; cVolume of 

meso-pores <50 Å and dbetween 50 and 300 Å.  

 

The surface properties of AMS samples were studied by FTIR spectroscopy. The spectra reported in 

Figure 5.8 were recorded after dehydration under vacuum at beam temperature (b.t.) for 30 minutes 

in order to remove water molecules eventually adsorbed on the samples surface.   
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Figure 5.8: FTIR spectra of AMS -HSA (curve a) and AMS -LSA (curve b) samples. Spectra were recorded 

after outgassing the samples for 30 minutes at beam temperature (b.t.) 

 

The spectra of both AMS samples (Figure 5.8) present an evident peak at ca. 3745 cm-1 that can be 

assigned to isolated silanols, and a broad absorption extending from 3720 to 3200 cm-1 that 

corresponds to H-bonded silanols.[10,11] Interestingly, in the AMS-LSA sample (Fig. 5.8, curve b) the 

peak at 3745 cm-1 is less intense than for the AMS-HSA sample (Fig. 5.8, curve a), thus suggesting 

the presence of a lower amount of isolated SiOH species.  

 

The concentration of silanol species in both samples was also determined by thermogravimetric 

analysis (TGA) and by following the equation given in Appendix II. The weight loss in the 150-1000 

°C range, due to the condensation of silanols, which are approximately 2.06 and 2.64% for AMS-

LSA and AMS-HSA, respectively.  From these data, and the data of Table 5.2, the amount of silanol 

species normalized for the SSA corresponds to 2.97 and 2.17 OH/nm2 for AMS-LSA and AMS-HSA 

samples, respectively. 

 

5.2.2.2 Monitoring the hydrothermal stability of AMS samples  

 

To study the hydrothermal stability of the AMS samples, two aliquots of the solids (100 mg) were 

suspended in 10 mL of Milli-Q ultrapure water and heated at 50°C for 8 and 36h, respectively. After 

that, samples were recovered by filtration and then dried at 60°C for 24 h. Samples recovered after 
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8h were named AMS-LSA-8H and AMS-HSA-8H, whereas the samples left 36 hours were coded 

AMS-LSA-36H and AMS-HSA-36H, respectively. 

In this paragraph, the hydrothermal stability of the AMS samples and the possible modifications 

occurring to the samples after different contact times with warm water (50°C) have been studied by 

means of different experimental techniques (i.e. N2 physisorption at 77K, FTIR, solid state NMR and 

TGA analysis).  

 

Specific surface area (SSA) and pore size distribution of the treated materials are reported in Figure 

5.9. 

 

 

 

 

Figure 5.9: N2 adsorption/desorption isotherms at 77K (A and B) and pore size distribution (A’ and B’) of 

AMS-HSA (A and A’) and AMS-LSA (B and B’) samples before (curves a, a’) and after hydrothermal 

treatment at 50°C for 8 h (curves b, b’) and 36 h (curves c, c’) at 50°C. 
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As a general feature, for both samples the hydrothermal treatment does not substantially modify the 

shape of the isotherms even if a progressive decrease in the total N2 adsorbed volume can be observed 

increasing the time of treatment. This is especially evident for AMS-HSA sample (Figure 5.9A). The 

overall textural properties of the AMS-HSA sample treated in water at 50°C are progressively 

modified with respect to the pristine sample: i) after 8 h the SSA decreases from 870 to 612 m2 g-1, 

and reaches the value of 409 m2 g-1 after 36 h; ii) the family of pores ranging from 100 to 200 Å, 

along with the small pores of ca. 30 Å, disappeared just after 8h treatment (Figure 5.9 A’, b’). The 

modifications of the textural properties of this sample are probably associated to a partial dissolution-

recondensation process leading to a pore deformation and then a pore clogging.[17] It was indeed 

proposed that during the siloxane hydrolysis a Si-O-Si bond is broken with the formation of two 

silanol groups, and that this reaction accelerates upon formation of silanol groups because of their 

interaction with water molecules and hydroxyl groups.  

Textural modifications also occur for AMS-LSA sample after treatment under hydrothermal 

conditions (Figure 5.9B and B’). Nevertheless, this sample appeared less sensible to water treatment 

with respect to the AMS-HSA.  

After 8h treatment, SSA of the AMS-LSA sample decreases from 496 to 403 m2 g-1 this is due to a 

slight reduction of pores volume that passes from 0.99 to 0.92 cm3 g−1 because of the disappearance 

of the smallest pores between 20 to 40 Å.  The SSA of the sample becomes of 358 m2 g-1 with a 

further reduction of pore volume to 0.75 cm3 g−1 after 36 h of treatment under hydrothermal 

conditions. As a result of the gradual collapse and partial dissolution of the AMS-LSA pore walls a 

limited reduction of the pores between 80 to 200 Å is observed after 36 h. The textural properties of 

the AMS samples hydrothermally treated are reported in Table 5.3. 

 

Table 5.3: Main Textural Properties of AMS-LSA and AMS-HSA before and after hydrothermal treatment for 

8 h and 36 h at 50°C 

Sample 
 

SSABETa 

[m2g-1] 

VTb 

[cm3 g−1] 

V<50 Åc 

[cm3 g−1] 

V 50-300 Åd 

[cm3 g−1] 
AMS-LSA 496 0.99 0.08 0.89 

AMS-LSA-8h 403 0.92 0.04 0.87 
AMS-LSA-36h 358 0.75 0.04 0.67 

     
AMS-HSA 870 1.66 0.12 1.51 

AMS-HSA-8h 612 0.95 0.11 0.82 
AMS-HSA-36h 409 0.80 0.04 0.75 

aBrunauer–Emmet–Teller (BET) specific surface area (SSA); bTotal pore volume (VT) by NLDFT method; cVolume of 

meso-pores <50 Å and dbetween 50 and 300 Å. 
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The modification of the silica surface as a consequence of the hydrothermal treatments was also 

followed by IR spectroscopy and analysis are reported in Figure 5.10. 

 

 

 

  

 

 

 

 

 

 

 

Figure 5.10: IR spectra of samples of AMS-LSA (A) and AMS-HSA (B). Curves a are related to fresh 

samples, curves b are associated with samples treated for 8 h and finally curves c indicates samples treated 

for 36 h, respectively. 

 

The hydrothermal treatment leads to a modification of bands related to surface SiOH sites: for both 

samples a reduction of the band due to isolated silanols is visible together with a modification of the 

large band due to H-bonded species. This is another indication of the occurrence of a partial 

hydrolysis of weak Si-O-Si siloxanes, especially evident for AMS-HSA sample.[11,18] The 

modification of the -SiOH concentration after hydrothermal treatments was determined by 
thermogravimetric analysis (Table 5.4) and by using the equation given in Appendix II. 

The increasing amount of -OH groups per nm2 is an indication of the progressive hydrolysis reactions 

on the AMS silica surface. After 8h of treatment, silanol species of the AMS-LSA sample increase 

from 2.97 to 5.62 OH/nm2 and prolonging the time of treatment to 36 h, a further increasing to 7.49 

OH/nm2 was found. An even more extended hydroxylation was observed for AMS-HSA sample that 

after 36 h of contact with water shows an increase of the silanols density from 2.17 to 9.46 OH/nm2. 
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Table 5.4: Amount of SiOH species of AMS-LSA and AMS-HSA before and after hydrothermal treatment for 

8 h and 36 h at 50°C. 

Sample 
n° OH / nm2 

as-prepared 
samples 

8h hydrothermal 
treatment 

36h hydrothermal 
treatment 

AMS-LSA 2.97 5.62 7.49 

AMS-HSA 2.17 5.64 9.46 

 

The modification of the silica surface as a consequence of the hydrothermal treatments was also 

followed by solid state NMR spectroscopy (ss-NMR). The SS-NMR spectra were acquired by using 

a Bruker Avance III 500 spectrometer with a wide-bore 11.7 T magnet with operational frequencies 

for 1H and 29Si of 500.13 and 99.35 MHz, respectively. A 4 mm triple-resonance probe with magic-

angle spinning (MAS) was employed in all experiments. The samples were packed on a zirconia rotor 

and spun at a MAS rate between 10 kHz. Quantitative 29Si MAS NMR data were recorded under 1H 

decoupling conditions with the radio-frequency field of 42 kHz for π/2 pulse. The relaxation delay 

between accumulations was one minute. All chemical shifts are reported on the δ scale and were 

externally referenced to tetramethylsilane (TMS) at 0 ppm. All NMR spectra were fitted with DMFIT 

functions for quantitative deconvolution of overlapping peaks. 

29Si MAS NMR spectra of AMS-HSA and AMS-LSA before and after hydrothermal treatment, are 

shown in Figure 5.11. 29Si population distributions were derived by deconvoluting the MAS NMR 

spectrum.[19] 
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Figure 5.11: 29Si MAS NMR spectra, recorded at a MAS rate of 10 kHz, of pristine AMS-HSA and AMS-

LSA before (a, c) and after hydrothermal treatment at 50°C for 36 h (b, d), respectively. Each curve includes 

experimental and corresponding deconvoluted spectra with individual contribution from each type of 29Si 

site. 

 

The spectra of samples contain three broad peaks located at ca. -110, -101 and -91 ppm, 

corresponding to Q4, Q3 and Q2 Si sites, respectively. Such broad 29Si NMR resonances are an 

indication of the amorphous nature of the AMS materials. The 29Si MAS NMR spectra of AMS-HSA 

(Figure 5.11, curve a) and AMS-LSA (Figure. 5.11, curve c) also show some differences. The 

(Q3+Q2)/Q4 intensity ratios were 0.47 and 0.41 for AMS-HSA and AMS-LSA, respectively, 

reminiscent of a higher surface to bulk ratio for former sample. Furthermore, the textural 

modifications of samples under hydrothermal treatment were also monitored by 29Si MAS NMR 

spectroscopy.  

Spectra of powdered samples hydrothermally treated at 50°C for 36 hours are shown in Figure 5.11 

curve b (AMS-HSA) and Figure 5.11 curve d (AMS-LSA). An overall improvement in the spectral 

resolution of samples treated hydrothermally was clearly evident. In addition, the new (Q3+Q2)/Q4 

intensity ratios were 0.61 and 0.49 for AMS-HSA and AMS-LSA, respectively. The significant 

increase in the (Q3+Q2)/Q4 ratios, compared to pristine samples, specifies further the hydrolysis of 

the Q4 units during hydrothermal treatment. Moreover, the difference in the values, between before 
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and after hydrothermal treatment, in two samples suggests that AMS-LSA is less susceptible to 

hydrothermal treatment.  

In summary, the solid-state 29Si MAS NMR studies demonstrated that the degree of hydrolysis under 

hydrothermal conditions is different for AMS-HSA and AMS-LSA. Therefore, there seems to be a 

correlation between the pore architecture/pore-wall thickness and the hydrothermal stability of AMS 

materials. Furthermore, the differences in the hydrothermal stability between samples are a very likely 

result of highly condensed silica produced upon extensive pre-treatment of synthesis gel prior to 

calcination (AMS-LSA). 

 

5.2.2.3 Toluene adsorption on AMS samples 

 

In order to investigate the interactions occurring between toluene and the surface of AMS samples IR 

spectroscopy and microgravimetric analysis were used (Figure 5.12 A, B). 

 

 

Figure 5.12: A: FTIR of toluene adsorbed at rt on AMS-HSA. Spectrum a was recorded after outgassing the 

sample for 30 minutes at beam temperature (b.t.) before toluene adsorption; the spectra from l to b were 

during the progressive outgassing of toluene (30-0.1 mbar). B: Toluene gravimetric adsorption (−ο−) and 

desorption (−▪−) isotherms obtained at 35 °C on AMS-HSA sample. 

 

The IR spectra collected upon admission of 30 mbar of toluene, and subsequent gradual decrease of 

toluene pressure on AMS-HSA sample are reported in Figure 5.12A.  

As in the case of the amorphous FUMED silica, the admission of small doses of toluene from 0.1 to 

9 mbar (Figure 5.12, curves b-e) on AMS-HSA sample results in a progressive disappearance of the 

band related to isolated silanol species at ca. 3745 cm-1 and to the formation of an intense band at 
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3595 cm-1 likely due to O-H···π interactions between silanol species and toluene molecules, the 

associated ΔυOH being ca. 150 cm-1. The IR spectra of AMS-HSA upon contact with toluene also 

show a broad band with a maximum at ca. 3400 cm-1 (more evident at pressure higher than 9 mbar), 

which is associated to the interactions of toluene with the hydrogen-bonded silanol species present 

on the surface of AMS-HSA.[12] 

Also, the bands of the characteristics modes of absorption of toluene are present, in particular, bands 

at 3028 cm−1 related to C−H stretching mode of the toluene aromatic ring, the signals at 2923 and 

2870 cm−1 assigned to C−H stretching modes of the toluene methyl groups, the band at 1605 cm−1 

associated to the quadrant stretching mode of the monosubstituted ring C=C and the bands at 1460 

and 1378 cm-1 correspond to the out-of-phase and in-phase deformations of the toluene methyl group. 

The admission of toluene pressure higher than 9 mbar leads to a slight increase of the intensity of the 

bands due to toluene molecules and this indicates that the adsorption is likely driven by van der Waals 

interactions between the silica walls and the toluene molecules (host-guest interactions) and among 

toluene molecules (guest-guest interactions).  

Microgravimetric analysis was also performed in order to determine the sorption capacity of AMS-

HSA silica and its affinity with the pollutant (Figure 5.12B).  

Two regimes can be observed on the gravimetric isotherm of toluene adsorbed on the sample AMS-

HSA (Figure 5.12B). The isotherm is indeed steep at pressures lower than 3 mbar, then the slope 

decreases but does not reach a plateau, thus suggesting that the pore saturation does not occur.  

The higher affinity observed at pressure below 3 mbar is likely due to the interaction of toluene with 

surface silanols of AMS sample. At high absolute pressure (27 mbar) the overall toluene uptake is ca. 

35 Q% (where Q represents the ratio between the amount adsorbed toluene (in mg) respect to 100 mg 

of solid sample). This value is higher than those observed for microporous systems like HSZ-Y and 

ZSM-5 zeolites that at the same pressure adsorb ca. 22 and 8.8 Q% of toluene, respectively.[12] 

 

Similar IR experiments were carried out for AMS-LSA. In Figure 5.13A, selected IR spectra of 

toluene adsorbed on both AMS samples are reported. 
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Figure 5.13: Comparison between IR spectra of toluene adsorption on both AMS samples: Spectra of AMS-

HSA (curve a) and AMS-LSA (curve b) samples; both samples were outgassed at r.t. for 1 h before the 

adsorption experiments and spectra after dosage of toluene on both supports at pressure of 1 mbar (curves a’  

and b’); 5 mbar (curves a’’ and b’’) and 15 mbar (curves a’’’ and c’’’). 

 

As can be observed from the comparison of the IR spectra (Figure 5.13), the adsorption of toluene 

lead to the formation of the same bands for both the supports.  Nevertheless, the intensity of the bands 

are different thus suggesting that AMS-LSA sample is able to retain a lower amount of toluene with 

respect to AMS-HSA.  

 

Optical adsorption isotherms of toluene adsorbed on the AMS-LSA sample were derived from FTIR 

data of the adsorbed molecule. Specifically, the spectroscopic data related to the adsorption of 

pollutant on AMS-LSA at controlled pressures have been used to quantify the toluene uptake. The 

estimation of concentration of toluene on AMS-LSA was calculated using the molar absorption 

coefficient (ε) of the 1605 cm-1 band related to the C=C stretching mode of the toluene ring.  

The molar absorption coefficient (ε) of the band at 1605 of toluene adsorbed on AMS with high 

specific surface area (AMS-HSA) was determined by combining FTIR and microgravimetric data. 

 

The molar absorption coefficient of toluene adsorbed on AMS-HSA sample was determined 

following the same method related to the determination of the molar absorption coefficients of toluene 

and n-hexane adsorbed on different zeolites. In particular, it was obtained adapting the Beer-Lambert 

Law to adsorbent/substrate systems, described in the Chapter IV.  
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The average value of the molar absorption coefficient (ε) of the band at 1605 cm-1 of toluene adsorbed 

on AMS-HSA is 0.292 ± 0.059cm µmol-1. 

 

The concentration of adsorbed toluene (Ctoluene) on AMS-LSA defined as µmol g-1 was obtained by 

using the formula: 

           (5.1)    

 

where AAMS-LSA(1605) is the integral absorption of the IR band at 1605 cm-1 of toluene adsorbed on 

AMS-LSA, εAMS-HSA-toluene is the molar extinction coefficient [cm µmol-1] of toluene adsorbed on 

AMS-HSA, reported in Chapter VI and ρ [g cm-2] is the density of the pellet that represents the path 

length. The calculated optical isotherms of toluene adsorbed on AMS-LSA sample is reported in 

Figure 5.14 and compared with the gravimetric isotherm of toluene adsorbed on the sample AMS-

HSA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: Optical isotherm (uptake vs pressure) for toluene derived from IR band (1605 cm−1) formed 

upon adsorption as gaseous of toluene on AMS-LSA (curve a) and t oluene gravimetric adsorption (−ο−) and 

desorption (−▪−) isotherms obtained at 35 °C on AMS-HSA sample (curve b). 

 

Three regimes can be observed on the volumetric isotherm of toluene adsorbed on the sample AMS-

LSA (Figure 5.14, curve a). The rapid increase of toluene uptake until 1 mbar is mainly attributed to 

𝑪𝒕𝒐𝒍𝒖𝒆𝒏𝒆 =
𝑨𝑴𝑺𝑨−𝑳𝑺𝑨 (𝟏𝟔𝟎𝟓)

𝜺 𝑴𝑺𝑨−𝑯𝑺𝑨−𝒕𝒐𝒍𝒖𝒆𝒏𝒆  𝝆 
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the interaction of toluene with surface silanols of AMS-LSA which is characterized with a lower 

amount of isolated silanol species respect of the AMS-HSA sample (see IR part, Figure 5.6). 

The second regime of adsorption between 1 and 15 mbar where the slope decreases, and the uptake 

reaches 6 Q%.  The third regimen at higher pressures of 15 mbar where the maximum of uptake is 13 

Q% and this confirms that this sample is less able to retain the aromatic molecule with respect to the 

other sample AMS-HSA (Figure 5.14, curve b) which adsorbs 35 Q%.  

