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1. General Introduction 
 

A recent report from UNESCO states that major problems that humanity is 

facing in the twenty-first century are related to water quantity and to water 

quality issues [1]. Indeed, the removal of water contaminants is a demanding 

but also expensive task [2]. In this regard, in the last decades, several 

techniques were developed trying to find the right equilibrium between 

purification efficiency, environmental sustainability and operational costs. 

Treatment options which are typically considered for the removal of emerging 

contaminants from drinking water as well as wastewater include adsorption, 

advanced oxidation processes (AOPs), nanofiltration (NF), and reverse 

osmosis (RO) membranes [3, 4]. Among them, adsorption techniques are 

widely used to remove specific classes of pollutants from waters, especially 

those that are not easily biodegradable such as dyes, organic compounds, 

pharmaceuticals, pesticides, herbicides. In addition, adsorption does not add 

undesirable by-products and has been found to be superior to other 

techniques for wastewater treatment in terms of simplicity of design and 

operation, and not selective towards pollutants [5]. Among the materials 

proposed as adsorbents, activated carbons (ACs) have been used for the 

removal of different types of emerging compounds but their use is sometimes 

restricted due to high cost, both in term of economic and environmental 

indicators. Furthermore, even if ACs, when exhausted, can be regenerated 

for further use, the regeneration process provides a new product with a loss 

of carbon and a slightly lower adsorption capacity in comparison with the 

virgin-activated carbon.  

These features have resulted in several attempts by various researchers to 

propose alternative low-cost adsorbents which may replace activated carbons 

in water pollution control through adsorption technologies, overcoming their 
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intrinsic economic disadvantages. Among the most promising candidates as 

alternative adsorbents biochars, as well of tunable silica based mesoporous 

materials and geopolymers are worth to be investigated and will be briefly 

introduced hereafter.  

 

1.1 Biochars  

 

Biochar (BC) is a porous, low cost carbon-residue derived from the thermal 

conversion of biomass wastes under limited oxygen (gasification) or 

anaerobic (pyrolysis) conditions, which can be used as soil amender [6], feed 

additive [7], and cosmetics [8].  

In agricultural applications BC’s high porosity enhances water and nutrients 

retention, thus promoting their prolonged release for plants, improves the 

structure of the soil and its mechanical properties [9]. Many studies have 

already shown a positive impact of the application of biochar on agricultural 

yields, reducing the need for water and fertilizers [10, 11].  

The characteristics of biochar mainly depend on the feedstock and on the 

production process (i.e. pyrolysis and gasification). Pyrolysis is a process of 

thermal degradation of an organic material, made in the total absence of the 

oxidizing agent (oxygen). The characteristics of the final solid product and its 

yields depend on the operating conditions under which the pyrolysis is carried 

out, in particular temperature, exposure time and on the type of pyrolyzed 

material. Gasification, on the other hand, is a thermochemical conversion 

process in which a carbonaceous material is partially oxidized at a high 

temperature [12]. Unlike pyrolysis, which takes place in the complete absence 

of oxygen and requires an external source of heat to reach the operating 

temperature, gasification involves the use of oxygen (or air) in order to 

generate the heat necessary for endothermic devolatilization processes of 

biomass through partial combustion. The gasification process is performed at 
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temperatures greater than or equal to 800 °C with plant residence times 

ranging from seconds to hours. The biochar obtained has higher specific 

surface area (SSA) and porosity than that obtained from the biochar produced 

by pyrolysis.  

As far as Italy is concerned, the use of BC is currently regulated only for 

agriculture (Legislative Decree n.75, April 29th, 2010, and subsequent 

amendments and additions), which defines both the characteristics for the 

classification and the marketing of soil improvers and the characteristics that 

biochar must possess to be used as a fertilizer.  

However, recently, biochar has been also studied as adsorbent for the 

removal of selected classes of pollutants and emerging contaminants (e.g. 

haloacetic acids, VOC, plasticizers, pesticides and herbicides) from waters 

within the potabilization processes [13, 14]. In some instances, sorption and 

binding affinities of BC towards contaminants were reported comparable or 

even stronger than commercial AC [15]. Moreover, surface binding affinities 

can be tuned through biochar production conditions, with benefits in the 

overall removal process. 

 

1.2 Amorphous porous silica-based materials 

 

Silica-based materials are inorganic solids characterized by both high specific 

surface areas (200–1500 m2/g) and a three-dimensional structure made of 

highly open spaces interconnected to each other via SiO4 tetrahedra. Their 

physicochemical characterization gives rise to highly porous structures (up to 

1 cm3/g). Most of them can be easily produced using sol–gel processing, by 

hydrolysis of silicon alkoxide precursors (e.g., tetramethyoxysilane or 

tetraethoxysilane) and catalytic polycondensation to produce a 

macromolecular network of siloxane bonds. The structure of evolving silicates 

is a consequence of the following typical steps: polymerization, aging, drying, 
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and heating. An accurate tuning of the synthesis parameters allows to control 

the micro and mesostructure of the final materials. For example, porosity 

control can be achieved by the surfactant template route, originating ordered 

mesoporous materials that possess large uniform pore sizes (1.5–10 nm) and 

highly ordered nanochannels, and large surface areas (>1000 m2/g) [16]. 

The chemical reactivity of silicas is essentially governed by silica surface 

properties, especially via the weakly acid silanol groups. However, the 

synthesis of organic-inorganic hybrid materials by the functionalization of 

materials surface leads to advanced properties that are often difficult to 

achieve either from totally inorganic or from totally organic materials. 

Functionalization could be obtained by impregnation of organic or 

organometallic species within silica matrices, whereas stronger 

immobilization (organic component strongly attached to the siloxane network 

via covalent bonds) is usually achieved via co-condensation of alkoxysilane 

and organosilane reagents. A synergy between organic chemistry and the 

chemistry of ceramic materials has thus led to the development of numerous 

novel mesoporous organic-inorganic hybrid materials with controlled 

characteristics and tailor-made properties. 