 

5.2.2.4 Toluene adsorption on AMS samples treated under hydrothermal conditions 

 

The same adsorption experiments were carried out on both AMS samples after hydrothermal 

treatments.  

In Figure 5.15A, selected IR spectra of toluene adsorbed on AMS-HSA samples before and after 

hydrothermal treatments are reported. In Figure 5.15B, microgravimetric analysis of the same sample 

treated in water for 36 h are compared to that collected on the untreated material. 

 

 

 

Figure 5.15: A: IR Spectra of AMS-HSA samples: before (curve a) and after hydrothermal treatment in water 

for 8 h, 36 h (curves b and c, respectively); all samples were outgassed at r.t. for 1 h before the adsorption 

experiments. Spectra after dosage of toluene at pressure of 1 mbar on the same supports (curves a’, b’ and 

c’); 5 mbar (curves a’’, b’’ and c’’) and 15 mbar (curves a’’’, b’’’ and c’’’) are also displayed. B: toluene 

gravimetric adsorption (−ο−) and desorption (−•−) isotherms at 35°C on AMS-HSA (curve a) and AMS-

HSA treated in water for 36 h (curve b). 

3450 3050 1600 1400

A

 

c'''

c

b'''

b

a'''

a

3030

1380

14953410

3602
3745

1605

Pmax

A
b

so
rb

an
ce

 [
a.

u
.]

Wavenumber [cm-1]

1.0

0 5 10 15 20 25 30
0

5

10

15

20

25

30

35

40

B

  

 

b

a
24 Q%

5.4

3 mbar

35 Q%

9.7

T
o

lu
en

e 
u

p
ta

ke
 [

Q
%

] 

Pressure [mbar]



120 
 

 

Upon toluene admission on the hydrothermally treated samples (Figure 5.15A), the same IR vibration 

already observed for the bare sample can be found (see above).  

From the intensity of the bands of toluene at low frequencies (bands at 1605 and 1380 cm-1) it is 

possible to notice that the AMS-HSA treated for 36 h shows a slight decrease of intensity respect to 

the untreated sample. Indeed, the microgravimetric analysis of toluene adsorbed on AMS-HSA before 

and after hydrothermal treatment for 36 h reported in Figure 5.15B, indicates a decrease of the 

capacity of toluene adsorption of 11 Q% after the hydrothermal treatment. This is probably associated 

to the loss of 53 % of the total pore volume, which passes from 1.66 to 0.8 cm3 g−1.  

 

In Figure 5.16A, selected IR spectra of toluene adsorbed on AMS-LSA samples before and after 

hydrothermal treatments are reported. Optical adsorption isotherms of toluene adsorbed on AMS-

LSA samples after hydrothermal treatments sample were also derived from gas adsorption followed 

by FTIR spectroscopy. The estimation of concentration of toluene on AMS-LSA after hydrothermal 

treatments were also calculated using ε of toluene of the 1605 cm-1 band on AMS-HSA and following 

the formula (5.1), see paragraph 5.2.2.3 and reported in Figure 5.16B. 

 

 

Figure 5.16: A: Spectra of AMS-LSA samples: before and after hydrothermal treatment in water for 8 h, for 

36 h and outgassed at r.t. for 1 h (curves a, b and c respectively); spectra collected after dosage of toluene at 

pressure of 1 mbar on the same supports (curves a’, b’ and c’); 5 mbar (curves a’’, b’’ and c’’) and 15 mbar 

(curves a’’’, b’’’ and c’’’). B: Optical isotherms (uptake vs pressure) for toluene derived from IR band (1605 

cm−1) formed upon adsorption as gaseous of toluene on AMS-LSA samples before (curve a) and after 

hydrothermal treatment at 50°C for 8 h (curve b) and 36 h (curves c). 
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From the Figure 5.16A, B; it is possible to notice that the sorption capacity of AMS-LSA sample 

appeared less sensitive to the hydrothermal treatment with respect to the other sample. Indeed, the 

optical isotherms reported in Figure 5.16 indicate that a slight modification occurs in the toluene 

uptake after hydrothermally treating the sample for 8 and 36h. This sample appeared then more stable 

to hydrothermal treatments than the AMS-HSA one. 

 

5.3 Monitoring the toluene adsorption capacities of ordered 

mesoporous silica  

 

Besides mesoporous silicas with non regular porosity, ordered mesoporous MCM-41 and SBA-15 

silicas were also tested as sorbent for toluene adsorption.  

For the sake of brevity, a short overview of the general characteristic and synthesis methods of MCM-

41 and SBA-15 ordered mesoporous silica is given in the Appendix I. 

 

5.3.1 MCM-41 and SBA-15 silica samples 

 

MCM-41 exhibits peculiar features such as highly ordered structure with regular hexagonal array 

(Figure 5.17A) of uniform pores with well-defined sizes with a diameter of ca. 30 Å (Figure 5.17B). 

The pore walls are constituted by amorphous silica and their thickness ranging between 10 and 20 Å. 

Furthermore, MCM-41 has high specific surface area (ca. 1000 m2/g) and narrow pore distribution 

centered at ca. 35-38 Å and these features allow high adsorption capacities.[20] 

 

 

 

 

 

 

Figure 5.17: Pore structure of the MCM-41 A: Hexagonal arranged of mesoporous and B: Pore and thickness 

dimensions of the MCM-41. Adapted from Ref.[17] 

 

SBA-15 silica exhibits a highly ordered structure, high specific surface area (about 600-1000 m2/g) 

and a large uniform pore size (47-300 Å).[21] 

A B 
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The porous structure of SBA-15 (Figure 5.18A) consists not only of large, uniform, and ordered 

channels (mesoporous channels) but also present smaller pores with  of diameter between 10-20 Å 

(microporosity) which connect the ordered channels[22] The presence of microporosity and the 

connectivity of the mesopores of silicas could have a significant impact on the potential applications 

of these materials.[22] 

 

 

 
 

 

 

 

Figure 5.18: Pore structure of the SBA-15 A: Types of channels and B: Pore and thickness dimensions of the 

SBA-15. Adapted from Ref.[17,23] 

Moreover, it is known that SBA-15 has better performance of thermal and hydrothermal stability 

compared to MCM-41. This due to the fact that SBA-15 has greater wall thickness ca 53 Å (Figure 

5.18B), respect to MCM-41 which has only ca 17 Å of wall thickness (see Figure 5.17B).[24,25] 

 

5.3.1.1 Preparation and physico-chemical characterization of ordered mesoporous silicas  

 

MCM-41 was from commercial origin (Sigma Aldrich, CAS Number. 7631-86-9) whereas 

mesoporous silica SBA-15 was prepared in our laboratories following the synthesis method reported 

by Zhao.[26] In detail, 4 g of P123 pluronic ((EO)20 (PO)70 (EO)20 MW=5800, Aldrich) were dissolved 

in 30 mL of ultrapure water under magnetic stirring for 24 h, then mixed with 120 mL of a 2 M (37 

wt%, Merck) HCl solution at 35 °C, the sol was stirred for 1 h at the same temperature. 8.5 g of 

tetraethoxysilane (TEOS 99 wt%, Sigma-Aldrich) were added, after the gel was placed under static 

conditions in a Teflon-lined autoclave at 100 °C for 24 h. The resulting white precipitate was filtered 

and washed using ultrapure water and dried for 24 h, finally the powder was calcined at 550 °C for 5 

h (heating rate of 1 °C/min). 

 

The morphology of MCM-41 (Fig.19A) and SBA-15 (Fig.19B)  silica samples was investigated by 

transmission electron microscopy (TEM) and their images are reported in Figure 5.2 

 

 

 

Mesoporous 
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Figure 5.19: TEM micrographs of commercial MCM -41 (A) and SBA-15 (B) samples. 

 

TEM analysis showed that commercial MCM-41 (Figure 5.19A)  is a porous material with particle 

size between 760-1320 nm and which ordered arrays of pores can be observed. Whereas TEM 

analysis of SBA-15 sample  (Figure 5.19A) showed that this sample have a round shape with a 

dimension of ca. 735 nm with a porous structure characterized by hexagonal pores of regular size, 

typical of 2D hexagonal mesostructures. 

 

Specific surface area and pore size distribution of the two ordered mesoporous silica have been 

determined by N2 adsorption isotherms at 77K and reported in Figure 5.20.  

 

 

Figure 5.20: A: N2 adsorption/desorption isotherms at 77K of MCM-41 and SBA-15 (curves a and b, 

respectively); B: pore size distribution of MCM-41 and SBA-15 (curves a’ and b’, respectively) 
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According to the IUPAC classification[8], the N2 adsorption isotherms of MCM-41 sample (Figure 

5.20A, curve a) is of type IV(b) which is typical of mesoporous silicas with order of hexagonal arrays. 

This also indicates the presence of conical and cylindrical mesopores with small pore width.[8,27] 

Moreover, MCM-41 exhibits a narrow hysteresis of type H4 formed in the 0.5–0.9 p/p0 range, that 

suggests the presence of a fraction of cylindrical mesopores.[28-30] Indeed, MCM-41 has a wide pore 

size distribution (see Figure 5.20B, curve a’) between 30-80 Å, with a maximum centered at 42 Å, 

the associated mesopores volume being 0.90 cm3 g-1. 

SBA-15 sample (Figure 5.20A, curve b) presents an isotherm of type IV(a). The hysteresis loop of 

SBA-15 has two-step capillary condensation formed in the range 0.5-0.8 p/p0, can be classified of 

type H1 and H2, which suggests the co-presence of cylindrical and cage-like pores.[31,32] At relative 

pressure below 0.5 p/p0 in the desorption branch, the hysteresis is not completely closed: this 

behaviour suggests the presence of a fraction of small mesopores.  

Indeed, this sample evidences two different family of pores (see Figure 5.20B, curve b’):  one 

heterogenous family from 20 to 65 Å with a mesopores fraction of 0.31 cm3 g-1 and one homogeneous 

family of pores between 65-100 Å with a maximum centered at 75 Å, with a related mesopores 

fraction of 0.55 cm3 g-1. 

 

The textural properties of MCM-41 and SBA-15 samples are reported in Table 5.5. 

Table 5.5: Main Textural features of MCM-41 and SBA-15 silica. 

Sample 
SSABETa 
[m2g-1] 

VTb 
[cm3g-1] 

Vmesopc 
[cm3g-1]  
30-80Å 

Vmesopc 
[cm3g-1]  
20-100Å 

Vmesopc 
[cm3g-1] 

20-65Å 65-100Å 
MCM-41 1103 1.31 0.90 0.95 0.83 0.12 
SBA-15 761 0.96 0.79 0.86 0.31 0.55 

aBrunauer−Emmet−Teller (BET) specific surface area (SSA); bTotal pore volume by NLDFT method; cVolume of 
mesopores NLDFT method. 

 

As reported in Table 5.5, the commercial MCM-41 sample has a specific surface area (SSA) of 1103 

m2 g-1 with a total pore volume 1.31 cm3 g-1. The presence of pores between 30-80 Å has a related 

mesopores fraction of 0.90 cm3 g-1. 
 

Whereas SBA-15 sample has a SSA of 761 m2 g-1 and a total pore volume of 0.96 cm3 g-1 associated 

to the two different family of pores between 20 to 65 and 65-100 Å with related mesopores fraction 

of 0.31 and 0.55 cm3 g-1, respectively. 



125 
 

Surface properties of both MCM-41 and SBA-15 were studied by IR spectroscopy (Figure 5.21). 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21: FTIR spectra of mesoporous silica materials MCM-41 (curve a) and SBA-15 (curve b). 

Spectrum of MCM-41 (curve a) was recorded after outgassing the samples for 30 minutes at beam 

temperature (b.t.). Spectrum of SBA-15 (curve a) was recorded after outgassing the sample at 150 °C for 1 h 

to reduce the heterogeneity of surface -OH sites.  

 

The spectra of both MCM-41 and SBA-15 samples (Fig. 5.21 curves a and b, respectively) present 

an evident narrow peak at ca. 3745 cm-1 that can be assigned to isolated silanols, and a broad 

absorption extending from 3720-3200 cm-1 with a maximum around at 3530 cm-1 that corresponds to 

hydrogen-bonded silanols.[10,11] 

In the MCM-41 sample, (Fig. 5.21, curve a), the peak at 3745 cm-1 appears less intense than for the 

SBA-15 (Fig. 5.21, curve b), thus suggesting that presence of a higher amount of isolated SiOH 

species on SBA-15.  

 

To determinate the amount of silanol groups of the samples, thermogravimetric analysis was 

performed. As in the previous case, the amount of silanol species were determined considering the 

weight loss in the 150-1000 °C range and following the equation given in Appendix II. the weight 

loss in the 150-1000 °C range is approximately 3.12 and 3.10 and 1.82 %, corresponding to 2.03 and 

3.09 OH/nm2 for MCM-41 and SBA-15, respectively.  
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5.3.2 Monitoring the toluene adsorption capacities of MCM-41 and SBA-15 

 

 In Figure 5.22, a comparison of selected IR spectra of toluene adsorbed on silica supports (SBA-15 

and MCM-41) is reported together with volumetric adsorption isotherms. 

  

 

Figure 5.22: A: Comparison between IR spectra of toluene adsorption on SBA-15 and MCM-41: IR Spectra 

of MCM-41(curve a) and SBA-15(curve b) samples; both samples were outgassed at r.t. for 1 h before the 

adsorption experiments and spectra after dosage of toluene on both supports at pressure of 1 mbar (curves a’ 

and b’); 5 mbar (curves a’’ and b’’) and 15 mbar (curves a’’’ and c’’’). B: Toluene volumetric adsorption 

(empty symbols) and desorption (full symbols) isotherms measured at 35 °C of Toluene on MCM-41 (a) and 

SBA-15(b). Before the volumetric analysis, samples were outgassed in vacuum conditions at 220 °C for 12h.  

 

The admission of small toluene doses on MCM-41 and SBA-15 (Figure 5.22A, curves a’ and b’) 

results in a progressive disappearance of the band related to isolated silanol species at 3745 cm-1 and 

to the formation of an intense band centered at 3600 cm-1 which is associated to π interactions between 

silanol species and toluene molecules. The IR spectra of both samples upon contact with toluene also 

show a broad band with a maximum at ca. 3400 cm-1, more evident at pressure higher than 15 mbar 

(Figure 5.22A, curves a’’’ and b’’’), and it is related to the interactions of toluene with the hydrogen-

bonded silanol species present on the surface of both samples. Moreover, upon toluene admission, all 

the bands related to the molecule vibrations (i.e., of both the aromatic ring and the methyl group) are 

also observed. 
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In addition, as can be observed from the comparison reported in Figure 5.22A, is possible to notice 

that the bands of toluene on MCM-41 and SBA-15 at these pressures have similar intensity.  

 

The toluene volumetric adsorption/desorption isotherms (Figure 5.22B) were obtained at 35 °C and 

at standard temperature pressure (STP) on both SBA-15 and MCM-41 by employing a volumetric 

analysis. Prior the adsorption, the samples were outgassed for 30 min at 50 °C, 30 min at 80 °C, 2h 

at 120°C, 2 h at 150 °C and finally at 12 h at 220 °C under high vacuum conditions (final pressure 7 

× 10−4 mbar).  

 

Different regimes can be observed by the analysis of the volumetric isotherms for both silicas.  

The volumetric isotherm of toluene adsorbed on MCM-41 (Figure 5.22B, curve a) present three 

regimes of adsorption and a two hysteresis loops formed in the range 9-25 and 25-40 mbar due to a 

capillary condensation of the toluene molecules inside the pores.  

The curve appears rapid till 9 mbar and then the slope increases up to ca. 15 mbar when gradually the 

adsorption curve tends to a first plateau at ca. 25 mbar. The rapid increase of toluene uptake until 9 

mbar is probably mainly due to the interaction of surface silanols of MCM-41 samples with toluene, 

and the corresponding uptake is ca. 20 Q%. The first plateau at 25 mbar which uptake is ca. 59 Q% 

is associated with the filling of the fraction of mesopores with diameter lower than 40 Å (see pore 

size distribution in Fig. 5.20B, curve a’).[28] At pressures higher than 25 mbar the slope increases 

again and then progressively the curve tends to a second plateau at ca. 27 mbar till 45 mbar where 

the overall toluene uptake is ca. 78 Q%, this third adsorption step is probably associated with the 

filling of the fraction of mesopores with dimensions between 40-80 Å.  

 

The volumetric isotherm of toluene adsorbed on SBA-15 (Figure 5.22B, curve b) present three 

regimes of adsorption and two hysteresis loops formed in the range between 9-25 and 25-40 mbar.  

The isotherm is steep till 1 mbar and the corresponding uptake is 7 Q%. The toluene uptake of SBA-

15 at 1 mbar is (+4 % higher) respect to MCM-41, this could be associated to the low amount of 

isolated silanol species (see IR part, Fig. 5.21) present on surface of MCM-41 respect to SBA-15, as 

also reported by thermogravimetric analysis where MCM-41 reported lower amount of -OH groups 

per nm2 (2.03 OH/nm2 ) respect to SBA-15 (3.09 OH/nm2). 

 

At higher pressures of 1 mbar the slope decreases up to ca.27 mbar where uptake is ca. 43 Q%. This 

second adsorption step is probably associated with the filling of the heterogenous family pores from 

20 to 65 Å (see pore size distribution in Fig. 5.20B, curve b’). At pressures higher of 27 mbar the slop 
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increases up to ca. 31 mbar then the slope decreases again progressively till 45 mbar where the overall 

toluene uptake is ca. 90 Q%, this third adsorption step is probably associated with the filling of the 

homogeneous family of pores between 65-100 Å with a maximum centered at 75 Å (see pore size 

distribution in Fig. 5.20B, curve b’).  

 

Considering the previous IR data and the results coming from volumetric analysis, it is possible to 

propose that the volume and dimensions of pores is an important parameter for the adsorption of 

toluene on ordered mesoporous silicas.[33] 

 

5.4 Conclusions 

 

In this chapter, the physico-chemical feature of mesoporous silicas samples (FUMED, AMSs, MCM-

41 and SBA-15) were investigated by means of different experimental approaches (i.e. N2 adsorption, 

FTIR, TGA and SS-NMR). These solids were tested for the adsorption of toluene, used as a 

representative molecule of aromatic by means of FTIR spectroscopy and volumetric/gravimetric 

analysis.  