In Figure 1.1 a schematic pathway for preparing surfactant-templated 

mesoporous organic-inorganic hybrid materials is represented, illustrating 

both the formation of the mesoporous silica (A) and its functionalization (B). 
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Figure 1.1.  A) Schematic pathway for preparing surfactant-templated 

mesoporous silicas, illustrating a formation mechanism based on a  

cooperative process. B) post-synthesis grafting strategy applied to produce 

organically functionalized mesoporous silica 

 

Functionalized silica-based materials are attractive because they combine 

both the properties of a rigid three-dimensional silica network with the 

peculiar chemical reactivity of the organic components. Thanks to the 

versatility of the inorganic chemistry processes (i.e., sol–gel), a wide range 

of organically-modified silica-based materials have been prepared. An 

important breakthrough in this field is the use of templating techniques to 

build regular mesoporous silica architectures on organic templates; these 

ordered solids can be also designed in the form of organic-inorganic 

nanocomposites, once functionalized with a large number of suitable 

B 

A 
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organosilane reagents. If compared to their non-ordered homologues, these 

mesostructured porous solids offer several advantages, such as: 

• good accessibility to active centers (functional groups are likely to be 

accessible to external reagents) due to highly ordered nanochannels 

of uniform pore size [17]; 

• high number of functional groups that can be attached to the (mostly 

internal) surface of mesoporous silica, as a consequence of very large 

surface areas [18];  

• high mass transport rates inside the porous structure due to the 

regular spatial arrangement of mesoporous channels of monodisperse 

dimensions [19];  

• good mechanical and hydrothermal stabilities (which however are 

strongly dependent on mesostructure types and post-synthesis 

treatments) [19].  

Due to their highly organized porosity, high surface area, high pore volume, 

tailorable pore size, wall thickness, chemical nature and morphology the 

mesoporous silica are attractive materials for applications in catalysis, 

adsorption, separation, sensing, drug delivering devices and nanotechnology.  

Among the above-mentioned applications, the removal of target compounds 

from water via adsorption has been focused on this work. Indeed, high 

removal capacities due to large active surface areas and/or high contents of 

accessible functional groups, and fast uptake processes could be expected, 

because of rapid mass transport rates in the mesoporous materials. These 

aspects might be improved by hierarchically organized structures in which (i) 

the mesopores provide a high level of reactivity (large capacity) through the 

high specific surface area and (ii) the macropores channels will ensure a fast 

diffusion. The mechanical stability and non-swelling properties would also 

enable the porous adsorbents to sustain water flow for extended periods of 

time. On the other hand, the selectivity of removal of target pollutants can 
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be tuned by an appropriate functionalization. In this regards, it should be 

emphasized that the affinity of the organo-functional groups towards target 

species should be as high as possible to reduce residual pollutant content 

below the acceptable threshold values defined by existing regulations.  

However, the application of porous materials as adsorbents in waters is not 

always cheap, especially because of the use of rather expensive sacrificial 

templates (surfactants, block copolymers). This constitutes a real restriction 

in a wide use of such high-tech adsorbents. 

In addition to environmental applications, specifically tuned mesoporous 

materials could play fundamental roles also in analytical procedures, in order 

to selectively remove and/or preconcentrate target compounds. In this 

regard, in the appendix of this thesis, the application of a specifically modified 

mesoporous silica material, SBA-15, in the removal of sugars interfering in 

the analysis of micropollutants in food matrices is reported. 

 

1.3 Geopolymers and their application in the removal of glyphosate 

 

Geopolymers (GPs) are aluminosilicate-based materials, defined as 

polysialates, an abbreviation for silico-oxoaluminates. They are inorganic, 

covalently bound macromolecules, characterized by -Si-O-Al-O- chains, with 

Si4+ and Al3+ coordinated with 4 atoms of oxygen. The empirical formula of 

geopolymers, is reported below: 

 

𝑀𝑛{−(𝑆𝑖𝑂2)2 − 𝐴𝑙𝑂2}𝑛 ∗ 𝑤 𝐻2𝑂 

 

where M is a cation such as K+, Na+, or Ca2+; n is the degree of 

polycondensation and z, silicate monomer, could be 1, 2, or 3 [20]. 

The silicon/aluminum tetrahedral disposition determines their main 

characteristics and the final structure [21] (Figure 1.2).  
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Figure 1.2 - Different structures for geopolymer obtained with one, two or 

three aluminum atoms 

 

Geopolymers are obtained from the chemical reaction of alumino-silicate 

oxides with sodium silicate solutions, in an activating, highly alkaline 

environment (usually NaOH, KOH or Ca(OH)2) [22-24]. 

The Glukhovsky model  divides the synthesis process into three main stages: 

(a) destruction-coagulation; (b) coagulation-condensation; (c) condensation-

crystallization [25] (Figure 1.3).  

The dissolution of the solid aluminosilicate occurs by alkaline hydrolysis, thus 

producing aluminates and silicates; it is important to observe how the 

hydrolysis of Al and Si occurs preferably on the aluminosilicate surface.  

Once released, aluminates and silicates are incorporated into the aqueous 

phase, which may already contain silicate present in the activating solution, 

creating a supersaturated aluminosilicate solution. This leads to the formation 

of a gel, as the oligomers in the aqueous phase agglomerate in large networks 

by condensation, releasing the water that has been previously used during 

dissolution. This type of gel structure is commonly called biphasic since the 

aluminium silicate binder and the water generated  two separated phases 

[26, 27].  
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Figure 1.3 -  Glukhovsky scheme for geopolymer synthesis 

After gelation the system continues to rearrange and reorganize its structure, 

increasing the connectivity of the gel network, finally resulting in the three-

dimensional aluminosilicate network. 