The textural properties of the mesoporous silicas studied in this Chapter are reported in Table 5.6. 

Table 5.6: Main textural features of the mesoporous silicas studied in this Chapter. 

Sample 
SSABET

a 

[m2g-1] 

VT
b 

[cm3g-1] 

V<50 Åc 

[cm3 g−1] 

Vmesop
c 

[cm3g-1] 

20-300Å 

Vmesop
c 

[cm3g-1] 

20-100Å 

Vmesop
c 

[cm3g-1] 

20-65Å 65-100Å 

FUMED 412 1.47 0.10 0.57 0.27 0.16 0.11 

AMS-HSA 870 1.66 0.12 1.63 0.81 0.29 0.52 

MCM-41 1103 1.31 0.66 1.13 0.95 0.83 0.12 

SBA-15 761 0.96 0.20 0.92 0.86 0.31 0.55 

aBrunauer−Emmet−Teller (BET) specific surface area (SSA); bTotal pore volume by NLDFT method; cVolume of 
mesopores NLDFT method. 

Both mesoporous silicas with irregular porosity (FUMED and AMS-HSA) have a heterogenous 

distribution pores between 20-300 Å (see Figure 5.23A, curves a and b).  

MCM-41 showed a wide pore size distribution (see Figure 5.23B, curve a’) between 30-80 Å, with a 

maximum centered at 42 Å, the associated mesopores volume being 0.90 cm3 g-1. SBA-15 showed 

two families of mesopores, one heterogeneous family of pores between 20 to 65 Å with a mesopores 

fraction of 0.31 cm3 g-1 and another family of pores between 65-100 Å with a maximum centered at 

75 Å and related mesopores volume of 0.55 cm3 g-1. 
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In Figure 5.23B are reported the pore size distribution and toluene adsorption/desorption isotherms 

of all the solids studied in this Chapter.  

 

 

Figure 5.23: Pore size distribution (A) and toluene adsorption/adsorption isotherms (B) of all the supports: 

FUMED (curve a), AMS-HSA (curve b), MCM-41 (curve c) and SBA-15 (curve d) 

 

A comparison of the pore size distribution of the mesoporous materials used for toluene adsorption 

is recalled in Fig. 5.23, together with the volumetric adsorption isotherms. From these figures it is 

clear that textural properties, especially porosity, play an important role in determining the adsorption 

properties of used supports.  

The most promising materials for this kind of application are ordered mesoporous materials, in which 

mesopores with dimensions in the 30-90 Å range seems to be important for the adsorption of 

significant amount of toluene.  

It is was possible to observe that at pressures of ca. 27 mbar, MCM-41 showed higher adsorption 

capacity (ca. +16 Q%) than SBA-15. This higher adsorption capacity of MCM-41 silica at this 

pressure was associated to the filling of the fraction mesopores between 20-65 Å (see Figure 5.23A, 

curve c) where the correlated mesoporous fraction volume resulted higher (+63%, compared to SBA-

15), see table 5.6.  

Contrarily, at higher pressures of 27 mbar, SBA-15 showed higher adsorption capacity (ca. +12 Q%) 

than MCM-41. This higher adsorption capacity of toluene of SBA-15 was associated with the filling 

of the second family of homogenous pores between 65 to 100 Å (see Figure 5.23A, curve d) where 

the correlated mesoporous fraction volume resulted higher (+78% compared to MCM-41) , see table 

5.6.  

From these important results, it was possible to conclude that pore distributions play an important 

role on the adsorption properties of these ordered mesoporous silicas.  
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Chapter VI 

Experimental Determination of the Molar Absorption 

Coefficient of Toluene on Mesoporous Silicas 

 

6.1 Introduction  

This chapter is focused to the determination of molar absorption coefficient (ε) of toluene adsorbed 

on mesoporous silicas with different textural properties (i.e. amorphous silica (FUMED) and ordered 

mesoporous MCM-41 and SBA-15 silicas). This was carried out by combining the results reported 

in the previous chapter (IR and volumetric analysis of adsorbed toluene) and adopting the method 

already described for the adsorption of toluene and n-hexane on microporous materials[1]  (see Chapter 

V). 

 

For this purpose, the IR adsorption experiment of toluene on silica-based materials (FUMED, MCM-

41 and SBA-15) were repeated five times, every time on different pellets of each solid, in order to 

reduce experimental errors. 

 

6.2 Determination of molar absorption coefficient of toluene on 

mesoporous silica-based materials 

 

The molar absorption coefficient ε [cm mmol-1] of the  vibrational modes at 1605 and 1380 cm-1 of 

toluene adsorbed on silica-based materials were determined by using the same experimental method 

used for the determination of the molar absorption coefficient of n-hexane captured in HSZ-Y and 

ZSM-5 zeolites,[1] described in the Chapter IV (paragraph 4.2) by combing quantitative volumetric 

measures and IR spectroscopy data. Therefore, the Beer-Lambert law for solids was applied.  
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6.2.1 Experimental determination of molar absorption coefficient of toluene on 

FUMED amorphous silica 

 

In Figure 6.1A the difference IR spectra of toluene adsorbed on FUMED silica at selected pressures 

(2, 15 and 27 mbar) in the range of frequency between 1700 to 1300 cm-1 is reported. The adsorption 

experiments followed by FTIR were performed on dehydrated solids. The dehydration under vacuum 

at BT for 30 min was sufficient to remove the water molecules from the mesoporous silica. 

 

Figure 6.1: A: IR spectra in difference mode (after subtracting the bare solid) of toluene adsorbed on  

FUMED (b–b’’) silica at pressures of 2 (a,b), 15 (a’,b’), and 27 mbar (a’’,b’’) of toluene. B: toluene 

volumetric adsorption (empty symbols) and desorption (full symbols) isotherms on FUMED. 

 

As previously reported, the band at 1605 cm−1 is due to the quadrant stretching mode of the 

monosubstituted ring C=C bond whereas the band at 1495 cm−1 is associated with the semicircular 

stretching vibration of monosubstituted aromatic ring. The bands at 1460 and 1380 cm−1 correspond 

to the out-of-phase and in-phase deformations of the methyl group.[2] The single vibrational bands at 

1605 and 1380 cm-1 were preferred for determination of the molar absorption coefficient of toluene 

adsorbed on both on FUMED silica due to that the bands at 1495 and 1460 cm-1 are heavily 

overlapped. 

 

The integrated absorbances (IA) of the IR selected bands (at 1605 and 1380 cm-1) were obtained by 

subtracting the spectrum of the bare materials outgassed from the spectra of adsorbed toluene, in 

order to avoid the contribution of absorbances of the materials.  
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The concentrations (uptake) of the adsorbed toluene on FUMED at definite pressure were obtained 

by means of volumetric analysis.  

 

The average value of the five repeated IR measurements of the integrated area [Ᾱ] at   ῦ =1605 and 

1380 cm-1 and the uptakes% at a determined absolute pressure of toluene adsorbed on amorphous 

FUMED silica are reported in Table 6.1.  

Table 6.1: Toluene adsorbed on FUMED non-porous silica. Pressures, integrated areas of the bands at 1605 

and 1380 cm-1 (determined as an average of 5 repeated measurements), and uptake of toluene at increasing 

pressures (evaluated by volumetric analysis). 

Non-Porous System 
FUMED 

P Ᾱ1605 Ᾱ1380 Uptake 

[mbar] [cm-1] [cm-1] [mmol g-1] [%] 
0.50 0.41 0.15 0.23 2.27 
1.00 0.47 0.18 0.33 3.01 
2.00 0.68 0.25 0.46 4.26 
3.00 0.84 0.31 0.57 5.22 
4.00 0.97 0.36 0.65 6.03 
5.00 1.10 0.41 0.73 6.75 
6.00 1.20 0.45 0.80 7.39 
7.00 1.30 0.48 0.87 7.99 
8.00 1.40 0.53 0.93 8.54 
9.00 1.48 0.56 0.98 9.07 
10.00 1.58 0.60 1.05 9.68 
11.00 1.66 0.63 1.09 10.02 
12.00 1.73 0.66 1.14 10.46 
13.00 1.81 0.70 1.20 11.07 
14.00 1.89 0.73 1.23 11.30 
15.00 1.95 0.76 1.27 11.70 
18.00 2.20 0.87 1.39 12.82 
21.00 2.45 0.97 1.59 14.66 
23.00 2.59 1.04 1.69 15.57 
24.00 2.66 1.06 1.75 16.12 
25.00 2.77 1.10 1.82 16.76 
27.00 2.97 1.20 1.88 17.35 
30.00 3.09 1.26 2.09 19.25 

 

In order to separate the different contributions, the molar absorption coefficients (ε) of toluene 

adsorbed on FUMED silica were first determined over a specific range of pressures, where the 

correlation between the integrated absorption (IA) bands at ῦ = 1605 and 1380 cm-1 and the amount 

of toluene adsorbed molecules [mmol g-1] was linear, as in the case for the determination of the molar 

absorption coefficient of n-hexane captured in zeolites (Chapter IV). These pressure ranges were 
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determined experimentally by comparing the IA values at ῦ = 1605 and 1380 cm-1 with the 

concentration of adsorbed toluene on amorphous FUMED silica (Figure 6.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Dependence of the integrated absorbance (cm-1) at 1605 cm-1 (fits a, i.e. the IR stretching mode of 

the monosubstituted ring C=C bond) and for the band at 1380 cm-1 (fits b, i.e. the IR in-phase deformations 

mode of the methyl of toluene) versus the amount of toluene adsorbed on FUMED. 

 

Linear fitting for both experimental data sets shows high coefficients of correlation (R2), as reported 

in Figure 6.2. Error bars have been determined on the basis of repeated experiments (5 repeated IR 

adsorption experiments for each support). This pressure range correspond to the formation of a 

statistical monolayer of toluene molecules on amorphous FUMED silica. Indeed, as in the case of n-

hexane (see paragraph 4.2.), by applying the linearized BET equation[3]  to the volumetric isotherm 

reported in Figure 6.1B, it was also possible to derive the range of pressure at which the guest–guest 

interactions contribute are avoided.  

 

The linearized BET equation shows that the monolayer is formed between 3-6 mbar for FUMED 

(Fig. 6.3). High coefficient of correlation (R2), is reported in Figure 6.3 derived from linear curve-

fitting procedures. This range is in good agreement with those found by the linear correlation between 

the experimental integrated absorption bands IA at ῠ = 1605 and 1380 cm-1 and toluene uptake (Figure 

6.2). 
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Figure 6.3: Linearized BET plot relative to the volumetric isotherms of toluene adsorption on FUMED. 

 

As also calculated for toluene adsorbed on HSZ-Y and ZSM-5 zeolites (Chapter VI), the value of the 

C constant, which is a measure of the affinity of toluene adsorbed on the surface, was also derived 

from the BET algorithm and reported in table 6.2.  

 

Table 6.2: Values of C constant of toluene for FUMED; and the value of ∆H(Ads1-Cond) (difference in the heat of 

adsorption of the first layer and the heat of condensation)  

Samples C 
∆H(Ads1-Cond)  

[kJ mol-1] 

FUMED 20 7.68 

 

The C value for amorphous FUMED silica is lower than those measured for HSZ-Y and ZSM-5 

zeolites (C values of 429 and 214, respectively, as reported in the Chapter IV). This is an indication 

of the fact that toluene has greater affinity to zeolite structures, respect to FUMED.  

These low values of C indicate that the heat of adsorption of the monolayer is not significative 

compared with the heat of adsorption of the subsequent layers (heat of condensation).[4] Indeed, small 

value of the difference between the heat of adsorption of the first layer and the heat of condensation 

∆H(Ads1-Cond) [kJ mol-1] was obtained for the FUMED (table 6.2). This value was calculated by 

considering the values of C as in the case of toluene on zeolites (see Chapter IV). 
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The ∆H(Ads1-Cond) for the FUMED is 7.68 kJ mol-1. This calculated value for FUMED is lower than 

those measured for HSZ-Y and ZSM-5 zeolites (15.53 and 13.75 kJ mol-1 for HSZ-Y and ZSM-5, 

respectively). This confirms that zeolites have higher adsorption energies due to the high affinity for 

toluene than amorphous silicas.  

 

The average values of εi of the bands at ῦ =1605 and 1380 cm-1, calculated by applying Beer-Lambert 

law for solids over the selected range of pressure for adsorbed toluene on amorphous FUMED silica 

are reported in Table 6.3. 

 

Table 6.3: The average values of εi of the band at ῠ = 1605 and 1380 cm-1 of toluene adsorbed on FUMED 

amorphous silica with their standard deviations. 

Samples ε1605 [cm μmol-1] ε1380 [cm μmol-1] 

FUMED 0.162 ± 0.010 (6.4%) 0.061 ± 0.004 (6.5%) 

 

Interestingly, the εi of toluene adsorbed on FUMED resulted smaller than those measured for HSZ-

Y and ZSM-5 zeolites —72% larger for ε1605 of toluene adsorbed on HSZ-Y  (see the Chapter IV, 

paragraph 4.3), probably due that the dipole moment of adsorbed toluene is less influenced of the 

textural properties of FUMED.  

 

The same approach for the determination of the molar absorption coefficients in a specific range of 

pressure was also used to the full available pressure range (i.e. from 2 to 27 mbar) and as reported in 

Table 6.4. 

 

Table 6.4. Molar Adsorption coefficients εi of the bands at ῦ = 1605 and 1380 cm-1 of toluene on FUMED 

amorphous silica at different pressures. 

Samples ε1605 [cm µmol-1] toluene 

 2 mbar 9 mbar 15 mbar 27 mbar 

FUMED 0.159±0.010 0.163±0.010 0.167±0.011 0.171±0.010 

 ε1380 [cm µmol-1] toluene 

 2 mbar 9 mbar 15 mbar 27 mbar 

FUMED 0.060±0.004 0.062±0.004 0.065±0.004 0.069±0.005 
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6.2.2 Experimental determination of molar absorption coefficient of toluene on 

SBA-15 and MCM-41 order mesoporous silica 

 

As stated above, the determination of molar absorption coefficient (ε) of toluene adsorbed on ordered 

mesoporous SBA-15 and MCM-41 silicas were also calculated.  

In Figure 6.4A is reported the difference IR spectra of toluene adsorbed on SBA-15 and MCM-41 

silica at selected pressures (2, 15 and 27 mbar) in the range of frequency between 1700 to 1300 cm-

1. The adsorption experiments followed by FTIR were performed on dehydrated solids. The 

dehydration under vacuum at 150 °C for 1h for SBA-15 and at BT for 30 min were sufficient to 

remove the water molecules from both ordered mesoporous silicas. 

 

Figure 6.4: A: IR spectra in difference mode (after subtracting the bare solid) of toluene adsorbed on SBA-15 

(a–a’’) and MCM-41(b–b’’) ordered mesoporous silica at pressures of 2 (a,b), 15 (a’,b’), and 27 mbar 

(a’’,b’’) of toluene. B: Toluene volumetric adsorption (empty symbols) and desorption (full symbols) 

isotherms on SBA-15 (curve a) and MCM-41 (curve b). 

 

As previously reported, the bands at 1605, 1495, 1460 and 1380 cm−1 are associated to related to the 

molecule vibrations (i.e., stretching modes of the monosubstituted ring C=C bond and the 

monosubstituted aromatic and the deformations of the methyl group) at positions similar to those 

detected upon adsorption on amorphous silica (see above) and zeolites detailed in our previous 

work.[2] 

The concentrations (uptake) of the adsorbed toluene at definite pressure were obtained separately by 

means of volumetric analysis for both ordered mesoporous silica, reported in Figure 6.4Bcd.  
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The average value of the five repeated IR measurements of the integrated area [Ᾱ] at ῦ =1605 and 

1380 cm-1 (obtained by subtracting the spectrum of the bare materials outgassed from the spectra of 

adsorbed toluene) and the uptakes% at a determined absolute pressure of toluene adsorbed on both 

SBA-15 and MCM-41 silica are reported in Table 6.5.  

 

Table 6.5: Toluene adsorbed on SBA-15 and MCM-41 ordered mesoporous silica. Pressures, integrated areas 

of the bands at 1605 and 1380 cm-1 (determined as an average of 5 repeated measurements), and uptake of 

toluene at increasing pressures (evaluated by volumetric analysis). 

Mesoporous System 
SBA-15  MCM-41 

P Ᾱ1605 Ᾱ1380 Uptake  P Ᾱ1605 Ᾱ1380 Uptake 
[mbar] [cm-1] [cm-1] [mmol g-1] [%]  [mbar] [cm-1] [cm-1] [mmol g-1] [%] 

0.50 0.38 0.13 0.51 4.69  1.00 0.41 0.11 0.50 4.57 
1.00 0.42 0.14 0.86 7.90  2.00 0.73 0.23 0.73 6.68 
2.00 0.56 0.20 1.01 9.34  3.00 0.95 0.31 0.95 8.80 
3.00 0.66 0.24 1.17 10.79  4.00 1.14 0.39 1.18 10.91 
4.00 0.76 0.28 1.33 12.24  5.00 1.35 0.48 1.41 13.03 
5.00 0.83 0.31 1.49 13.68  6.00 1.59 0.59 1.64 15.14 
6.00 0.90 0.34 1.64 15.13  7.00 2.02 0.77 1.87 17.26 
7.00 0.96 0.37 1.80 16.58  8.00 2.40 0.92 2.10 19.37 
8.00 1.03 0.40 1.96 18.02  9.00 2.65 1.03 2.33 21.49 
9.00 1.10 0.43 2.11 19.47  10.00 2.73 1.06 2.56 23.60 
10.00 1.21 0.47 2.27 20.92  11.00 2.77 1.08 2.79 25.72 
11.00 1.28 0.50 2.43 22.36  12.00 2.79 1.09 3.87 35.68 
15.00 1.56 0.62 3.06 28.15  14.00 2.84 1.11 4.57 42.08 
18.00 1.79 0.71 3.53 32.49  15.00 2.86 1.12 5.21 47.97 
21.00 2.08 0.83 3.99 36.79  18.00 2.90 1.13 5.94 54.73 
23.00 2.22 0.89 4.23 39.01  21.00 2.94 1.15 6.13 56.50 
25.00 2.30 0.92 4.36 40.22  26.00 3.01 1.18 6.37 58.72 
27.00 2.33 0.94 4.59 42.32  30.00 3.04 1.20 6.59 60.70 

30.00 2.35 0.95 5.19 47.83       
 

Figure 6.5 shows that linear trends between the integrated absorption bands (IA) at ῦ = 1605 and 1380 

cm-1 and the amount of toluene adsorbed molecules [mmol g-1] SBA-15 (Fig. 6.5A) and for MCM-

41 (Fig. 6.5B) in the range between 2-7 and 2-6mbar, respectively.  Linear fitting for both 

experimental data sets show high coefficients of correlation (R2), as reported in Figure 5.9. Error bars 

have been determined on the basis of repeated experiments (5 repeated IR adsorption experiments for 

each support). 
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Figure 6.5: Dependence of the integrated absorbance (cm-1) at 1605 cm-1 (fits a, i.e. the IR stretching mode of 

the monosubstituted ring C=C bond) and for the band at 1380 cm-1 (fits b, i.e. the IR in-phase deformations 

mode of the methyl of toluene) versus the amount of toluene adsorbed on SBA-15 (A) and MCM-41 (B). 