As previously described, the synthesis reaction is a complex multi-stage 

process, and, depending to the reagents applied in each step, GPs with 

specific properties could be obtained. As an example, in Figure 1.4 a typical 

reaction scheme to obtain an anion exchange geopolymer is presented.  

Indeed, the reaction rate and the chemical composition of the final reaction 

products is strongly affected by several factors, such as physicochemical 

properties of both the raw materials (i.e. granulometry) and of the activating 
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solution (i.e. water content or the presence of soluble silicates) [28]. 

Moreover, the choice of the cation strongly influences the final mechanical 

properties of the geopolymer [29, 30].  

 

Figure 1.4 -  Geopolimerization process for the production of Na, K exchanger 

geopolymers 

In this regards, geopolymers are materials with many excellent properties 

such as high mechanical strength, resistance to low and high temperatures, 

resistance to aggressive environments or flame resistance [31]. These 

properties entitle further investigations on GPs as adsorbent media. 

1.4 Aim of the work 

Based on the above-mentioned assumptions, the aim of this PhD project 

was the development, the characterization and the application of new low-

cost materials for the removal of pollutants from water. In more detail, 

biochars, mesoporous silica-based materials and geopolymers are prepared 

to specifically interact with selective pollutant classes, to drive the effective 

removal. The above-mentioned materials are tested on target pollutants 

poorly and/or variably removed by traditional water treatments, testing both 

ionic and ionizable species, organic and inorganic compounds, with different 

polarity and molecular weight. If not available, the analytical methods for the 

determination of the target analytes are also optimized in parallel, in a strict 

synergy of environmental and analytical chemistry competences. 
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On these premises, the thesis presents a deep investigation on the use of 

biochar for water treatment purposes, investigating the physico-chemical and 

the adsorption characteristics of BCs, as well as their correlations, also from 

an economic viewpoint. Attention is focused on organic micropollutants of 

different hydrophilicity and ionic charge, comparing BC performance towards 

these compounds to that of currently available technological solutions. 

As regards the investigation of silica-based materials as adsorbent for 

water remediation, ordered mesoporous silica of the SBA-15 family 

functionalized with primary and secondary amino groups is studied for the 

abatement of the biochemical oxygen demand (BOD5) in wastewaters derived 

from food and beverage industry. 

Within this thesis geopolymers of tuned composition, even obtained 

through a 3D printer, are proposed for the removal of metals and herbicides 

worldwide used (i.e. glyphosate). 

Finally, an "a priori" prevention of environmental contamination through 

suitable substrates capable of releasing controlled amounts of active 

substances (i.e. herbicides) as well as innovative transversal applications of 

previously developed materials (i.e. SBA-15 mesoporous silica) in analytical 

chemistry disciplines (i.e. sample pre-treatment) are also investigated and 

presented in the Appendix of this thesis. 
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2. Biochars as Tools for Water Treatment 
 

M. Castiglioni, L. Rivoira, I. Ingrando, M. Del Bubba and M.C. Bruzzoniti  
Characterization Techniques as Supporting Tools for the Interpretation of Biochar Adsorption Efficiency in Water 

Treatment: A Critical Review. 
(2021) Molecules, 26(16), 5063. 

 

M. Castiglioni, L. Rivoira, I. Ingrando, L. Meucci, R. Binetti, M. Fungi,  
A. El-Ghadraouic, Z. Bakari, M. Del Bubba, M. C. Bruzzoniti,  

Biochars intended for water filtration: a comparative study with activated carbons of their physicochemical properties 
and removal efficiency towards neutral and anionic organic pollutants.   

Chemosphere (2022), 288,132538. 

2.1 Introduction 

Biochar (BC) is a low-cost solid by-product of thermal conversion of 

feedstocks of different nature, such as agricultural [1], wood residues [2], 

manure [3] and sludge [4].  

The thermal conversion procedures thus far available to obtain biochar can 

be grouped into the following technologies, according to the process 

parameters: fast [5] and slow pyrolysis [6], gasification [7], hydrothermal [8] 

and flash carbonization [9]. Biochar production mainly relays on the first two 

technologies. Valuable information for biochars produced by pyro-gasification 

processes is provided by related literature [10]. It is useful to remind that 

each of them involves temperature range, heating rate, pressure and 

residence time different one to the other. Accordingly, these technologies 

maximize different ratios and characteristics of the final products, i.e. gas 

(biogas) solid (char) and liquid (tar, oil). More in detail, gasification (700-

1500 °C temperature range with residence time from seconds to minutes) 

methods mainly converts biomass to biogas, fast pyrolysis (400-600 °C 

temperature range with residence time of seconds) maximizes bio-oil 

formation, whereas slow pyrolysis (350-800 °C temperature range with 

residence time from seconds to hours) generally favours the formation of 

biochar [11]. 

Over the years, biochar has attracted significant attention in many fields. 

Indeed, it shows great potential to reduce the environment impact, address 
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the climate change issue (through CO2 storage) [12], and establish a circular 

economy model [13, 14] in many sectors, such as for example agriculture, 

where it could be used to promote carbon, phosphorus, and nitrogen cycles 

in soils [15]. The first applications of biochar were aimed at agricultural 

purposes [16], since biochar addition improves soil properties. As for Italy, 

the use of biochar as soil amendment as well as technical requirements for 

this use are disciplined by the DL 75/2010 and further modifications. The 

“Standardized Product Definition and Product Testing Guidelines for Biochar 

That Is Used in Soil” was recently released by International Biochar Initiative 

(IBI) to indicate the characteristics that a biochar intended for sale must 

possess for safe use.  

In the last years, studies on biochar were extended also to water purification 

issues due to the adsorption properties exhibited by this material and to its 

environmentally low impacts [17].This new interest towards biochar leaded 

to a progressive increase of publications in this field. The first two reviews on 

application of biochar for water purification, dated 2014 [11, 18], followed by 

more recently publications [19, 20], have the merit to present the sorption of 

organic/inorganic contaminants grouped by classes and to elucidate possible 

adsorption mechanisms based on the surface chemistry of biochars. The 

performance of biochar towards selected classes of compounds, mainly 

nutrients[21], antibiotics[22], metals [23], was the main theme of the reviews 

subsequently published on water purification by biochar.  

The general idea to exploit biochar for water treatment as a potential 

surrogate of activated carbon (AC), the commercial adsorbent most widely 

used in the refining tertiary stage of treatment water technologies, has 

pushed the need of improving sorption characteristics of biochar. These 

efforts are clearly highlighted by literature and reviews that analyse strategies 

of surface modification of biochar [24] or production of biochar with the 

addition of nanoscale-metals [25] to the biomass before thermal conversion. 
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However, even if BCs are proposed as ACs replacement, only a limited 

number of studies already published on this topic compare the 

characterization of BCs with those of a commercial activated carbon, thus 

making extremely difficult to evidence differences between both substrates. 

Differently from what established for the use of biochars in agricultural 

application, no documents have yet been published by international 

organizations on biochar characterization for other applications, including 

water purification. Probably for this reason, despite most of the authors 

studying the removal of compounds by biochars agree that physicochemical 

and performance characterization is of a paramount importance to better 

understand pollutants-BC interactions [26, 27], a lack of homogenous data is 

observed in the scientific literature.  

At the light of the above-mentioned premises, it becomes important to 

compare biochar and activated carbon as adsorbents for organic 

micropollutants in water purification. In section 2.2, a deep discussion on the 

most used techniques for biochars characterization, as well as the adsorption 

capacities of unmodified BCs and ACs towards the organic compounds more 

investigated in the literature are presented. In addition, in section 2.3 the 

application of selected biochars for the removal of emerging contaminants 

from water is investigated.  

 

2.2 Characterization techniques of biochars intended for the removal of 

organic contaminants in waters  

 

When studied for water purification purposes, it seems reasonable to 

compare the adsorption performance and the physicochemical features of 

biochar with those of activated carbon which is by far most widely used, 

regulated adsorbent commercially available. Indeed, the overview of the 

literature currently available on biochar indicates that this is not the approach 
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followed by authors, as biochar is synthesized and tested per-se for the 

removal of selected single [28, 29] or mixture [30, 31] of compounds. 

To better compare the capabilities of biochar in respect to activated carbon 

in water filtration, the characterization methods currently available for 

activated carbon and the ones mainly used for biochar will be hereafter 

described. 

 

2.2.1 Activated carbon characterization 

The characterization of activated carbon is necessary to identify the materials 

suitable for use in the tertiary treatments of potabilization or wastewater 

treatment plants  

The characterization of activated carbons is obtained through two different 

main approaches which are based on the determination of (i) adsorption 

performance and (ii) physicochemical parameters. The first approach allows 

to determine structure-dependent indices estimated in respect to 

standardized compounds of proper molecular dimensions that are directly 

correlated to the adsorption capabilities of the activated carbon itself [32]. 

The second approach allows to get information about the main structural 

properties, i.e. morphology, porosity distribution, and about the nature of the 

chemical groups present in the surface. 

Adsorption performance parameters (or performance indices) of activated 

carbons are strictly regulated when such materials must be applied in drinking 

water purification processes. Many official documents, which will be here 

briefly reviewed, indicate the requirements that active carbons should meet 

when used for water filtration, together with the methods to evaluate such 

performance indices. Most of these documents were released by the 

American Society for Testing and Materials International (ASTM), the 

American Water Works Association (AWWA), the German Institute for 

Standardization (DIN) and by the International Organization for 



25 

 

Standardization (ISO). Thanks to the work of the European Council of 

Chemicals Manufacturers’ Federation (CEFIC), many of these methods are 

collected in the so called “Test Methods for Activated Carbon” publication 

[33].  

Experiments to be performed on activated carbons are divided into three 

groups: physical tests, adsorption tests and chemical/physicochemical tests. 

In the next part of this work, a brief description of the regulated parameters 

that need to be tested will be given, along with the documents in which each 

parameter is defined. These methods are collected in Table 2.1. 

Table 2.1 Standard Methods for the characterization of activated carbon. 

Test Method Reference 

Physical tests 
Bulk density ASTM D2854, CEFIC [33, 34] 
Absolute density CEFIC [33] 
Particle density CEFIC [33] 
Particle size ASTM D2862, CEFIC [33, 35] 
Pressure drop CEFIC [33] 

Mechanical strength 
ASTM D3802, AWWA 

B604, CEFIC 
[33, 36, 37] 

 
Adsorption tests and indices 

 

Adsorption isotherm 
ASTM: D3860-98, 5919-

96, CEFIC  
[33, 38, 39] 

Iodine number 
AWWA B600-16, EN 

12915-1, ASTM D4607-
14, CEFIC 

[33, 40-42] 

Phenol number CEFIC [33] 
Methylene Blue number CEFIC [33] 
Molasses number EPA625171002A [43] 
Tannin number AWWA B600 [41] 

 
Chemical tests 

 
Ashes, water soluble 
material, and water-

EN 12915-1 [40] 
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extractable substances 
(As, Cd, Cr, Hg, Ni, Pb, 
Sb, Se, CN-, 
fluoranthene, 
benzo(b)fluoranthene, 
benzo(k)fluoranthene, 
benzo(a)pyrene, 
benzo(g,h,i)perylene, 
indeno(1,2,3-cd)pyrene) 

pH 
ASTM: D6851-02, 

D3838-05 
[44, 45] 

 

2.2.1.1 Physical tests 

Through physical tests, apparent or bulk density, absolute and particle 

density, particle size, pressure drop, and mechanical strength are determined. 