 

The linearized BET equation shows that the monolayer is formed between  2-7 mbar for SBA-15 

(Fig. 6.6B) and 4-7 mbar for MCM-41 (Fig. 6.6A). High coefficients of correlation (R2), as reported 

in Figure 6.6 derived from linear curve-fitting procedures. These ranges are in good agreement with 

those found by the linear correlation between the experimental integrated absorption (IA) of the bands 

at ῠ = 1605 and 1380 cm-1 and toluene uptake (Figure 6.5 A,B).  

 

 

 

 

Figure 6.6: Linearized BET plot relative to the volumetric isotherm of toluene adsorption on SBA-15 

silica(A) and MCM-41 (B). 
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The values of the C constants of toluene adsorbed on the ordered mesoporous surface, were also 

derived from the BET algorithm and reported in table 6.6. 

 

Table 6.6: Values of C constants of toluene for both SBA-15 and MCM-41; and their values of ∆H(Ads1-Cond) 

(difference in the heat of adsorption of the first layer and the heat of condensation). 

Samples C 
∆H(Ads1-Cond)  

[kJ mol-1] 

SBA-15 24 8.14 

MCM-41 87 11.44 

 

The values of C for order mesoporous silica (MCM-41 and SBA-15) were lower respect to those 

calculated for zeolites.  This clearly confirms that toluene molecules have greater affinity to zeolite 

structures, respect to ordered mesoporous silica. In addition, low values of C for MCM-41 and SBA-

15 silica gave small differences of the heat of adsorption of the first layer and the heat of condensation 

H(Ads1-Cond) [kJ mol-1][4] which are 11.44 and 8.14 kJ mol-1 for MCM-41 and SBA-15, respectively. 

These calculated values for both MCM-41 and SBA-15 are lower than those measured for HSZ-Y 

and ZSM-5 zeolites (15.53 and 13.75 kJ mol-1 for HSZ-Y and ZSM-5, respectively). This confirms 

that zeolites have higher adsorption energies due to the high affinity for toluene than ordered 

mesoporous silica.  

 

The average values of εi of the bands at ῦ =1605 and 1380 cm-1, calculated by applying Beer-Lambert 

law for solids over the selected range of pressure for adsorbed toluene on both ordered mesoporous 

SBA-15 and MCM-41 silica are reported in Table 6.7. 

 

Table 6.7: The average values of εi of the band at ῠ = 1605 and 1380 cm-1 of toluene adsorbed on MCM-41 

and SBA-15 with their standard deviations. 

Samples ε1605 [cm μmol-1] ε1380 [cm μmol-1] 

SBA-15 0.256 ± 0.008 (3.3%) 0.095 ± 0.004 (3.7%) 

MCM-41 0.296 ± 0.014 (4.9%) 0.101 ± 0.008 (8.1%) 

 

Interestingly, the εi of toluene adsorbed are different for the ordered mesoporous SBA-15 and MCM-

41) and higher than that calculated for FUMED  —83% larger for ε1605 of toluene adsorbed on MCM-
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41, and this means that the textural properties of ordered mesoporous silicas (in particular, their pore 

dimensions) influence the dipole moment of adsorbed molecules. 

The same approach for the determination of the molar absorption coefficients in a specific range of 

pressure was also used to the full available pressure range (i.e. from 2 to 27 mbar) and as reported in 

Table 6.8.  

 

Table 6.8. Molar Adsorption coefficients εi of the bands at ῦ = 1605 and 1380 cm-1 of toluene on MCM-41 and 

SBA-15 ordered mesoporous silica at different pressures. 

Samples ε1605 [cm µmol-1] toluene 

 2 mbar 9 mbar 15 mbar 27 mbar 

SBA-15 0.256±0.009 0.240±0.005 0.236±0.005 0.233±0.023 

MCM-41 0.304±0.015 0.343±0.027 0.170±0.018 0.141±0.013 

 ε1380 [cm µmol-1] toluene 

 2 mbar 9 mbar 15 mbar 27 mbar 

SBA-15 0.092±0.004 0.093±0.003 0.094±0.002 0.094±0.010 

MCM-41 0.095±0.010 0.133±0.009 0.066±0.006 0.056±0.005 

 

 

6.3 Conclusions  

 

This Chapter was focused on the description of the determination of the molar absorption coefficient 

of the bands at ῦ = 1605 and 1380 cm-1 (ε1605 and ε1380) of toluene adsorbed on amorphous and ordered 

mesoporous materials with different structural and textural properties (i.e. the volume and dimensions 

of pores) by applying the same methodology already described for n-hexane and toluene adsorbed on 

zeolites (see Chapter IV). 

 

In the Table 6.9 are reported the average values of εi of the bands at ῦ =1605 and 1380 cm-1, calculated 

by applying Beer-Lambert law for solids over the selected range of pressure for adsorbed toluene on 

mesoporous materials studied in this Chapter compared with those calculated for both zeolites in the 

Chapter IV. 
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Table 6.9: The average values of εi of the band at ῠ = 1605 and 1380 cm-1 of toluene adsorbed on silica-based 

materials with their standard deviations. 

Samples ε1605 [cm μmol-1] ε1380 [cm μmol-1] 

FUMED 0.162 ± 0.010 (6.4%) 0.061 ± 0.004 (6.5%) 

HSZ-Y 0.224 ± 0.017 (7.6%) 0.130 ± 0.009 (7.1%) 

ZSM-5 0.378 ± 0.030 (8.0%) 0.219 ± 0.019 (8.8%) 

SBA-15 0.256 ± 0.008 (3.3%) 0.095 ± 0.004 (3.7%) 

MCM-41 0.296 ± 0.014 (4.9%) 0.101 ± 0.008 (8.1%) 

 

Interestingly, the calculated molar absorption coefficients of toluene are different for each material. 

The differences on the values of molar absorption coefficients of toluene adsorbed suggest that the 

adsorbed molecules experience different adsorption environments inside the solids. This confirms 

that the pore structure of solids affects the dipole moment of the adsorbed molecules and consequently 

on the molar absorption coefficients.[1] 

The εi of toluene adsorbed on ZSM-5 resulted higher than that calculated on SBA-15 and MCM-41, 

this because of the limited space of microporous solids influences on the dipole moment of the 

adsorbed molecules. [1] 

Whereas, the εi of toluene adsorbed on both SBA-15 and MCM-41 resulted higher than that calculated 

on FUMED, this because the differences on the textural properties of ordered mesoporous silicas such 

as pore size distribution and mesoporous volumes. 

 

Moreover, the εi of toluene adsorbed on both SBA-15 and MCM-41 resulted higher to the εi of toluene 

in gas phase concentration (determined in the Chapter IV: 0.217 ± 0.012 for the band ῦ = 1605 cm-1 

and 0.041 ± 0.003 cm µmmol-1 for the band ῦ =1380 cm-1). This confirms the dipole moment at low 

doses of adsorbed toluene on these materials is influenced by the textural properties. 

 

In Table 6.10 are reported the average values of εi of the bands at ῦ =1605 and 1380 cm-1 calculated 

in full available pressure range (i.e. from 2 to 27 mbar) for adsorbed toluene on the mesoporous 

materials studied in this Chapter compared with those calculated on zeolites in the Chapter IV. 
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Table 6.10: The average values of εi of the band at ῠ = 1605 and 1380 cm-1 of toluene adsorbed on silica-based 

materials with their standard deviations at different pressures. 

Samples ε1605 [cm µmol-1] toluene 

 2 mbar 9 mbar 15 mbar 27 mbar 

HSZ-Y 0.224±0.020 0.217±0.020 0.213±0.020 0.220±0.020 

ZSM-5 0.412±0.056 0.305±0.038 0.282±0.034 0.281±0.036 

FUMED 0.159±0.010 0.163±0.010 0.167±0.011 0.171±0.010 

SBA-15 0.256±0.009 0.240±0.005 0.236±0.005 0.233±0.023 

MCM-41 0.304±0.015 0.343±0.027 0.170±0.018 0.141±0.013 

 ε1380 [cm µmol-1] toluene 

 2 mbar 9 mbar 15 mbar 27 mbar 

HSZ-Y 0.131±0.011 0.125±0.011 0.122±0.011 0.124±0.010 

ZSM-5 0.226±0.020 0.172±0.018 0.160±0.017 0.162±0.017 

FUMED 0.060±0.004 0.062±0.004 0.065±0.004 0.069±0.005 

SBA-15 0.092±0.004 0.093±0.003 0.094±0.002 0.094±0.010 

MCM-41 0.095±0.010 0.133±0.009 0.066±0.006 0.056±0.005 

 

As indicated by the results in Table 6.10, the different behaviors of the molar absorption coefficients 

of adsorbed toluene on all solids are probably due to their differences on the textural properties.  

This effect is even more evident on ZSM-5, SBA-15 and MCM-41 on which molar absorption 

coefficients at low pressures resulted affected because the molecules interact predominantly with the 

solids surface (host–guest interactions) and the contribution of guest-guest interactions is reduced.  

Increasing the pressure from 9 to 27 mbar of toluene inside the pores, the contribution of toluene-

toluene interactions (guest-guest interactions) make the values of molar absorption coefficients keep 

constant.[5] 

 

 

 

 

 

 

 

 

 



146 
 

References  
 

[1] G. Gatti, D.F. Olivas Olivera, V. Sacchetto, M. Cossi, I. Braschi, L. Marchese, and C. Bisio, 
ChemPhysChem, 2017, 18, 2374 – 2380. 
 
[2] V. Sacchetto, C. Bisio, D. F. Olivas Olivera, G. Paul, G. Gatti, I. Braschi, G. Berlier, M. Cossi, and L. 
Marchese, J. Phys. Chem. C., 2015, 119, 24875−24886. 
 
[3] S. Lowell, J. E. Shields, M. A. Thomas, M. Thommes, Characterization of Porous Solids in Powders: 
Surface Area, Pore Size and Density, Kluwer, Dordrecht, 2004.   

 
 [4] K. D. Hammond, Jr. , Wm. C. Conner, Advances in Catalysis, Academic Press, San Diego, 2013, (56), 1–
101. 
 
 [5] M. Chołuj and W. Bartkowiak, Chemical Physics Letters, 2016, 663, 84-89. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147 
 

Chapter VII 
 

Monitoring the Adsorption of Glyphosate on Porous Materials  

 

7.1 Introduction 

 

As reported in Chapter I, in relation to their wide range of application, herbicides are a continuous 

source of contamination. In particular, glyphosate-based herbicides are currently among the most 

widely used and this can also result in a consequent pollution of groundwater. [1] 

Part of the research activity was then devoted to the study of the glyphosate adsorption on different 

silicas. This was possible thanks to a collaboration with Prof. Maria del Rosario Sun Kou of the 

Department of Sciences, Section Chemistry, Pontifical Catholic University of Perú. This 

collaboration made possible the testing of selected solids for the adsorption of a pollutant molecule 

from aqueous media, near the real working conditions. 

 

Particular attention was devoted to the use of the SBA-15 mesoporous material. Moreover, a sample 

of SBA-15 silica functionalized with amino groups was also used as adsorbent. The functionalization 

was needed to introduce on the surface of the SBA-15 specific functionalities able to increase the 

affinity of the material for the glyphosate molecules (see Chapter I, paragraph 1.3.1.3). 

 

7.2  Physico-chemical properties of SBA-15 and SBA-15-PAPTS 

 

SBA-15 was prepared in our laboratories following the synthesis procedure described in Chapter V, 

paragraph 5.3.1.1. Part of the SBA-15 sample was then functionalized in order to introduce amino 

groups on the surface by using a post-synthesis grafting procedure (see Figure 7.1). In particular; 

SBA-15 was functionalized with the 3-[2-(2-aminoethyl)aminoethyl]aminopropyltrimethoxysilane 

(PAPTS, see Figure 7.1). 

One aliquot of 1.0 g of SBA-15 silica was treated under vacuum at 200 °C for 2 h to remove 

physisorbed water. After this treatment, the sample was kept under N2 flow and then dispersed in 100 

mL of anhydrous toluene before the addition of the organic silane. 0.48 mL of N-[3-

(trimethoxysilyl)propyl]-diethylenetriamine(PAPTS) (H2N(CH2)2NH(CH2)2NH(CH2)3Si(OCH3)3, 

Sigma-Aldrich, MW = 265.43 g mol-1) were added drop-by-drop to the SBA-15 suspension that was 
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then left for 20 h at 50 °C under magnetic stirring. After this, the sample was recovered by filtering, 

and the powder was washed with toluene and ethyl ether to remove the unreacted silane, and finally 

dried for overnight at 80 °C. [2] This sample hereafter will be named as SBA-15-PAPTS. 

 

 

 

 

Figure 7.1: Scheme of the post-synthesis functionalization of pure ordered mesoporous silica with 3-[2-(2-

aminoethyl)aminoethyl]aminopropyltrimethoxysilane (PATS). Adapted from reference.[3] 

 

Specific surface area and pore size distribution of pure SBA-15 and the grafted SBA-15-PAPTS   have 

been determined by N2 adsorption at 77K. Adsorption/desorption isotherms and pore size distribution 

of both samples are reported in Figure 7.2.  

 

 

 

 

Figure 7.2: A: N2 adsorption/desorption isotherms at 77K of SBA-15 and SBA-15-PAPTS (curves a and b, 

respectively); B: pore size distribution of SBA-15 and SBA-15-PAPTS (curves a’ and b’, respectively). 

Adapted from Ref. [2]  
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According to the IUPAC classification [4], the N2 adsorption isotherms of both SBA-15 samples 

(Figure 7.2A) is of type IV(a) which indicates the presence of mesoporosity. The hysteresis loop of 

both materials is of type H1 which is typical of samples with cylindrical pores.  

The textural properties of SBA-15 samples are reported in Table 7.1.  
 
Table 7.1: Main textural properties of SBA-15 and SBA-15-PAPTS 

sample 
SSAa

BET 

[m
2
g

-1
] 

SSAbmesop 

[m
2
g

-1
]  

45-65Å 

SSAbmesop 

[m
2
g

-1
]  

65-100Å 

V p 

[cm
3
g

-1
] 

 

SBA-15 761 114 295 0.96 

SBA-15-PAPTS 236 79 145 0.41 
aBrunauer−Emmet−Teller (BET) specific surface area (SSA); bTotal pore volume and SSAmesop by NLDFT method;  

SBA-15 sample has a SSA of 761 m2 g-1 and a total pore volume of 0.96 cm3 g-1. After the grafting 

procedure, SSA and total pore volume of the SBA-15 sample decrease to 236 m2 g-1 and the pore 

volume is reduced to 0.41 cm3 g-1. The reduction of both SSA and pore volume is attributed to the 

presence of the organic species that limit the entrance of N2 to the SBA-15 pores.[2] 

As observed in Figure 7.2B, pure SBA-15 (curve a’) has a family of homogeneous pores between 65-

100 Å with a maximum centered at 75 Å and a family of smaller pores from 20 to 65 Å. After the 

grafting procedure, the pore located at 75 Å shifts to ca. 70 Å (see Figure 7.2B, curve b’). In addition, 

the family of smaller pores located between 20 and 45 Å disappears. This is due to the fact that the 

introduction of long chain of the silanes into the pores of SBA-15 leads a reduction of pore size 

dimensions in favour of more disordered pore structures. [2] 

Surface properties of both SBA-15 samples were studied by IR spectroscopy.  
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Figure 7.3: FTIR spectra of bare SBA-15 (curve a) and SBA-15-PAPTS(b), recorded after outgassing for 30 

minutes at beam temperature (b.t.).  

 

The IR spectrum of SBA-15 sample (Figure 7.3, curve a) presents an evident narrow peak at ca. 3745 

cm-1 that can be assigned to isolated silanols, and a broad absorption extending from 3720-3200 cm-

1 with a maximum around at 3500 cm-1 that corresponds to hydrogen-bonded silanols. 

In the spectrum of grafted SBA-15-PAPTS sample (Fig. 7.3, curve b) present the bands related to 

SiOH species decrease of intensity due to the fact that they are used for the grafting procedure of 

PAPTS. Furthermore, it is also noticed the formation of a broad band in the 3600-2500 cm-1 with a 

maximum around at 3654 cm-1 which corresponds to the formation of hydrogen-bonding interactions 

between surface silanols and the amino groups of silane species introduced with the 

functionalization.[2] 

The IR spectrum of the SBA-15-PAPTS (Fig, 7.3, curve b) is also characterized by the presence of 

several absorption bands in the 3500–2500 cm-1 range. In particular, the absorption bands at 3370 and 

3303 cm-1 are related to the asymmetric and symmetric stretching modes of NH2 groups, respectively, 

whereas the bands at 2940 and 2875 cm-1 are assigned to the asymmetric and symmetric stretching 

modes of CH2 moieties of the silane groups grafted onto the silica surface by the grafting procedure.[2] 

The band at 1602 cm-1 is due to the scissoring mode of NH2 groups, whereas the sharp band at 1457 

cm-1 is associated to the bending modes of CH2 groups. [2] 

It was estimated that the N content for SBA-15-PAPTS is ca. 3.5 mmol g-1. In addition, concentration 

of silane molecules in SBA-15-PAPTS was also calculated by dividing the concentration of N by 
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three which is the number of nitrogen atoms present in the PAPTS chain, resulting of ca. 1.16 mmol 

g-1.  