Apparent or bulk density (expressed as kg/m3 on dry basis) is defined as the 

mass of a unit volume of the sample in air, including both the pore system 

and the voids between particles. On the opposite, absolute density and 

particle density (called also He and Hg density, respectively) are defined as 

the mass of a unit volume of the solid carbon skeleton not accessible to He 

(for absolute density) or of the carbon particle (for particle density). Both 

parameters are expressed as g/mL. The above-mentioned density parameters 

are necessary to evaluate shape and size of activated carbon particles, as 

well as packing volume, bed porosity and void fraction [46, 47]. Methods to 

determine bulk density are described in ASTM standard [34], whereas 

methods to measure bulk density, absolute and particle density, particle size, 

pressure drop, and mechanical strength are collected by CEFIC standard [33]. 

Many authors agree that the monitoring of density parameters during the 

synthesis of activated carbons should be exploited to follow the thermal 

degradation of the raw precursor material [48, 49].  

Particle size (expressed in mm) in activated carbons influences both the 

adsorption of target compounds and certain mechanical properties, i.e. 
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hydraulic conductivity and flow speed [50]. Official methods from ASTM [35] 

and CEFIC require a mechanical separation of particles through sieves. Worth 

mentioning that particle size, as well as surface morphology and porosity of 

the adsorbent surface [51], could be also evaluated by using physiochemical 

techniques, such as Scanning Electron Microscopy (SEM) and Transmission 

Electron Microscopy (TEM), as detailed in the following sections. 

Besides particle size, additional characteristics such as pressure drop, 

resistance to flow and mechanical strength should be determined. The 

pressure drop of a gas flow over a packed bed gives information about both 

the resistance to flow of a gas through the carbon layer; the mechanical 

strength simulates the resistance to abrasion or friction under real condition 

[36, 37]. Both particle size and mechanical strength parameters are 

determined for granular active carbons which are defined by CEFIC as those 

having 90% of particles larger than 0.18 mm as determined by the above-

mentioned particle size test.  

 

2.2.1.2 Adsorption tests 

While physical tests are necessary to design drinking water filters (e.g. open 

gravity types), adsorption tests are needed to evaluate the removal 

performances of activated carbons. These approaches usually combine the 

evaluation of the adsorption isotherm of a given adsorbate-adsorbent system 

and the fitting to a theoretical or empirical model of the adsorption process 

to estimate the adsorption characteristics of activated carbons. The 

Freundlich model is suggested by ASTM [38, 39] and CEFIC [33] to determine 

the adsorptive capacity of activated carbons. It can be expressed by the 

relation, X/M=KF  Cf
1/n, where X/M (mg/g) is the amount of the target 

pollutant removed per unit mass of carbon, Cf (mg/L) is the residual 

concentration of the pollutant after treatment and KF ((mg/g)/(g/m3)1/n) and 
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1/n (adimensional) are constants for a given adsorption system. The same 

equation is generally used in the linearized logarithmic form.   

Adsorption performances of activated carbons are expressed through the 

determination of selected indices, namely iodine [33, 40, 41], phenol [33], 

methylene blue [33], molasses [43] and tannin [41] numbers. These 

parameters give information about the porous structure and the adsorption 

properties of the activated carbon towards target compounds having similar 

dimension with the above-mentioned probe molecules.  

More in detail, iodine number is defined as the milligrams of iodine adsorbed 

from an aqueous solution by 1 g of activated carbon when the iodine 

concentration of the residual filtrate is 0.02 N. Procedures to evaluate this 

parameter have been proposed both by UNI [52] and by AWWA [37], 

differing only for the mathematical treatment of the results. In the UNI EN 

12902 standard [52], in fact, iodine number is extrapolated from the linear 

regression model obtained plotting the mg of iodine adsorbed, by three 

different amounts of carbons, versus the residual iodine concentration, while 

in the AWWA B600-78 standard, the parameter is obtained introducing a 

tabulated correction factor, which depends on the residual iodine normality 

of the filtrate.  

When comparing both protocols, the AWWA B600-78 standard is less time 

consuming, since by one experiment the iodine number could be obtained. 

However, the correction factor is derived according to the residual 

concentrations typically obtained by activated carbons. This implies that, as 

a general consideration, the method cannot be applied to materials with 

adsorbing capacities very different from those of activated carbon since the 

residual iodine concentrations would be outside the range of those specified 

by AWWA. UNI EN 12902, on the other hand, does not require any 

mathematical treatment and has the advantage of being applicable to a wider 

range of adsorbent materials of different capacities. However, since UNI EN 
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12902 requires the determination of an adsorption isotherm, this approach is 

obviously more time consuming than that described by AWWA, as previously 

mentioned. 

The phenol number is defined as the phenol adsorption for a singular weight 

unit of carbon when, after adsorption, phenol concentration in solution 

decreases from 10 to 1 mg/L. 

Methylene blue index, which is defined as the methylene blue volume (in mL) 

of a 1.2 g/L solution adsorbed by a known amount of sorbent (0.1 g) within 

a prearranged contact time (5 min), was demonstrated to be directly 

correlated to the specific surface area (SSA) and micropore volume of the 

adsorbent [53]. Official procedures to evaluate the above-mentioned indices 

have been detailed by ASTM and Water Research Commission (WRC), 

respectively [54, 55]. 

Iodine and phenol indices are usually related to the presence of micropores 

(<2 nm) and therefore they are considered informative of the effectiveness 

in removing small-size organic water pollutants. On the other hand, 

methylene blue index is linked to the abundance of mesopores (2-50 nm) and 

thus is a useful indicator of adsorption capacities for medium-large sized 

organic pollutants [56].  

Tannin number is defined as the concentration of activated carbon (mg/L) 

required to reduce the concentration of a standard tannic acid solution from 

20 to 2 mg/l. Tannins, a mix of medium and large size molecules, can be 

adsorbed efficiently by the mesopores and macropores (>50 nm) of the 

activated carbons. Tannin values of different activated carbon substrates and 

pore volume of mesopores are linearly correlated [57], and carbons with low 

tannin number exhibit the highest quality of removing high-molecular-weight 

impurities. 