It is known that the pH of the aqueous solution is a critical parameter affecting the adsorption process. 
[5,6] The pH value  determines the surface charge of the adsorbents, which will affect the interaction 

between with the glyphosate molecule.  

The surface charges in a range of pH between 3 and 8 for SBA-15 and SBA-15-PAPTS were 

determind by Zeta potential (ξ) measurements (Figure 7.4). Before the analysis the silica samples 

were dispersed in ultrapure water (2 mg mL-1) and the dispersions were sonicated for 10 min. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.4:  The Zeta potential of as SBA-15 and SBA-15-PAPTS as a function of pH at 25 °C.  
 

As it can be seen from Fig. 7.4, at pH of adsorption conditions (pH=5), the SBA-15 shows a negative 

Z-potential (-5.12 mV) due to the presence of SiO- species.[7]  In the presence of PAPTS the Z-

potential becomes positive (18.17 mV) and this is a strong indication of the protonation of NH2 groups 

in that conditions leading to the formation of NH3
+ species.  

 
Table 7.2: Values of Z potential of SBA-15 and SBA-15-PAPTS at pH=5.0 

sample 
Z potential  

[mV] at pH=5 

SBA-15 -5.12 

SBA-15-PAPTS 18.17 

 

7.3 Study of the adsorption of glyphosate from aqueous media  
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Few methods for the quantification of glyphosate such as gas-chromatography,[8-10]  GC/MS, [11,12]   

liquid-chromatography,[13]   HPLC,[14] electrophoresis[15]   and current oscillopolarographic titration[16] 

are reported in the literature. Nevertheless, most of these analytical methods require expensive 

equipment. 

 

In this Ph.D. thesis work the concentration of the glyphosate remaining in aqueous solutions after the 

adsorption experiments was determined by using UV–vis spectroscopy. This method was reported in 

the literature as a simple, fast, and accurate method for the determination of glyphosate.[17]    

Glyphosate molecule does not absorb in the UV−vis range due of the lack of a chromophore group 

in the molecule.[18] For this reason, before the UV analysis, glyphosate must be derivatized as 

explained in the paragraph below.  

The UV spectra were then recorded in the range of 190-900 nm and the concentrations of glyphosate 

after the adsorption experiments were obtained by using a calibration curve, which provided the linear 

relationship between maximum absorbances and the standard concentrations.  

 

The Agilent UV–Vis spectrophotometer 8453 was used for this analysis. 

 

7.3.1 Derivatization procedure  

 

Chemical derivatization is an important procedure to modify the analytes into derivatives that can be 

more easily detected, improving the spectroscopic performance and sensitivity for trace analysis.[19]   

Many reagents and conditions for derivatization of glyphosate have been proposed : 4-chloro-7-

nitrobenzofurazan (NBD-Cl),[20]  2,2-dihydroxy-1h-indene-1,3-(2h)-dione (Ninhydrin),[21,22]  l-fluoro-

2,4-dinitrobenzene (DNP),[23]  9-fluorenylmethoxycarbonyl chloride (FMOC-Cl) [24-33]    

 

The quantification of glyphosate was obtained by derivation with 9-fluorenylmethoxycarbonyl 

chloride (FMOC-Cl) in alkaline media. [17] 

Glyphosate molecule has three functional groups: amine and carboxylate and phosphonate. In the 

derivatization reaction, the amine group reacts with FMOC-Cl to give the derivatized glyphosate 

(FMOC−glyphosate adduct) as reaction product, as shown in Figure 7.5, [34] which absorbs in the 

UV−vis of  maximum absorbance at 265 nm (λmax), due to the presence of two chromophores group 

(aromatic rings) in the FMOC molecule (see Figure 7.5). [28,16]   
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Figure 7.5: Reaction of Glyphosate with FMOC-Cl to the UV-Active Adduct. Adapted from reference. [34]   

 

For the derivatization procedure of the aqueous glyphosate solutions, it was necessary to prepare a 

borate buffer solution at pH=9 by dissolving 1.5255 g of Na2B4O7.10H2O in 100 mL of Milli-Q water 

and a FMOC-Cl in acetonitrile solution with concentration of 1 g L-1. 

 

The procedure of the derivatization was performed directly in polypropylene centrifuge tubes by 

mixing 3 mL of the glyphosate solution with 0.5 mL of borate buffer and 0.5 mL of FMOC-Cl. The 

mixture was agitated and after 4 hours of reaction at room temperature was added 4 mL of 

dichloromethane. Finally, the mixture was centrifugated for 6 min at 1600 Rpm and the aqueous 

phase was separated. Dichloromethane was used to extract the excess of FMOC-Cl which could 

interfere with the spectrometric analysis. The aqueous phase, which contains the derivatization 

product, was quantified using UV−vis spectroscopy.  

 

The glyphosate standard solutions were prepared by using analytical-standard purchased from Sigma-

Aldrich. The borate buffer was prepared by using solution disodium tetraborate decahydrate 

(Na2B4O7.10H2O) obtained from Merck. 9-fluorenyl methoxycarbonyl chloride (FMOC-Cl) was 

purchased from Sigma-Aldrich with a purity of 97%. Acetonitrile was purchased from J.T. Baker 

with HPLC grade. Dichloromethane of HPLC grade and KCl (analytical grade) were purchased from 

Merck. 

 

7.3.2 Quantification of glyphosate by UV-vis analysis 

 

Standard solutions with different glyphosate concentrations in the ranges of 1-10 and 1-30 mg L-1 for 

the kinetic and equilibrium adsorption experiments, respectively, in 0.1 M aqueous KCl (used as 

supporting electrolyte) solutions were prepared and used as references. The linearity of the 

concentration of the standard solutions and the experimental absorbances were evaluated by linear 

regression analysis, which was calculated by the least square regression method.  
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In Figure 7.6, the spectra of the standard glyphosate solutions in the range 1-10 mg L-1 obtained after 

the derivatization procedure are reported.  

 

Figure 7.6: A: UV–vis spectra of derivatized glyphosate of different concentrations of the standard solutions 

[1-10 mg L-1] of glyphosate. B: Dependence of maximum absorbance (λmax) at 265 nm versus the 

concentration of the standard solutions. 

 

As observed in the Figure 7.6A, the spectrum of the derivatized glyphosate presents four different 

bands; a broad band at 265 nm, a shoulder at 277 nm and two small bands located at 288 and 300 nm. 

All these bands are associated to (π- π*) electronic transitions of aromatic rings present on the 

fluorenyl group.[35]  Linear fitting between the absorbance of the band at 265 nm and the concentration 

of glyphosate shows high coefficients of correlation (R2), as reported in Figure 7.6B. 

A standard curve with fresh standard solutions, before each adsorption experiment. 

 

7.4. Kinetic adsorption studies of glyphosate on SBA-15 silicas 

 

Kinetics adsorption isotherms of glyphosate on SBA-15 and SBA-15-PAPTS were obtained from the 

adsorption measurements of glyphosate in contact with the selected solids in aqueous media. In order 

to reduce experimental errors associated with spectroscopic measurements, the batch adsorption 

experiments were replicated three times. 

 

Batch kinetic experiments were carried out by using 20 mL standard solution of glyphosate [8 mg L-

1] and 50 mg of adsorbent, which were added to glass vials of 25 mL. The glass vials were subjected 

to shaking in ambient conditions by using Innova 2000 Platform Shaker at 300 RPM (see Figure 

7.7A) at different adsorption contact times (t) ranging from 5 to 240 min.  
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Figure 7.7: A: Photography of the batch adsorption experiment of standard glyphosate solution in contact 

with each adsorbent. B: Photography of the filtering procedure after the contact time was completed 

 

When the adsorption time of each glass vial was completed, the glyphosate solutions containing the 

adsorbents were filtered by using syringe filters of 0.45 μm and syringes (See Figure 7.7B). The liquid 

phase was then used for determination of the remaining concentrations of glyphosate (Ct) according 

the derivatization procedure and UV-vis analysis (standard curve prepared with standard solutions 

with concentrations in the ranges of 1-10 mg L-1 of glyphosate in 0.1 M aqueous KCl) explained in 

the paragraphs 7.3.1 and 7.3.2 

The pH of the dispersions containing the glyphosate solution in contact with the selected solids was 

measured, resulting a value of 5. 

The adsorption capacity qt [mg g-1] at contact time t [min] was determined according to equation 7.1 

 

     (7.1) 

 

Where Co and Ct [mg L-1] are the initial and the liquid-phase concentration of glyphosate at a contact 

time (t), respectively, V [L] is the volume of glyphosate solution used in the batch adsorption, and W 

[g] is the mass of dry adsorbent used. The percentage uptake of adsorption qt % at contact time t was 

determined according to equation 7.2. 

 

     (7.2) 

 

The kinetic adsorption isotherm of glyphosate on pure SBA-15 and on grafted SBA-15-PAPTS 

sample is reported in Fig. 7.8. Graphs are obtained by plotting the average value of adsorption 

capacity (qt) in relation to the amount of adsorbed glyphosate (in mg) on 1 g di adsorbent (Frame A) 

and in terms of ratio amount of adsorbed glyphosate in 100 g di material (Frame B) qt %. 

𝑞𝑡 =  
(𝐶𝑜 − 𝐶𝑡 )  𝑉

𝑊
 

𝑞𝑡 % =  
(𝐶𝑜 − 𝐶𝑡) 100

𝐶𝑜
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Figure 7.8: Kinetic isotherms of glyphosate adsorbed (qt) on the bare SBA-15 (curves a) and the 

grafted SBA-15-PAPTS (curves b):  in terms of mg per 1 g of adsorbent (A) and adsorption uptake 

qt % (B). Batch experiments were performed with 50 mg of adsorbent in 20 mL of standard solution 

of glyphosate at 298K. 

 

As observed from the Figure 7.8 A, B curves a, SBA-15 shows poor adsorption (ca. 5%) and high 

standard deviations values. Low adsorption capacities of bare SBA-15 was associated to the fact that 

repulsive ionic interactions do not allow adsorption,[36] since glyphosate molecule at the pH of the 

adsorption batches (pH= 5) is ionized as monovalent or divalent anions (see forms in Chapter I, 

paragraph 1.3.1.3) and silica surface charge is negative due to the presence of SiO- species, as 

confirmed by the Zeta potential analysis (ξ = -5.12 mV), see paragraph 7.2.1. 

Therefore, SBA-15 will not considered as adsorbent for glyphosate since its poor adsorption 

performance. 

 

The adsorption capacity of SBA-15-PAPTS (Figure 7.8 A, B curves b) is higher respect to the pure 

SBA-15: this is probably due to the introduction of the NH2 species which at the pH of the adsorption 

batches (pH= 5) are protonated to NH3
+ species. These species provide a positive charge to the silica 

surface (ξ = 18.17 mV, see paragraph 7.2), that, thus favouring the ionic interactions with the 

phosphonate group of glyphosate molecules through the formation of monodentate and bidentate 

species.[36]   

 

Different regimes can be observed observing the kinetic adsorption isotherms of glyphosate on SBA-

15-PAPTS. The kinetic isotherm of glyphosate adsorbed on SBA-15-PAPTS (Figure 7.8 A, curve b) 

is very steep until 15 min then the slope decreases up to ca. 60 min and then not significant variations 
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of uptake adsorption are found. In the range between 0-15 min, the adsorption uptake of SBA-15-

PAPTS is 1.5 mg g-1 corresponding ca. 44 qt %. From 15 to 60 min the uptake increases to 1.92 mg 

g-1 corresponding ca. 56 qt %. The equilibrium adsorption capacity (qe) on SBA-15-PAPTS is 

observed at 120 min which overall uptake is ca. 2.04 mg g-1 corresponding ca. 60 qt %.   

 

7.4.1 Kinetic adsorption models 

 

Kinetic adsorption process can be affected by different mechanism such as mass transfer, chemical 

reaction process, transport resistances and heterogeneity of the adsorbent (more than one type of 

adsorption sites whose could have different adsorption heats). [37,38]  Mass transfer comprises three 

steps: i) external diffusion of the adsorbate from the liquid phase (bulk) to the external surface of 

adsorbent, ii): intraparticle diffusion (IPD), that is the transport of adsorbate from the external surface 

into the pores of the adsorbent and iii) surface reaction, that is the attachment of adsorbates to the 

internal surface of the sorbent.[37]   

Taking account these previous considerations, the kinetic isotherm of glyphosate adsorbed on SBA-

15-PAPTS was fitted with different kinetic models such as pseudo first and second order, Elovich 

and intraparticle diffusion to understand kinetic mechanism in the liquid adsorption system. A brief 

recall of these methods is given below. 

 

7.4.1.1 Pseudo-first order model (Lagergren’s equation) 

 

In 1898, Lagergren described liquid–solid phase adsorption systems.[39]  Lagergren’s first-order 

equation describes the adsorption rate based on the adsorption capacity.  

Pseudo-first order model assumes that i) adsorption phenomenon only occurs on localized sites and 

involve non-dissociating molecular adsorption on the adsorbent, ii) the adsorption energy is not 

dependent on surface coverage, iii) equilibrium adsorption corresponds to the formation of a saturated 

monolayer of adsorbates on the adsorbent surface.[40]     

 The linear form of the of pseudo-first order model is expressed as follow: [42-43]   

 

(7.3) 

 

where qt is the adsorption capacity [mg g-1] at contact time t [min], qe is the adsorption capacity at 

equilibrium [mg g-1] and k1 is the first order rate constant [min-1]. 

 

log( 𝑞𝑒 − 𝑞𝑡) = log(𝑞𝑒 ) −  
(𝑘1)

2.303
 𝑡 
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7.4.1.2 Pseudo-second order model 

 

The Pseudo-second order model was introduced by Blanchard et al. in 1984.[44]   

The pseudo second order model assumes that the uptake rate is second order with respect to the 

available surface adsorption sites.[37] This method describes the chemisorption involving valence 

forces through sharing or exchange of electrons between the adsorbent and the adsorbate. This model 

can be expressed as follows: 

 

(7.4) 

 

where k2 is the pseudo second order rate constant [g mg-1 min-1]. 

 

7.4.1.3 Elovich model 

 

In 1934, Zeldowitsch introduced this model which describes kinetics of heterogeneous 

chemisorption.[45]  This model is the most useful model for describing chemisorption and assumes 

that adsorption only occurs on specific sites through ionic interactions and the energy of adsorption 

increases linearly with the surface coverage. [40]   

It has commonly been called the Elovich equation which shows a linear correlation between qt vs. 

ln(t) and can be expressed as: 

(7.5) 

     

Where a [mg g-1 min-1] is the initial adsorption rate and b [g mg-1] is a constant related to the extent 

of surface coverage and activation energy for chemisorption. The slope 1/b and the intercept 

[ln(ab)]/b are the number of sites available for adsorption and the amount adsorbed in time t = 1 min, 

respectively. 

 

 

 

 

 

 

 

 

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2

+  
1

𝑞𝑒
 𝑡 

𝑞𝑡 =  
1

𝑏
 ln(𝑎𝑏) +  

1

𝑏
 ln(𝑡) 



159 
 

7.4.1.4 Intraparticle diffusion model  

 

Pseudo-first and second order and Elovich model are not able to identify the diffusion mechanism, 

thus intraparticle diffusion model was introduced in 1963 by Weber and Morris.[46]  Intraparticle 

diffusion model can be applied to adsorption process which are limited by intraparticle diffusion 

(IPD). This model is the third most common applied model for liquid adsorption kinetics in 

environmental remediation after the pseudo-first and second order models and describes the diffusion 

steps of species from the liquid phase (bulk) to inside the adsorbent pores [35]  and can be expressed 

as: 

(7.6) 

 
where kD is the diffusion rate constant [mg g-1 min-0.5] and Ct is the initial adsorption capacity [mg g-

1]. If the plot of qt versus t1/2 gives a straight line, then the sorption process is controlled by intra-

particle diffusion only. However, if the data exhibit multi-linear plots, then two or more steps of 

diffusion influence the sorption process.[47]  kD and the Ct can be calculated from the slope and the 

intercept of the plot qt correlated to t1/2 expressed also as t0.5 [min0.5]. 

 

7.4.2 Application of kinetic adsorption models to experimental data  

 

The kinetic experimental values obtained from the adsorption of glyphosate on SBA-15 PAPTS were 

fitted with kinetic models described above in order to describe properly the kinetic mechanism of the 

adsorption of glyphosate on both materials and to compare the predicted adsorption values with the 

experimental data in different adsorbent/adsorbate systems. 

Kinetic parameters such as the rate constants, equilibrium adsorption capacities and related 

correlation coefficients (R2) and exact prediction of experimental data (the Nonlinear Chi-Square Test 

(ꭓ2)) were obtained by fitting of the experimental data to each kinetic model are reported in table 7.3. 
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Table 7.3: Kinetic parameters of the models for the adsorption of glyphosate on SBA-15-PAPTS 
Pseudo-first 

order model 

qe 

[mg g-1] 

k1 

[min-1]x10-2 
R2 ꭓ2 

SBA-15-PAPTS 1.18 0.03 0.855 9.83 

Pseudo-second 

order model 

qe 

[mg g-1] 

k2 

[g mg-1 min-1] 
R2 ꭓ2 

SBA-15-PAPTS 2.09 0.09 0.997 0.29 

Elovich model 
(1/b) ln(ab) 

[mg g-1] 

1/b 

[mg g-1] 

a 

[mg g-1 min-1] 

b 

[g mg-1] 
R2 ꭓ2 

SBA-15-PAPTS 0.61 0.30 0.74 1.64 0.985 0.02 

Intraparticle 

diffusion model 

kD1 

[mg g-1 min-0.5] 

kD2 

[mg g-1 min-0.5] 

kD3 

[mg g-1 min-0.5] 
R2

1 R2
2 R2

3 ꭓ2 

SBA-15-PAPTS 0.33 0.12 0.04 0.998 0.989 0.794 0.13 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 7.9: Comparison of experimental kinetics isotherms with kinetics models for glyphosate adsorption 

on SBA-15-PAPTS. 

 

As it can be observed in Figure 7.9 and Table 7.3, the pseudo first order model was discarded for 

SBA-15-PAPTS because of the low accuracy in the prediction of experimental data (high values of 

ꭓ2 and low values of coefficients of correlation R2).  

 

The best kinetic fitting for SBA-15-PAPTS were obtained by using Pseudo-second order and Elovich 

models, which present R2> 0.95 and ꭓ2<10 (see table 7.3 and Figure 7.9). 
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As reported in Table 7.3, SBA-15-PAPTS is described by the Pseudo-second order model (see table 

7.3, R2= 0.997 and ꭓ2=0.29), which predicts a value of equilibrium adsorption capacity qe of 2.09 mg 

g-1 very similar to that obtained experimentally (2.04 mg g-1). This model suggests that the adsorption 

process on SBA-15-PAPTS is the result of a chemical interactions (chemisorption). The ionic 

interactions between glyphosate and SBA-15-PAPTS was expected due to the positive charged 

present on the surface of this materials related to the protonated amino groups (NH3
+ species) and the 

negative charge of the functional groups of glyphosate molecules, as confirmed by the adsorption 

comparison between the bare SBA-15 and the grafted SBA-15-PAPTS (see Figure 7.8). In addition, 

low value of pseudo second order rate (k2) 0.09 g mg-1 min-1, indicates that the adsorption for SBA-

15-PAPTS in general is quite rapid, as can be confirmed on the experimental kinetic isotherm (Figure 

7.8), where the functionalised mesoporous silica reaches the equilibrium after 2 h. This probably due 

to the textural properties of this material, where diffusion inside of the mesoporous is quite fast. 

 

Elovich model also reported good fitting (see table 7.3, R2= 0.985 and ꭓ2=0.02) on the adsorption of 

glyphosate on SBA-15-PAPTS. This model confirms that the adsorption process on SBA-15-PAPTS 

is described by chemisorption on specific sites through ionic interactions. In addition, from the 

Elovich model (see table 7.3), the number of sites available for adsorption and the amount adsorbed 

at the first min for SBA-15-PAPTS were 0.30 and 0.61 mg g-1, respectively. Whereas the constant 

related to the extent of surface coverage and activation energy for chemisorption (b) for SBA-15-

PAPTS obtained from this model is 1.64 [g mg-1]. 

 

In the process of glyphosate adsorption on SBA-15-PAPTS, three particle diffusion steps of 

adsorption were identified by applying the intraparticle diffusion model suggesting different 

mechanisms for each step (Figure 7.10).   
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Figure 7.10: Linear fitting of the adsorption kinetic by the Intraparticle diffusion model for glyphosate 
adsorbed on SBA-15-PAPTS.  

 
The process of adsorption of glyphosate on SBA-15-PAPTS (Figure 7.10), the first linear correlation 

in the range of t0.5 was found in the range of 1-3.13 min0.5, which according to the model would be 

associated with the instantaneous diffusion of the glyphosate molecules on the external surface of 

SBA-15-PAPTS. Low values of t0.5 on the first linear behaviour should indicate that the mass 

transport through the liquid-SBA-15-PAPTS interface occurs rapidly and there is not a limiting stage 

in the process.[48,49] The second stage at values of t0.5 was found between 3.13-7.74 min0.5 for SBA-

15-PAPTS which is associated with the mass transport of the adsorbate through the pores of the 

adsorbent (internal diffusion). The third step was found between 7.74-11 min0.5 for SBA-15-PAPTS 

which is the final equilibrium step where the intraparticle diffusion rate starts to decrease due to the 

remain low glyphosate concentration in the solution. 

 

The diffusion rate of adsorption [mg g-1 min-0.5] (k1D, k2D and k3D) are reported in Table 7.3.  

For SBA-15-PAPTS, the first value of k1D diffusion rate constant resulted the high values and then 

the value (k2D and k3D) decreases in the other steps: this behaviour suggests that the rate of adsorption 

is only limited by the external resistance (the mass transport through the liquid-SBA-15-PAPTS 

interface) and then progressively other diffusion mechanism affect with less effect to the adsorption 

process.[50,51]  The initial adsorption capacity of glyphosate on SBA-15-PAPTS (Ct1) was 0.289  mg 

g-1 which was obtained from the intercept of the first linear correlation  and is associated to the amount 

of glyphosate rapidly adsorbed on the external surface of  SBA-15-PAPTS. This is related to the fact 
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that glyphosate is adsorbed first on the mesopores with large diameter between 65-100 Å. The SSA 

of  SBA-15-PAPTS related to this range of mesoporous is 145 m2 g-1, as reported from Table 7.1.  

 

7.5. Equilibrium adsorption studies of glyphosate on and SBA-15-

PAPTS   

 

Equilibrium adsorption isotherms were obtained from the adsorption measurements of different 

concentrations of glyphosate in contact at a specific equilibrium time in aqueous media. The batch 

equilibrium adsorption experiments were repeated in three different experimental batches to reduce 

experimental errors associated with spectroscopic measurements.  

 

Batch equilibrium experiments were carried out by using 20 mL standard solution at different 

concentration of glyphosate ranging from 2-25 mg L-1 which were placed in contact with 50 mg of 

the adsorbent inside to glass vials of 25 mL. The glass vials were subjected to shaking in ambient 

conditions (see Figure 7.7A) at each specific adsorption equilibrium time (te) obtained from the 

previous kinetic adsorptions studies which was 120 min for SBA-15-PAPTS. 

When the te of each glass vial was completed, the glyphosate solutions containing the adsorbents were 

filtered by using syringe filters of 0.45 μm and syringes (See Figure 7.7B). The liquid phase was then 

used for determination of the glyphosate concentration remaining after equilibrium was reached (Ce) 

according the derivatization procedure and UV-vis analysis (standard curve prepared with standard 

solutions with concentrations in the ranges of 1-30 mg L-1 of glyphosate in 0.1 M aqueous KCl), 

explained in the paragraphs 7.3.1 and 7.3.2. 

The adsorption capacity qe [mg g-1] at equilibrium was determined according to equation 7.7: 

 

(7.7) 

 

Where Ce [mg L-1] is the equilibrium liquid phase concentrations of glyphosate. V [L] is the volume 

of glyphosate solution used in the batch adsorption, and W [g] is the mass of dry adsorbent used. 

In Figure 7.11 the equilibrium adsorption isotherms with their standard deviation values of glyphosate 

adsorbed on the SBA-15-PAPTS silica at 298 K are reported. 

  

𝑞𝑒 =  
(𝐶𝑜 − 𝐶𝑒 )  𝑉

𝑊
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Figure 7.11: Equilibrium adsorption isotherms and their standard deviations of glyphosate on and SBA-15-

PAPTS with te = 2 h, respectively, C0 2–25 mg L-1, ratio = 50 mg of adsorbent/20 mL glyphosate standard 

solution at T = 298K. 

 

The isotherm has been classified according to the Giles classification.[52] Giles have classified 

equilibrium adsorption isotherms in four main groups: L, S, H, and C. 

According to the above classification, SBA-15-PAPTS (Fig. 7.11) shows C-type isotherm. In the C-

type (Constant partition), the slope remains constant which means a constant affinity for a wide range 

of concentrations. [53]   

At low equilibrium concentrations Ce = 2.5 mg L-1, SBA-15-PAPTS adsorbs 1.44 mg g-1 and at 

maximum equilibrium concentrations (Ce), the SBA-15-PAPTS adsorbs qm=6.78 mg g-1: The high 

adsorption capacity of this material can be associated to the fact that SBA-15-PAPTS material has a 

positive charge surface that is able to interact via electrostatic interactions with negatively charged 

glyphosate. 

 

7.5.1 Equilibrium adsorption models 

 

In order to optimize the adsorption mechanism pathways, to express the dependence of the surface 

properties of the adsorbent to the sorption results, to determine the adsorption capacities and design 

effectively the adsorption systems for the removal of glyphosate from effluents, it is important to 
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establish the most appropriate correlation for the equilibrium isotherms.[54,55]  The determination of 

adsorption parameters by applying adsorption models permits to describe the relationship between 

the amount of glyphosate adsorbed by the adsorbents (qe) and the adsorbate concentration remaining 

in solution after equilibrium is reached (Ce).[54]   

Taking account these previous considerations, the equilibrium adsorption isotherms of glyphosate 

adsorbed on SBA-15-PAPTS were adjusted to different adsorption models such as Freundlich, 

Langmuir, Elovich, Temkin and Dubinin–Radushkevich (DR) to understand the mechanism in the 

liquid adsorption system. 

 

7.5.1.1 Freundlich model  

 

The Freundlich model empirically developed by Freundlich (1906)[56]  can be applied to describe 

adsorption of several compounds on heterogeneous surfaces or surfaces which possess different sites 

with varied affinities. 

This model assumes that heterogeneous surface energy is a consequence that the sites with stronger 

affinities are occupied first and then the binding strength decreases with an increasing degree of site 

occupation [57]  and can be expressed as:  

(7.8) 

 

where Ce is the concentration remaining in solution after equilibrium is reached [mg L-1], qe is the 

adsorption capacity at equilibrium [mg g-1], KF is the Freundlich constant related to the adsorption 

capacity of the adsorbent [mg g-1 (L mg-1)1/n] and nF is a constant indicative of the adsorption intensity 

of the adsorbent (dimensionless). KF can be defined as the adsorption capacity or distribution 

coefficient and represents the adsorbed quantity of the adsorbate for a unit equilibrium concentration. 

The 1/nF and log KF can be calculated from the slopes and the intercepts, respectively by plot of log 

qe versus log Ce. The 1/nF ranges between 0 and 1 is a measure of adsorption intensity or surface 

heterogeneity, becoming more heterogeneous as its value gets closer to zero. Whereas, 1/nF < 1 

suggests chemisorptions process where 1/nF > 1 is an indicative of cooperative adsorption.[58]    
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7.5.1.2 Langmuir model 

 

Langmuir model proposed by Langmuir (1918) [59]  which was primarily designed to describe gas-

solid phase adsorption is also used to widely used to describe the adsorption occurred on homogenous 

surface by monolayer sorption with a finite number of identical sites.[60]  This model can be 

mathematically expressed as: 

(7.9) 

 

where qm is the maximum adsorption capacity per unit weight of the adsorbent [mg g-1] and KL is the 

Langmuir constant relating related to the free energy of adsorption (the affinity of the binding sites) 

[L mg-1]. 

 

7.5.1.3 Elovich model 

 

The equation was first developed to describe the kinetics of chemisorption of gas onto solids.[61]   

The Elovich model is based on a kinetic principle which assumes that adsorption sites increase 

exponentially with adsorption; this infers a multilayer adsorption.[62,63] The Elovich equation is 

express as follows:  

 

(7.10) 

 

where KE is the Elovich equilibrium constant [L mg-1] and qm is the Elovich maximum adsorption 

capacity [mg g−1]. If the adsorption follows Elovich equation, qm and KE can be calculated from the 

slopes and the intercepts, respectively of the plot of ln (qe/Ce) versus qe. 

 

7.5.1.4 Temkin model 

 

Temkin and Pyzhev model[64]  assumes that the heat of adsorption of all the molecules in the layer 

decreases linearly with coverage due to adsorbent–adsorbate interactions, considering a factor that 

explicitly takes into account of these interactions.[65,66]  This model assumes also that the adsorption 

is characterized by a uniform distribution of the binding energies, up to some maximum binding 

energy. The Temkin isotherm is expressed as: 

𝑞𝑒 =  
𝑞𝑚  𝐶𝑒

1 +  𝐾𝐿 𝐶𝑒
 

𝑞𝑒

𝑞𝑚
= 𝐾𝐸 𝐶𝑒  𝑒

−
𝑞𝑒
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(7.11) 

 
Where bt Temkin isotherm constant (dimensionless), RT/bT [J mol-1] is the Temkin constant related 

to the adsorption energy and KT [L g-1] is the Temkin equilibrium binding constant corresponding to 

the maximum binding energy. R (8.314 J mol-1 K-1) is the universal gas constant and T is the absolute 

solution temperature (298K). If the adsorption follows Temkin equation, the bT and the KT can be 

calculated from the slope and the intercept of the plot qe versus ln (Ce). [68]   

 

7.5.1.5 Dubinin–Radushkevich model 

 

Another popular equation for the analysis of isotherms of a high degree of rectangularity is that 

proposed by Dubinin and Radushkevich in 1947.[69]  This model is applied adsorption mechanism by 

discriminating between physical and chemical adsorption based on the potential theory assuming 

heterogeneous surface[69] and is given by the following equation. 

 (7.12) 

 
 

where qm is the maximum adsorption capacity per unit weight of the adsorbent [mg g-1], BDR 

(dimensionless) is the isotherm constant and ε values can be correlated as: 

 

 (7.13) 

 

where R is the gas constant (8.314 J mol-1 K-1) and T is the solution temperature (298K).  

The free energy sorption per molecule of the sorbate when is transferred from the liquid phase (bulk) 

to the surface of the solid (E) can be calculated by using the constant BDR by following relationship:  

   

            (7.14) 

 

A plot of ln (qe) versus ε2 allows to obtain the constants E and qm from the slope and intercept, 

respectively. 
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7.5.2 Fitting the experimental adsorption data with models 

 

The equilibrium experimental data obtained from the adsorption of glyphosate on SBA-15-PAPTS 

was adjusted to equilibrium adsorption models: Freundlich, Langmuir, Elovich, Temkin and Dubinin 

Radushkevish models, in order to describe properly the adsorption mechanism on the adsorption of 

glyphosate on both materials in a liquid adsorption system. The linearized forms of the equations 

were applied for all the models. 

Adsorption parameters such as maximum adsorption capacity qm per unit weight of the adsorbent at 

equilibrium adsorption, adsorption energies and related correlation coefficients (R2) and exact 

prediction of experimental data (Chi-Square Test (ꭓ2)) were obtained by fitting of the experimental 

data to each adsorption model and are reported in table 7.4. 

In Figure 7.12 are reported the fitting of the relevant models with best values of ꭓ2, nevertheless the 

selection of the best fitting model was still evaluated in terms of both static values (ꭓ2 and R2). 

 

For SBA-15-PAPTS, Elovich, Temkin and Dubinin Radushkevish models were discarded because of 

the low accuracy in the prediction of experimental data (R2<0.95 and ꭓ2
>1) for presenting a maximum 

adsorption capacity qm (see table 7.4 and Figure 7.12), distant from that found experimentally (qm= 

6.78 mg g-1). 

In conclusion, the best fittings for SBA-15-PAPTS sample (Figure 7.12B) were obtained by using a 

Freundlich and Langmuir model (R2>0.96 and ꭓ2<0.6).  

 
Table 7.4: Isotherm parameters of the models for the adsorption for the adsorption of glyphosate on HSZ-Y 
zeolite and on SBA-15-PAPTS 

Freundlich model R2 χ2 1/nF log KF nF 
KF    

[mg g-1 (L mg-1)1/n] 

SBA-15-PAPTS 0.974 0.17 1.35 -0.40 0.74 0.37 

Langmuir model R2 χ2 
1/qm 

[g mg-1] 
KL /qm 

[L mg-2 g] 
qm 

[mg g-1] 
KL 

[L mg-1] 

SBA-15-PAPTS 0.986 0.16 0.15 0.01 6.77 0.07 

Elovich model R2 χ2 
- 1/qm 

[g mg-1] 
ln (KE qm) 

qm 
[mg g-1] 

KE 
[L mg-1] 

SBA-15-PAPTS 0.901 0.07 0.087 -1.25 7.12 0.04 

Temkin model R2 χ2 
RT/bT 

[J mol-1] 
(RT/bT) lnKT 

[J mol-1] 
bT  

KT 
[L g-1] 

SBA-15-PAPTS 0.893 1.65 3.91 -2.19 624 0.57 

Dubinin–
Radushkevich model 

R2 χ2 ln (qm) BDR 
qm 

[mg g-1] 
E 

[J mol-1] 

SBA-15-PAPTS 0.892 1.58 1.73 1.87 x 10-06 5.65 517 
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Figure 7.12: Comparison of experimental equilibrium adsorption isotherms with the equilibrium adsorption 
models of glyphosate on SBA-15-PAPTS.  

 
 

The Langmuir isotherm is better fitted with experimental data with higher correlation coefficients 

(R2=0.986) than that of the Freundlich isotherm (R2=0.974). This means that the adsorption process 

of glyphosate on SBA-15-PAPTS is better described by the Langmuir model than Freundlich model. 

Langmuir model suggests that the surface of SBA-15-PAPTS as homogenous surface (equal affinity) 

with well distributed active sites that interact with the glyphosate molecules through chemical 

interactions (chemisorption).  Therefore, the active sites present on the surface of SBA-15-PAPTS 

described by this model are related to the protonated amino groups (NH3
+ species) which interact 

though ionic interactions with negative charge of the functional groups of glyphosate molecules, in 

accordance with the kinetic analysis. 

The Langmuir constant KL which relates the free energy of adsorption (the affinity of the binding 

sites) for SBA-15-PAPTS is 0.07 L mg-1. 
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7.6 Conclusions 

 

In this chapter, data related to glyphosate adsorption from aqueous solution on SBA-15 and SBA-15-

PAPTS collected during a period of internship at the laboratories of the Department of Sciences, 

Section Chemistry, Pontifical Catholic University of Perú are reported. Kinetic and equilibrium 

studies were obtained from batch adsorption of glyphosate solutions in contact with the SBA-15 and 

SBA-15-PAPTS in aqueous media. 

 

UV–vis spectroscopy was used to obtain the concentration of glyphosate of the aqueous solutions, 

after the adsorption experiments. A derivatization procedure was necessary for the detection of 

glyphosate, by using 9-fluorenylmethoxycarbonyl chloride (FMOC-Cl) as derivative reagent. The 

UV spectra of the product of the derivatization (FMOC−glyphosate adduct) allowed to obtain the 

absorbances at 265 nm (λmax). The concentrations of glyphosate after the adsorption experiments were 

calculated by using a calibration curves prepared with standard solutions of glyphosate at different 

concentrations.  

Kinetic adsorption isotherms of glyphosate on bare SBA-15 and on grafted sample (SBA-15-PAPTS) 

revealed the importance of functionalization to improve the adsorption capacities. Indeed, the 

presence of positive amino groups on SBA-15-PAPTS surface improves the adsorption performances 

respect to the bare SBA-15. This is due to the fact that the introduction of amino groups promotes 

ionic interactions with the negative charge of the functional groups of glyphosate molecules. 