Molasses number is a measure of the degree of decolorization of a standard 

molasses solution that has been diluted and standardized against 



30 

 

standardized activated carbon. The molasses number represents the potential 

pore volume available for larger adsorbing species. 

Among the above-mentioned adsorption tests, the iodine index is the only 

one foreseen by the UNI EN 12915-1 standard for products used for the 

treatment of water intended for human consumption and for which a specific 

requirement is set (> 600 mg/g).  

An additional adsorption test for activated carbons, also collected in CEFIC 

report, is the phenazone index. Since not directly linked to the removal of 

pollutants from waters, but to pharmaceutical purposes [58, 59], phenazone 

index will not be further detailed. 

  

2.2.1.3 Chemical and physicochemical tests 

Chemical tests are foreseen when activated carbon must be used for drinking 

water filtration in potabilization plants, as they are mainly aimed to assess 

purity criteria for adsorbents. As an example, according to the EN 12915-1 

standard [60], ashes, water-soluble material, and water-extractable 

substances (As, Cd, Cr, Hg, Ni, Pb, Sb, Se, CN-, fluoranthene, 

benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, 

benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene) must be evaluated for 

activated carbons. These substances represent the most probable impurities 

that may be present in the adsorbent, as a result of both raw material 

composition [61] and thermal process conditions [62]. Limits are provided for 

the above-mentioned parameters. As far as water-extractable substances 

determination is concerned, extraction is performed in a solution containing 

sodium hydrogen carbonate, calcium chloride and magnesium sulphate [40, 

52]. It is important to underline that the presence of other impurities not 

included in the standard should be notified to users, as defined by the same 

standard. Worth mentioning that the determination of the aforementioned 

polycyclic aromatic hydrocarbons (PAHs) and metal content in activated 
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carbon is foreseen by CEFIC procedure [33] under more drastic conditions, 

such as cyclohexane extraction and total oxidation, respectively.  

Strictly related to operating procedures and start-up operations of the refining 

stage inside the plant is the pH value of solutions in contact with the 

adsorbent. The pH conditions strongly influence the duration of the washing 

procedures of the carbon before its full operability. Inorganic and chemically 

active groups on carbon surface are responsible for a possible modification 

of the pH, when the substrate is posed in contact with water. Among the 

procedures available for the determination of this parameter, the ASTM 

D6851-02 and D3838-05 standards [44, 45] consider the contact pH and the 

pH of a boiled water extract, respectively in a 1:10 w/v ratio.  

In addition to the techniques presented above, for the characterization of 

activated carbons, the literature currently available uses other techniques and 

approaches with the aim of fully understanding surface and bulk chemistry 

and speculating on possible interactions with the target compounds. As an 

example, the evaluation of the pH of zero-point charge (PZC), the pH value 

at which the net charge density of the material is equal to zero, could be 

important to define the adsorption behaviour of the material towards 

pollutants of different charge at different pH conditions [63].  

Additional information could be obtained also by Boehm's titration, by which 

the equivalent of surface acidic/basic functionalities (carboxyl, lactone, 

phenolic groups) per gram of carbon could be obtained [64]. This approach 

gives a deeper insight on surface chemistry. 

Directly connected to the surface charge of the material, cationic exchange 

capacity (CEC) is defined as the total amount of exchangeable cations of a 

sorbent [65, 66]. Microscopy (both scanning and transmitting, SEM and TEM),  

nitrogen adsorption isotherms and Fourier transform infrared spectroscopy 

(FTIR) are usually applied in order to derive a topographical morphology of 



32 

 

the material, to define particle dimension and porous structure, as well as to 

study the surface functional groups and structure [67].  

An additional characterization of activated carbons is based on the analysis 

of the elemental composition. From the amount of carbon, oxygen and 

hydrogen it is possible to get the Van Krevelen diagram, in which the O/C 

ratio is plotted against the H/C ratio [68]. The above-mentioned graph is used 

to classify carbons, and its feedstock [69], and to fully understand the 

evolution of carbon during the heating treatment, thus predicting specific 

properties of carbon adsorbents (degree of carbonization by H/C ratio, 

hydrophilicity by O/C ratio, polarity by (O+N)/C ratio) [70]. 

 

2.2.2 Biochar characterization 

2.2.2.1 Chemical and physicochemical tests 

Currently, no official method on the evaluation of performance and 

characteristics of biochars intended for water filtration has been published. 

In the absence of indications by regulatory organisms, official procedures 

previously presented for activated carbons (EN, CEFIC, AWWA standards, see 

Table 2.1) should be homogenously applied for testing the performances of 

biochars. This approach would ensure the coherence of the results presented 

in the literature and the straightforward comparison among the biochars 

produced and between biochar and activated carbon. 

Studies dealing with the removal of contaminants from water using biochar 

show that biochar is synthesized from different types of feedstock and 

different thermal process conditions. The extent of adsorption of pollutants is 

generally correlated with certain properties of the biochar which are 

specifically measured to characterize the biochar produced.  

Table 2.2 collects the main approaches and instrumental techniques used for 

the characterization of biochar, according to the literature of the last decade 
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concerning the removal of organic pollutants by biochar. The following are 

indicative, not exhaustive examples of the characterization of biochars tested 

for water filtration. 

Many authors [71, 72] apply nitrogen adsorption isotherms to provide 

information about surface area, pore volume and average pore size. We have 

previously pointed out that the above-mentioned parameters are clearly 

correlated with the widely discussed adsorption indices for activated carbons, 

which actually are rarely determined for biochar. Nevertheless, to the best of 

our knowledge, few studies presented such correlation for biochar [56, 73], 

differently from what is done for activated carbon [32, 74, 75]. It is worth 

mentioning that recent literature is now measuring adsorption indices, i.e. 

iodine index as an indicator of the best adsorption performance of biochars 

obtained under different process conditions (e.g. heating rate). The iodine 

and methylene blue indices have been proposed as comparative indicators 

for the performance of activated carbons and biochars [76].  