 

Kinetic and equilibrium studies of SBA-15-PAPTS for the adsorption of glyphosate had a best fit 

towards pseudo-second order and Langmuir models, which showed the prevalence ionic interactions 

between the surface and the adsorbed species 
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General Conclusions 
In this Ph.D. thesis, siliceous materials with different porosity degree for potential application in 

groundwater depollution have been studied.  

In this respect, solids with different pore dimensions and architecture, particle size and textural 

properties have been selected and tested as sorbents for hydrocarbon adsorption, with particular 

attention to toluene and n-hexane (used as model molecules of aromatic and aliphatic fuel-based 

pollutants, respectively). 

 

First at all, microporous solids such as zeolites have been selected as adsorbents and the effect of their 

physico-chemical properties on the adsorption capacity were studied. Particular attention has been 

paid to the use of two dealuminated high silica HSZ-Y and ZSM-5 zeolites (with a SiO2/Al2O3 ratio 

of 200 and 280, respectively) with commercial origin, that were selected on the basis of their pore 

dimension, hydrophobicity, and textural properties. 

 

HSZ-Y zeolite belonging to Faujasite family (FAU) is characterized by the presence of large 

supercages (of ca. 13 Å of diameter) whereas ZSM-5, with framework type MFI, is characterized by 

two types of intersecting straight channels of ca. 5 Å x diameter. The specific surface area (SSA) of 

the zeolite HSZ-Y is of 991 m2 g−1, more than half of which is due to the presence of micropores (710 

m2 g−1); whereas ZSM-5 zeolite has a SSA of 550 m2 g−1, and the presence of micropores is related 

to a SSAmicro of 355 m2 g−1 . 

In order to improve the adsorption capacities, the interest was then devoted to the use of mesoporous 

silicas with different porosity. In particular, two types of mesoporous silicas with irregular porosity 

(i.e., FUMED and AMSs silicas) and two types of mesoporous silicas with ordered porosity 

(i.e.,SBA-15 and MCM-41) were studied.  

The physico-chemical feature of these solids (FUMED, AMSs, HSZ-Y, ZSM-5, MCM-41 and SBA-

15) were investigated by means of different experimental approaches (i.e. N2 adsorption, FTIR, TGA 

and SS-NMR).  

Amorphous silica samples FUMED and AMS sample have SSA of 412 and 870 m2 g-1. FUMED has 

a heterogenous pore size distribution with pores in the range from 20 to 300 Å whereas AMSs sample 

has heterogeneous pore size distribution between 30 to 200 Å. 

Mesoporous ordered SBA-15 and MCM-41 silicas have a SSA of 761 and 1103 m2 g-1, respectively. 

MCM-41 has a wide pore size distribution between 30-80 Å, with a maximum centered at 42 Å. 
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Whereas, SBA-15 has two different family of pores:  one heterogenous family from 20 to 65 Å and 

one homogeneous family of pores between 65-100 Å with a maximum centered at 75 Å. 

The textural properties of the silica-based solids studied in this Ph.D. are summarised in Table 1. 

Table 1: Main textural features of silica-based solids studied in this Ph.D. 

Sample 
SSABET

a 

[m2g-1] 

Vmicrop
c  

(≤ 20 Å) 

 [cm3g-1] 

VT
b 

[cm3g-1] 

V<50 Åc 

[cm3 g−1] 

Vmesop
c 

[cm3g-1] 

20-300Å 

Vmesop
c 

[cm3g-1] 

20-100Å 

Vmesop
c 

[cm3g-1] 

20-65Å 65-100Å 

HSZ-Y 991 0.28 0.68 0.37 0.29 0.13 0.09 0.04 

ZSM-5 550 0.02 0.52 0.20 0.46 0.39 0.28 0.11 

FUMED 412 - 1.47 0.10 0.57 0.27 0.16 0.11 

AMS-HSA 870 - 1.66 0.12 1.63 0.81 0.29 0.52 

MCM-41 1103 - 1.31 0.66 1.13 0.95 0.83 0.12 

SBA-15 761 - 0.96 0.20 0.92 0.86 0.31 0.55 

aBrunauer−Emmet−Teller (BET) specific surface area (SSA); bTotal pore volume by NLDFT method; cVolume of 
mesopores NLDFT method. 

 

The first part of this Ph.D. thesis was focused to the understanding of the competition of organic 

contaminants for a specific adsorbent. This important issue is relevant from the environmental point 

of view in that, under real conditions, pollutants are generally present in groundwater as complex 

mixtures. As stated before, dealuminated HSZ-Y and ZSM-5 zeolites (with a SiO2/Al2O3 ratio of 200 

and 280, respectively) have been selected as adsorbents for the co-adsorption of toluene and n-hexane 

equimolar mixture. From FTIR analyses it was possible to observe that the two zeolites behave 

differently in the presence of the toluene/n-hexane mixture: indeed, the HSZ-Y zeolite preferentially 

retains toluene, whereas n-hexane is preferentially adsorbed on ZSM-5.  

This information has been obtained thank to the determination of the molar absorption coefficient of 

specific IR bands of n-hexane and toluene adsorbed on microporous systems (HSZ-Y and ZSM-5) 

that are derived by coupling IR and microgravimetric data. SS-NMR spectroscopy provided more 

insight on the on the local environment that the pollutants experience inside the zeolites pores and 

revealed that the adsorption and diffusion of toluene and n-hexane adsorbed as mixture are 

significantly influenced by the pore/channel architecture and volume availabilities in zeolites.  

 

In Figure 1 (A,B), a comparison of the volumetric adsorption isotherms of toluene adsorbed on the 

different materials studied in the frame of the thesis work is reported together with the pore size 

distribution of the used solids.  
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Figure 1: Toluene adsorption/adsorption isotherms (A) and pore size distribution (B) of all the supports: 

FUMED (curve a), AMS-HSA (curve b), HSZ-Y (curve c), MCM-41 (curve d) and SBA-15 (curve e)  

 

From these figures, it is clear to observed that at low pressures (0-5 mbar), microporous HSZ-Y 

zeolite has higher adsorption capacities towards toluene respect to the mesoporous silicas.  

This behaviour should be related to the presence of micropores able to entrap toluene molecules. 

The high affinity of HSZ-Y for toluene at low pressures is partially related to the O-H···π interactions 

between silanol species and toluene molecules. These results suggest that at low pressures of toluene, 

the surface silanols play a key role in driving toluene adsorption capacity. Nevertheless, HSZ-Y has 

an adsorption limit at low pressures (ca. 5 mbar) in which HSZ-Y reaches the saturation (monolayer). 

The overall adsorption capacity for HSZ-Y at 27 mbar is ca. 21 Q%. 

 

The use of mesoporous silicas allowed to increase significantly the toluene uptake.  

 

When amorphous silicas with non regular porosities (i.e. FUMED and AMS silicas) are used as 

supports, the toluene uptake increases with respect to the performances of HSZ-Y zeolite. 

Nevertheless, at relatively high toluene pressure (i.e. ca. 25 mbar), FUMED silica is able to adsorb 

ca. 20 Q% of toluene (similarly to that occurring for the HSZ-Y zeolite) and at ca. 40 mbar the toluene 

uptake is strongly increased to 71 Q%, probably in relation to the condensation of the aromatic 

molecules in the intraparticles porosities. As indicated by microgravimetry, at pressure of ca. 30 

mbar, AMS silica is able to adsorb more toluene than FUMED silica (ca. 35 Q%).  

 

Ordered mesoporous silicas have a completely different adsorption behaviour. As it can be derived 

from Fig. 1A, even if at low toluene pressure (below 5 mbar) the toluene uptake is lower than HSZ-
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Y zeolite, both supports displayed an interesting increase of the toluene uptake in the region between 

5 and 25 mbar. In this region of pressure, MCM-41 is able to adsorb more toluene than SBA-15 and 

this is probably related to the fact that in these conditions the mesopores with diameter in the 20-65 

Å range are filled. As it can be seen from Table 1, for MCM-41 these pores have a total volume of 

0.82 cm3 g-1, whereas in SBA-15 the volume of this family of pores is only 0.31 cm3 g-1. At higher 

toluene pressure, the overall adsorption capacity is 90 Q% for SBA-15 and 78 Q% for MCM-41. This 

is probably to the partial filling of pores in the 65-100 Å range, available especially in SBA-15 

material. 

 

This collection of data suggests that porosity and confinement effects play a key-role in driving 

toluene adsorption capacity. 

 

The volumetric data, together with FTIR analysis of adsorbed toluene, were also used for the 

determination of molar absorption coefficients of toluene adsorbed on mesoporous silicas (FUMED 

and ordered mesoporous MCM-41 and SBA-15 silicas). 

 

The last part of this Ph.D. was devoted to the study of glyphosate (N-(phosphonomethyl)-glycine) 

adsorption on porous SBA-15 solid, also functionalized with amino groups. 

In particular, SBA-15 was functionalized with the aminopropyltrimethoxysilane (PAPTS) in order to 

introduce specific functionalities able to increase the affinity of the material for the glyphosate 

molecules. SBA-15 and SBA-15 PAPTS have been studied in order to evaluate their physico-

chemical properties.  

The surface charge of SBA-15 and SBA-15-PAPTS at pH of adsorption conditions (pH=5) were 

determined by Zeta potential (ξ) measurements. SBA-15 showed a negative Z-potential (-5.12 mV), 

due to the presence of SiO- species, whereas SBA-15-PAPTS showed positive Z-potential (+18.17 

mV) due to the introduction of  NH2 species which at the pH of the adsorption batches (pH= 5) are 

protonated to NH3
+ species. 

 

Kinetic and equilibrium studies were obtained from batch adsorption of glyphosate solutions in 

contact with  SBA-15 and SBA-15-PAPTS in aqueous media. 

The concentration of the glyphosate after the adsorption experiments was determined by using UV–

vis spectroscopy. Before the UV analysis, glyphosate was derivatized to another molecule by using a 

derivative reagent (fluorenylmethoxycarbonyl chloride (FMOC-Cl)).  
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Kinetic adsorption isotherms of glyphosate on bare SBA-15 and on SBA-15-PAPTS revealed that the 

presence of amino groups on SBA-15-PAPTS surface improves the adsorption performances respect 

to the bare SBA-15. This is related to the fact that the NH3
+ species present at the silica surface are 

able to interact with the phosphonate group of glyphosate molecules through ionic interactions. 

The kinetic and equilibrium data obtained from the adsorption of glyphosate on SBA-15 PAPTS were 

fitted with different models, in order to understand the adsorption mechanisms and the kinetic 

process.  
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Appendix I 

Microporous Materials: Introduction to Zeolites 
One of the oldest members of the microporous materials family are zeolites. 

Zeolite is a Greek word ζεω (zeo) means ‘to boil’ and λιθος (lithos) means ‘stone’ and together mean 

“boiling stone”. This is because when the Swedish mineralogist (Baron) Friedrich Axel Cronstedt 

discovered a natural zeolite for the first time in 1756, he observed a “stilbite” which is currently 

famous zeolite, lost huge quantities of steam upon heating.[1] 

 

1. Structure and chemical composition of zeolites 

Structurally, zeolites are crystalline polymers based on a three-dimensional arrangement of TO4 

tetrahedra (T = Si or Al) linked through their oxygen atoms to form subunits and finally large lattices 

by repeating identical building blocks (unit cells), producing a network containing channels and 

cavities of molecular dimensions.[2] 

Zeolites are composed of an aluminosilicate framework which general formula is: 

(Mn+)y/n [(SiO2)x · (AlO2)-y] · zH2O 

where n is the valence of the cation M and (x+y) is the number of tetrahedra per crystallographic unit 

cell and x/y is the framework silicon/aluminium ratio nSi/nAl (or simply Si/Al).[3,4] 

The ways of combining each TO4 (Si, Al) tetrahedra are many and this leads to the possibility of 

obtaining different regular rings that also take the name of Secondary building units, SBUs (Figure 

1). The most common rings are formed by 4-T, 6-T, 8-T, 10-T, and 12-T; however, zeolitic structures 

containing 14, 18, and 30-member rings have been also obtained.[5] 

Each zeolite is recognized with a three-letter code that identifies the type of lattice (connectivity, pore 

size, etc.). The typical rings of the zeolitic structures can generate polyhedra, one of the most common 

is the polyhedron called the truncated octahedron cube, in which there are 24 primary structural units 

(tetrahedra), has a surface defined by 6 rings formed by 4-T and 8 rings formed by 6-T [4668]. This 

structure is highly symmetrical and also known as the sodalite unit cage β (Figure 3.1, top line). 

These units can be connected to each other thus forming different three-dimensional structures 

(Figure 1). Some of the most typical three-dimensional structures of zeolites are shown in Figure 1. 

Adapted from ref.[4] 
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Figure 1: Structures of four selected zeolites (from top to bottom: faujasite or zeolites X, Y; zeolite ZSM-12; 

zeolite ZSM-5 or silicalite-1; zeolite Theta-1 or ZSM-22) and their micropore systems and dimensions. 

Adapted from ref.[4] 

 

The size of the micropores of the zeolite varies depending on the number of members in the rings, 

between 4 and 12 Å. On rings, T-O-T angles vary mostly in the range 130°–180°. The Flexibility of 

this angle is one of the most important factors determining the huge variety of zeolites frameworks. 

(Figure 2).[5] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Framework structure of zeolites; (a) T-site bonding only, (b) ball and stick, (c) space filling, and (d) 

(Si, Al)O4 tetrahedra. Adapted from ref.[5] 
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The term silicon/aluminum ratio (Si/Al) is used to define the composition of a zeolite. The 

concentration of silicon and aluminum is important to explain the chemical characteristics of zeolites. 

Silicon (Si4+) and aluminium (Al3+) cations bounded by four oxygen anions (O2-). The presence of 

trivalent Al atoms in the framework results negatively charged an anionic framework (AlO2-) which 

can be neutralised by the extra framework cations such as sodium (Na+), calcium (Ca2+) and 

magnesium (Mg2+).[6] Heavy metal cations in solution can be exchanged for these extra framework 

cations via ion exchange mechanism, which is, in certain cases, found to be the primary mechanism 

of heavy metal sorption employed by zeolite.[7-9] 

There is an avoidance of the formation of Al-O-Al linkages known as ‘‘Loewenstein rule’’ in honor 

of the Loewenstein who first rationalized this observation. This rule explains that two tetrahedra are 

linked by one oxygen bridge, the center of only one of them can be occupied by aluminium; the other 

center must be occupied by silicon.[10] 

Likewise, whenever the maximum of Si by Al may be 50% and therefore the minimum rate of Si/Al 

is 1. Furthermore, for a replacement equal to 50%, a strict alternation of Si and Al in the tetrahedra is 

necessary [10] 

As explain above, the presence of Al3+ produces the formation of a negative charge of the framework 

that must be neutralized by counterions positive. Usually, the negative charge is compensated by 

additional non-framework cations like sodium (Na+). However, sodium ions are mostly replaced by 

protons (H+) that form a bond with the negatively charged oxygen anions of the zeolite (this results 

in Brønsted OH acid sites).[11] The zeolites surface plays important roles on the adsorption properties 

(i.e, hydrophobicity, hydrophilicity and binding to reactant with molecules). In fact, it is well known 

that the many relevant properties of zeolites are based on the concentration, distribution, and nature 

of surface species (silanols) present on the internal and external surface inside the porous as explained 

in Figure 3 (Schematic description of the surface species of zeolites. Adapted from ref.)[12,13] 

These species silanols on zeolites has been identified as (Figure 3):  isolated silanols Si-OH situated 

at the external surface, where the possibility of interaction with surrounding groups is not possible. 

Vicinal Silanols (or bridged silanols), silanols situated on the inner surfaces of the zeolite, where 

interaction of them with the surrounding is possibly. Terminal silanols consisting of an OH group 

bonded to an external Si atom. Geminal silanols, which are formed by two OH groups linked to an 

external Si atom. And Silanols belonging to the Si–(OH)–Al bridges (Brønsted sites). 

The Brønsted acid sites can be described by the resonance structures I and II (Figure 3) where the 

structure I has the weak bound between the oxygen and proton (H+) and the structure II is a weak 

interaction between OH group which with the proton Al3 + (Lewis acid). 
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Figure 3: Schematic description of the surface species of zeolites. TEM image of zeolite beta together to 

Structural model of a ZSM-5 zeolite indicating the configuration of the different silanols. Adapted from 

ref.[12,13] 

Several zeolites have a prominent role because of its application in various important catalytic 

processes, including the oligomerization of light olefins, fluid catalytic cracking, and the alkylation 

of aromatics.[14-23] The catalytic behaviours of zeolites are mainly determined by the number and 

nature of their acid sites (Brønsted sites), the location and distribution of which affects the effective 

diffusion paths of the reactant molecules. However, as illustrated above, the key challenge for the 

development of efficient adsorbents for organic pollutants is adjusting the hydrophobic/hydrophilic 

character of zeolites. Furthermore, some literatures show that the stability of zeolite in hot liquid 

water is strongly associated with the density of Bronsted and Lewis acid sites[24], which in turn is 

correlated by the Si/Al ratio in their framework. Nevertheless, increasing the Si/Al ratio makes the 

zeolite structure last longer in aqueous environment due it increases the hydrophobicity character of 

the zeolite. For this purpose, it is possible to removal the acid sites (Bronsted silanols) by eliminating 

Al atoms from the framework through dealumination process.  
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2. The dealumination process of zeolites 

Dealumination is a method of chemical and structural modification of zeolites by a post-synthesis 

treatment in which the Al atoms are removed from the zeolite lattice. 

Dealumination can be accomplished by thermal or hydrothermal treatments, acids leaching, and 

chemical treatments with hexafluorosilicate (AHFS) or silicon tetrachloride (SiCl4). Among these 

methods, hydrothermal treatment is the most frequently used one.[25-30] 

It is well known that dealumination through hydrothermal treatment consists of hydrolysis of AI-O 

bonds with formation of neutral and cationic aluminium species.[31,32] Then the defect sites created 

by dealumination are filled by silicon atoms with a consequent stabilization of the zeolite framework. 

Wang et. al. explained the mechanism of dealumination of NH4NaY zeolite by hydrothermal 

Treatment and is illustrated in Figure 4.[33] 

In this mechanism, the reactions 1 to 4 explain the dealumination during the period of steaming. The 

step 1 denominated deammoniation begins at low temperature leads to a protonic zeolite in 

equilibrium with the hydroxyl form. Steps 2 to 4 correspond to the hydrolysis of the various Si-O-Al 

bonds and the migration of the Al species, consequently the formation defective sites (Si-OH). The 

following step 5 is the filling of the created vacancies (Si-OH) by Si atoms, leading to the stabilization 

of the framework.  

It is also possible to observe a loss of crystallinity during the dealumination, this because the amount 

of water is relatively small, the migration of the Si species occurs slowly to fill the hydroxylated 

species (defective sites).[33] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Mechanism of dealumination of a NH4Y zeolite by hydrothermal treatments. Adapted from ref. [33] 

 

As reported in the literature dealumination of zeolites through hydrothermal (steaming) treatment 

promotes the formation of a mesoporous system at the expense of the original micropores of the 
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samples.[34,35] In this way the one-dimensional zeolite micropores are interconnected by mesopores 

so that a two or three-dimensional structure is obtained. The presence of these mesopores is decisive 

because they help to overcome problems of diffusion in microporous zeolites and they allow shorter 

diffusion paths. [36] 

 

3. Zeolites applications 

Originally zeolites were useful as adsorbents for drying and separation process. Since the 

development of the first concepts of acid zeolite catalyst, to date many business processes based on 

zeolites as catalysts have been implemented. In 1938 Houdry et al. used them in catalytic cracking of 

hydrocarbons.[37,38] Later, in 1986, Pop et al. developed two ZSM-5 zeolites with different Si/Al ratios 

as catalysts for BTX synthesis by a selective methanol conversion.[39] 

 

Both natural and synthetic zeolites are extensively used in the fields of adsorption, ion-exchange, 

heterogeneous catalysis (nowadays most of gasoline is produced by zeolitic catalytic processes), 

energy storage, and more recently in several emerging fields such as health and medicine.[40] 

 

Zeolites are excellent support of catalysts and adsorption due to their physic-chemical features, such 

as: High surface area, Molecular dimensions of the pores, high adsorption capacity, partitioning of 

reactant/products, possibility of modulating the electronic properties of the active sites, possibility for 

pre-activating the molecules when in the pores by strong electric fields and molecular confinement. 

 

The research and knowledge of zeolites have grown so much that it was founded in 1973 the 

International Zeolite Association (IZA). This association aims to promote and encourage the scientific 

and technological development of zeolites and porous materials.[5,41]  
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Ordered Mesoporous Silicas  
Meso, the Greek prefix, meaning―in between, has been adopted by IUPAC to define porous 

materials with pore sizes between 2.0 and 50.0 nm. Mesoporous materials are characterized by high 

specific surface areas (>1000 m2 g−1), and large pores dimensions with large pore volumes. These 

characteristics allow to use such materials to overcome the limitations imposed by the reduced space 

of zeolite channels for interactions with larger molecules.[42] 

The synthesis of the M41S family developed by the Mobil Oil Company in 1992.[43,44] This class of 

materials are characterized by very large specific surface areas, ordered pore systems, and well-

defined pore radius distributions, in spite of these materials are amorphous materials but with ordered 

mesoporosities (Ordered mesoporous materials), in other words the framework of these materials is 

not crystalline but mesopores are arranged periodically within the structure. 

Three main subgroups of M41S materials were first reported by Mobil’s group. They include of a 

hexagonal phase referred to as MCM-41, a cubic phase known as MCM-48, and a nonstable lamellar 

phase known MCM-50 (Figure 5).[45,46]  

 

 

 

 

 

 

 

Figure 5: Structures of mesoporous M41S family: a) MCM-41 (2D hexagonal), b) MCM-48 (cubic), and c) 

MCM-50 (lamellar, space group p2). Adapted from ref.[46] 

 

The discovery of these materials represented a turning point in the research of materials and has led 

to an evolution of methods to develop new mesoporous solids similar to M41S silicas. Variating the 

conditions of synthesis, the silica precursor and the type of surfactant used to create the porous 

structure, many mesoporous materials have been established including: 

 Hexagonal Mesoporous Silicones (HMS); 

 Korea Advanced Institute of Science and Technology Silicas (KIT); 

 Santa Barbara Amorphous silicas (SBA); 

 Folded Sheets Mesoporous Material (FSM), for example the mesoporous silica FSM-16.[47,48] 

Typically, the synthesis of M41S materials takes place under mild conditions, typically below 120 

°C, in the presence of anionic, cationic or neutral surfactants, under either basic or acidic conditions. 
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Synthesis procedures generally include the use of sol-gel methods. Sol–gel methods provide metal 

alkoxide molecular precursors to produce a metal oxide according to the overall reaction 1: 

 

                (1) 

 

where R is an alkyl group and the metal in this case is Si.[49,50] 

The sol-gel method initially provides for the formation of a solution called SOL, which is generated 

by the following hydrolysis reaction (2):           

           

               Si(OR)n
 
+ H2O → Si(OR)n-1(OH) + ROH                         (2) 

 

The second reaction is that of condensation which leads to the formation of colloidal evolution called 

GEL. This reaction involves dealcoholisation reactions (3) and condensation (4): 

 

Si(OR)n
 
+ Si(OR)n-1(OH) → (RO)n-1Si-O-Si(OR)n-1+ ROH            (3)  

 

                   Si(OR)n-1(OH) + Si(OR)n-1(OH) → (RO)n-1Si-O-Si(OR)n-1 + H2O       (4)  

 

The continuation of these reactions increases the number of bonds ≡Si-O-Si≡, and therefore there is 

a reduction in the flexibility of the lattice and consequently an increase in viscosity. Even after 

gelation (gel aging) the number of bonds ≡Si-O-Si≡ continues to increase causing the contraction of 

the gel and the expulsion of the solvent from the pores for which the gel becomes more and more 

rigid. 

In the case of the synthesis of mesoporous systems, the sol-gel synthesis procedure is modified by 

the introduction of surfactants which are used as templates to allow formation of the porous structure. 

In Figure 6 is shown how surfactants, in the form of a lyotropic liquid-crystalline phase, lead to the 

assemblage of micelles generating an ordered mesostructured composite during the condensation of 

the silica precursors. After this, the mesoporous materials are obtained by subsequent removal of the 

surfactant by extraction or calcination. [46,51]  
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Figure 6: Formation of mesoporous materials by structure-directing agents: a) true liquid-crystal template 

mechanism, b) cooperative liquid crystal template mechanism.  Adapted from ref.[46] 

 

1. Chemical composition of silicas 

It is known that the SiO2 chemical composition comprises silanol groups (≡ Si-OH) and siloxane (≡ 

Si- O-Si≡) groups.[52,53] In fact, the surface properties of silica, which is considered to be an oxide 

adsorbent, in many cases depend on the presence of silanol groups. Silanols are OH groups that are 

covalently bound to Si atoms on the silica surface. [54] 

Silanol groups are formed on the surface by two main processes.[54] In detail, silanols groups are 

formed while silica synthesis, during the condensation/polymerization process of the Si(OH)4 (Figure 

7, a). In this step, the supersaturated solution of the acid becomes converted into its polymeric form, 

which then changes into spherical colloidal particles containing ≡ Si-OH groups on the surface. Upon 

drying, the hydrogel yields xerogel (the final product) which retains some or all the silanol groups on 

its surface.  

The second process which can form silanols OH groups is by rehydroxylation of dehydroxylated 

silica when it is treated with water or aqueous solutions. The surface silicon atoms tend to have a 

complete tetrahedral configuration, and in an aqueous medium their free valence becomes saturated 

with hydroxyl groups (Figure 7, b). 
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Figure 7: The formation of silanol groups on the silica surface: (a) Condensation polymerization; (b) 

Rehydroxylation. Adapted from ref.[54] 

 

The silanols can be divided into isolated groups (or free silanols), where the surface silicon atom has 

three bonds into the bulk structure and the fourth bond attached to a single OH group (Figure 8, a), 

and vicinal silanols (or bridged silanols), where two single silanol groups, attached to different silicon 

atoms, are close enough to hydrogen bond (Figure 8, b). A third type of silanols, geminal silanols, 

consist of two hydroxyl groups, that are attached to one silicon atom (Figure 8, c). The geminal 

silanols are too close to hydrogen bond each other, whereas the isolated silanols are too far 

separated.[55] 

 

 

 

 

 

 

 

Figure 8: Silanols present on the silica surface, (a) isolated silanols, (b) vicinal silanols and (c) geminal 

silanols. Adapted from ref.[56] 
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Appendix II 

Instrumental Parameters 

1. N2 Physisorption Analysis 

N2 physisorption analyses were carried out at 77K in the relative pressure range from 10-7 to 1 p/p0 

by using a using an Autosorb-iQ (Quantachrome Instruments). Prior to adsorption, the zeolites HSZ-

Y and ZSM-5 under high vacuum conditions (final pressure 7 × 10−4 mbar) for 1 h at 90 °C, 1 h at 

130 °C, and finally 16 h at 300 °C. All other silica samples were outgassed for 2 h at 80°C, 1 h at 

140°C, 1 h at 180°C and finally at 10 h at 220°C.  

The specific surface areas of the samples were determined by the Brunauer−Emmett−Teller (BET) 

equation in particular, using the 0.005-0.01 p/p0 range for the HSZ-Y zeolite and the 0.15-0.30 p/p0 

range for ZSM-5. The specific area of other silica samples was determined by the 

Brunauer−Emmett−Teller (BET) equation in the range 0.1-0.25 p/p0 of relative pressure. The pore 

size distributions of all the samples were calculated by applying the cylindrical pore NLDFT kernel 

in the desorption branch isotherms. 

 

2. Thermogravimetric Analysis (TGA)  

TGA analyses were made using a SETSYS Evolution TGA-DTA/DSC thermobalance.  TG analysis 

were collected in a heating rate of 2 °C/min under oxygen (100 mL/min). Samples were heated from 

ambient temperature to 1100 °C. 

To know the amount of surface silanol species present on the surface of all the samples was 

considered the weight loss of the samples in the temperature range between 150-1000 ° C and 

following the Equation 1: 

 

     (1) 

where: wt% is the weight loss due to the condensation of silanols group, N.A is the Avogadro number 

6.023x1023, 2(OH) is the number of SiOH needed to form a water molecule by condensation, 

M.W.H2O is the molecular weight of water (18 g mol-1), SSABET is the specific surface area of the 

sample [m2 g-1], estimated by N2 Physisorption Analysis. 

3. Elemental Analysis. 

C–H–N elemental contents were determined using an EA 3000 elemental analyser (EuroVector). 

Helium and oxygen at 120 and 35 kPa pressures were used, respectively. For each material, three 

measurements were done. 

𝑛(𝑂𝐻)

𝑛𝑚2
=

𝑤𝑡% × 𝑁. 𝐴 × 2 (𝑂𝐻)

(100 − 𝑤𝑡%)  × 𝑀. 𝑊.𝐻2𝑂× 𝑆𝑆𝐴𝐵𝐸𝑇 
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4. Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectra were collected on a Thermo Electron Corporation FT Nicolet 5700 spectrometer 

with 4 cm−1 resolution.  

Zeolites samples: self-supporting pellets of HSZ-Y and ZSM-5 samples were obtained by using a 

mechanical press at ca. 7 tons cm−2 and placed into an IR cell equipped with KBr windows 

permanently attached to a vacuum line (residual pressure ≤1 ×10−4 mbar), allowing all treatments and 

pollutants adsorption/desorption experiments to be carried out in situ. Spectra of pollutants adsorbed 

on zeolites have been collected at beam temperature (ca. 35 °C) on samples previously dehydrated 

under vacuum at beam temperature for HSZ-Y and ZSM-5 zeolites. 

 

- other silica samples (FUMED, AMSs, MCM-41 and SBA-15, SBA-15-PAPTS silica sample): self-

supporting pellets were placedinto an IR cell with KBr windows permanently connected to vacuum 

line (residual pressure ≤1 ×10−4 mbar), allowing all treatments and adsorption-desorption experiments 

to be carried out in situ. Before the analysis samples were outgassed in vacuum at 150 °C for SBA-

15 whereas for the other samples at r.t. for 30 min. 

For the figures of comparisons, the IR spectra of the various samples were normalized taking as 

reference the density ρ [g cm-2].  In this way, differences of the bands intensity among different 

samples related to intrinsic oscillators of the materials can be associated to actual differences in the 

amount of such species in the samples. As a consequence of the normalization, the absorbance values 

are reported as arbitrary unit (a.u.). 

 

5. Solid state NMR (SS-NMR) Spectroscopy 

All spectra were acquired on a Bruker Avance III 500 spectrometer and a wide bore 11.7 T magnet 

with operational frequencies for 1H and 13C of 500.13 and 125.77 MHz, respectively. A 4 mm triple 

resonance probe with MAS was employed in all of the experiments.  

The binary mixture of pollutants was adsorbed directly on dehydrated zeolites (HSZ-Y and ZSM-5) 

powder. After waiting for an appropriate time (ca. 30 min) for reaching equilibrium, the rotor was 

packed in a glovebox and submitted for solid state NMR experiments. The Zirconia rotor was spun 

at a MAS rate between 10 and 15 kHz. The magnitude of the radio frequency field was 100 kHz for 
1H MAS NMR, and the relaxation delay, d1, between accumulations was 5 s. For the 13C{1H} 

CPMAS experiments, the rf fields υrf H of 55 and 28 kHz were used for initial excitation and 

decoupling, respectively. During the CP period, the 1H RF field υrfH was ramped using 100 

increments, whereas the 13C RF field υrfC was maintained at a constant level. During acquisition, the 

protons are decoupled from the carbons by using a TPPM decoupling scheme. A moderate ramped 
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RF field υrf H of 62 kHz was used for spin locking, while the carbon RF field υrf C was matched to 

obtain optimal signal, and a variable CP contact time was used. All chemical shifts are reported using 

the δ scale and are externally referenced to TMS at 0 ppm. 

The 29Si MAS NMR spectra of AMSs before and after hydrothermal treatment acquired by using the 

same Bruker Avance III 500 spectrometer with a wide-bore 11.7 T magnet with operational 

frequencies for 1H and 29Si of 500.13 and 99.35 MHz, respectively. A 4 mm triple-resonance probe 

with magic-angle spinning (MAS) was employed in all experiments. The samples were packed on a 

zirconia rotor and spun at a MAS rate between 10 kHz. Quantitative 29Si MAS NMR data were 

recorded under 1H decoupling conditions with the radio-frequency field of 42 kHz for π/2 pulse. The 

relaxation delay between accumulations was one minute. All chemical shifts are reported on the δ 

scale and were externally referenced to tetramethylsilane (TMS) at 0 ppm. All NMR spectra were 

fitted with DMFIT functions for quantitative deconvolution of overlapping peaks. 

 
6. Theoretical Calculations  

Theoretical calculations were performed with Gaussian09 program at the Density Functional Theory 

(DFT) level, with hybrid functional B3LYP, using Poples's 6-31G(d,p) basis set, including 

polarization functions on all the centers, for light atoms, and LANL2DZ effective core potentials and 

basis set for silicon. The atom-atom pairwise algorithm proposed by Grimme and implemented in 

Gaussian09 was used to estimate the contribution from dispersion (van der Waals) forces to energies, 

geometrical structures and harmonic frequencies and intensities. 

 

7. Gravimetric Analysis 

Toluene adsorption isotherms on AMS-HSA samples were obtained at 35°C by using an Intelligent 

Gravimetric Analyzer (IGA-002, Hiden Analytical Ltd., U.K.), with integrated temperature and 

pressure controllers. The former consists of a thermos stated water bath/circulator, employing a 50% 

water: 50% antifreeze (inhibited ethylene glycol) mixture. The latter is based on two pressure sensors, 

working in the 0−10 mbar (Baratron capacitance manometer, accuracy ±0.05 mbar) and 10−1000 

mbar (strain gauge, accuracy ±1 mbar) ranges. IGA is an ultra-high-vacuum (UHV) microbalance 

(weighing resolution = 0.2 μg), specifically designed to study vapor sorption, which allows isotherms 

and the corresponding kinetics of adsorption and desorption to be determined. Buoyancy corrections 

were carried out using the weights and densities of all the components of the sample and 

counterweight sides of the balance and the measured temperature. Prior the analysis, samples were 

outgassed for 4 h at 35°C. Buoyancy corrections were carried out using the weights and densities of 
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all the components of the samples and counterweight sides of the balance and the measured 

temperature. 

 

8. Volumetric Analysis 

The toluene volumetric adsorption isotherms on the SBA-15, MCM-41 and FUMED silicas were 

obtained at 35 °C by employing a volumetric analysis of vaporsorption Autosorb-iQ (Quantachrome 

Instruments). Prior to adsorption, the samples were outgassed for 30 min at 50 °C, 30 min at 80 °C, 

2h at 120°C, 2 h at 150 °C and finally at 12 h at 220 °C under high vacuum conditions (final pressure 

7 × 10−4 mbar). 

 

9. UV-vis Analysis 

The UV spectra of glyphosate solutions were recorded by using The Agilent UV–Vis 

spectrophotometer, 8453 which is located at the laboratories of the Department of Sciences, Section 

Chemistry, Pontifical Catholic University of Peru. The spectra were recorded in the range of 190 -

900 nm. And the maximum absorbances (λmax) were obtained at 265 nm. 

10. Zeta Potential (ξ) 

The Zeta potential of SBA-15 and SBA-15-PAPTS samples was evaluated by using a Zetasizer 

NANO ZS (Malvern Instruments). Before the analysis the silica samples were dispersed in ultrapure 

water (2 mg/mL) and the dispersions were sonicated for 10 minutes. 

 

11. ZHigh-Resolution Transmission Electron Microscopy (HRTEM) 

HRTEM micrographs were recorded on a JEOL 3010-UHR microscope, available at the Università 

degli Studi di Torino, operating at 300 kV. Before the analysis, samples were ultrasonically dispersed 

in isopropanol and a drop of the suspension was deposited on a copper grid covered with a lacey 

carbon film. 

12. Scanning Electron Microscopy (SEM). 

SEM images were recorded on a Quanta 200 FEI scanning electron microscope equipped with EDAX 

EDS attachment, using a tungsten filament as the electron source at 20 keV. Samples were prepared 

by sonicating the sample in isopropanol and by depositing a drop of the suspension on metal stub and 

then covered with 20 nm of gold. 

 

 

 