The physicochemical methods used for the characterization of biochar depend 

mainly on the objectives of the study in question. However, these methods 

are used to define the surface properties of biochars and to highlight possible 

adsorption mechanisms responsible for the biochar-pollutant affinity [71, 77]. 

Among these methods, FTIR, XPS and XRD are the most frequently applied 

to characterize surface chemistry. 

FTIR spectroscopy is a widespread technique used to investigate the surface 

chemical functional groups (e.g., aliphatic or aromatic nature) in biochar [78]. 

Through the FTIR spectrum, vibration bands can be assigned to defined 

functional groups that allow to speculate on possible interaction mechanisms 

with the pollutants of interest [11]. Additional information gained from FTIR 

is the understanding of reactions occurred during thermal treatment steps 

[70, 79, 80] 
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XPS analysis provides information about the chemical composition and bonds 

on the biochar surface to a surface depth <10 nm and about the relative 

abundance of different species of certain elements on the surface, e.g. 

different C and N containing groups and bonds (C-C, C-H, C=O, -COOH, N-C, 

amino acid N, and ammonium-N) on the biochar surface [81, 82]. 

Structure and phase composition of biochars can be derived by XRD analysis. 

The information that is gained can be important for determining if successful 

preparation of modified biochar occurred [77] or to understand the evolution 

of the thermal process in respect to the starting biomass composition [83]. 

Van Krevelen plots previously discussed in the activated carbon section are 

extensively employed in biochar characterization to define biochar 

composition as a function of the thermal conditions used for biochar 

production [70, 95, 96]. 

 

Table 2.2. Main characterization methods employed for biochar, according 

to the recent literature. 

Test Ref biochar 

Adsorption indices 

Iodine number [56, 76, 84-86] 

Methylene Blue number [56, 76, 87] 

Chemical tests 

Total PAHs [88] 

pH, ash [56, 87] 

Surface and functional groups characterization 

Nitrogen-adsorption isotherm [30, 56, 71, 89, 90] 

FTIR [56, 87, 90-92] 

SEM [90, 92, 93] 
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2.2.2.2 Adsorption tests  

The careful study of the current literature provides strong indications that the 

assessment of the adsorption features of biochars is mainly performed per-

se, and that the studies in which the adsorption performance of the biochars 

are simultaneously compared with that of activated carbon are extremely 

limited. This approach makes it less straightforward to understand the 

benefits or limitations of using biochar in place of activated carbon. In this 

regard, research on the use of biochar for water refining should be addressed 

a-priori by always including activated carbon for a direct comparison. 

Materials intended for the removal of pollutants from waters are usually 

described in their retention performance through kinetics and adsorption 

isotherms [101]. 

Basically, the optimization of the contact time is essential for further 

adsorption studies, to ensure the presence of equilibrium conditions within 

the pollutant-adsorbent (biochar/activated carbon) systems. Additional 

information provided by kinetics studies is the identification of rate controlling 

step among (i) transport of the solute molecules from the aqueous phase to 

the surface of the solid (film or external diffusion); (ii) transfer of solutes from 

the surface to the intra-particle sites (intra-particle diffusion); (iii) and 

adsorption of solutes on the interior surfaces of the adsorbent [102]. Pseudo-

XRD [56, 90, 91, 93] 

Zero point charge [56, 91, 92, 94] 

Boehm’s titration [87] 

Cation exchange capacity [87] 

Elemental composition 

H/C, O/C, (O+N)/C (Van Krevelen plots) [56, 93, 95, 96] 

Kinetic and isotherm studies [56, 97-100] 
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first order and pseudo-second order models are the ones mostly computed. 

However, less often some works thoroughly investigate adsorption 

performances of BCs through Elovich model [103] (predicting the mass and 

surface diffusion and the activation/deactivation energy of the system) or 

through Intra Particle Diffusion and Boyd models [104, 105] (determining the 

effect of internal and external diffusion on the adsorption mechanism). 

Once the equilibrium conditions are identified, adsorption isotherm data are 

obtained to describe the type of interactions involved between adsorbates 

and adsorbents and to quantify the extent of the adsorption (i.e. the 

adsorbent capacity). Correlation of isotherm data by theoretical or empirical 

equations is useful for practical operation. In fact, a proper understanding 

and interpretation of adsorption isotherms is crucial for the overall 

improvement of adsorption mechanism pathways and effective design of 

adsorption system [106]. Because of its wide applicability, linear regression 

analysis is frequently used to fit experimental data and to assess adsorption 

performance in biochar related literature [107, 108]. Langmuir, Freundlich, 

Tempkin are the most applied models [97-99, 109-113], with few works 

investigating also Dubinin–Radushkevich [114] and Sips [115] models. Non-

linear regression analysis [116], which has also been widely used by a 

number of researchers in the attempt to minimize the gap between predicted 

and experimental data, is also applied to biochar studies [117]. The 

description of the above-mentioned models is out of the scope of the thesis, 

since further information can be found elsewhere [118, 119]. 

A careful survey showed that recent publications about adsorption onto BCs 

dedicate much effort to the study of adsorption kinetics and isotherms; 

nevertheless, simultaneous studies on both BCs and ACs are only rarely 

considered for comparison [56, 99, 120], with a consequent lack of 

information. 
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2.2.2.3 Adsorption tests in dynamic bench- and pilot-scale conditions  

Besides the knowledge of adsorption performances of BCs in batch 

conditions, the evaluation of kinetic and isotherm models in dynamic 

conditions by bench- and pilot-scale systems is of paramount importance to 

simulate real applications of BCs in filtering systems and to achieve 

Technology Readiness Levels (TRL) higher than an experimental proof of 

concept. 

Despite such premises, only few studies evaluate the retention of pollutants 

from water matrices on unmodified BCs using small lab-scaled columns [121], 

and even fewer investigate the adsorption isotherms [122]. 

In dynamic testing conditions, kinetic models should be replaced by 

breakthrough curves, in which the profile of the effluent adsorptive 

concentration at the outlet of a fixed bed adsorber is measured. It should be 

noted that these curves can be considered as the last of the essential 

characterizations of an activated carbon, since they simulate the performance 

in an industrial application [123]. While it seems reasonable to adopt the 

same curves to evaluate the performances of BCs as adsorbent for aqueous 

solutions, most studies work at laboratory scale conditions [124]. This is most 

likely due to an as yet unripe biochar technology. 

Considering pilot/pre-commercial scaled systems, in which higher volumes of 

water are treated using biochar packed columns, the calculation of adsorption 

performances is obtained only by transposition of isotherm models from batch 

tests to pilot scale conditions [121].  

Finally, it is interesting to highlight a lack of adsorption performance studies 

in bench- or pilot-scaled conditions towards organic pollutants, which is the 

object of our study, whereas, in this regard, a higher attention is devoted to 

the adsorption of metal ions [125-128]. It is therefore evident that further 

research and insights are necessary for TRL improvement. 
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2.2.2.4 Leaching tests 

As previously described for ACs (Section 2.2.1 of the text), leaching tests for 

organic (PAHs) and inorganic compounds (metals) are necessary to evaluate 

the safety of supports employed for the removal of pollutants in water 

treatments [52]. Therefore, for BCs intended to be used for water filtration, 

the same characterizations should be suggested, also in consideration that 

these adsorbents are produced by thermal treatment, as ACs. Despite this 

assumption, only few papers evaluate the leaching of some classes of 

compounds in aqueous medium from biochars studied for water treatment 

[56, 129]. In more detail, Hong and co-workers [129] extensively describe 

the release of selected heavy metals from biochar in ultrapure water, together 

with nutrients and total organic carbon as representative indicator of organic 

matter, without focusing on any specific class of compounds. In a pioneering 

vision, Del Bubba and co-workers follow the analytical protocols imposed by 

UNI EN 12915 [60] for evaluating the leaching characteristics of metals and 

PAHs while comparing BC vs AC performance.    

Apart from the few works previously commented, the actual literature shows 

a great unbalance of papers regarding the use of leaching tests in BCs used 

as amendment in agricultural applications [130, 131] over water treatment, 

highlighting the different maturity stages of BC use in agriculture in respect 

to water treatment. 

 

2.2.3 Biochar as adsorbent for organic micropollutants 

2.2.3.1 Typical target pollutants and performance capabilities 

The application of biochar as adsorbent for the removal of organic pollutants 

from waters and wastewaters has been extensively studied. Indeed, when 

searching on “Web of Science” database the words “biochar” and 

“adsorption”, about 5800 studies are listed, with about 40% focused on the 

removal of heavy metals (research refinement using “metal” word) and the 
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other 40% focused on organic compounds (research refinement using both 

“organic” and “pollutants” words). However, despite this numerosity, a critical 

approach investigating the possible correlation between biochar adsorption 

capacities and both the intrinsic properties of target compounds (i.e. polar 

character) and/or physicochemical features through statistic tools is missing. 

Therefore, the following paragraphs will focus on a critical investigation on 

this topic, limiting the discussion to the literature of the last ten/fifteen-years 

relating to the removal of organic pollutants by unmodified biochars. As 

previously mentioned, since activated carbon is the standard material for 

water treatment, ACs will be also considered in parallel.  

From the above-mentioned literature, a representative list of the organic 

compounds most frequently removed by biochars was retrieved and 

summarized in Table 2.3. Papers were selected only if adsorption capacity 

data at equilibrium conditions were presented. Each analyte is clustered 

depending on its ionic form (undissociated, anionic or cationic) at neutral pH 

value which is typical of raw wastewater. The logKow together with the pka (if 

available) values are reported. Within each reviewed paper, the comparison 

of BC performances with those of AC is reported, if present. 

Table 2.3. List of the most investigated organic pollutants removed by 

biochars in the last ten-years literature. Compounds are grouped following 

their ionizable properties. The values of their logKow and pKa (if applicable), 

as calculated from Chemicalize Software are reported [132].   

CATION Class logKow 
pKa (ionic 

group) 

Comparison 

with AC 
Ref 

Methylene 

blue 
Dye 0.75 / No [133-138] 

Methyl violet Dye 0.43 9.17 No [139] 
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Malachite 

green 
Dye 0.8 / No [140] 

Lincomycin Antibiotic -0.3 7.97 No [141] 

  

ANION Class logKow 
pKa (ionic 

group) 

Comparison 

with AC 
Ref 

Sulphapyridin

e 
Antibiotic 0.35 6.24 Yes 

[142, 

143] 

Sulfamethox

azole 
Antibiotic 0.79 6.16 No [144] 

p-coumaric 

acid 
Drug 1.46 3.81 No [145] 

Reactive 

brilliant blue 
Dye -1.33 -2.69 No [146] 

Congo Red Dye 2.63 / No 
[135, 

147-149] 

tris(2-

carboxyethyl)

phosphine 

Flame 

retardant 
1.78 3.22; 4.38 No [121] 

2,4-

dichlrophene

noxiacetic 

acid 

Herbicide/Pest

icide 
2.61 2.81 Yes [150] 

t-Cinnamic 

acid 
Precursor 2.13 4.32 No [145] 

  

NEUTRAL Class logKow 
pKa (ionic 

group) 

Comparison 

with AC 
Ref 

Amoxicillin Antibiotic -2.3 7.22 No [151] 
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Tetracycline Antibiotic -3.4 7.36 No 
[22, 152, 

153] 

Ciprofloxacin Antibiotic -0.8 5.56; 8.77 No [154] 

Sulfadiazine Antibiotic 0.38 7 No [22] 

Chlortetracyc

line 
Antibiotic -1.98 2.99 No [155] 

1H-

benzotriazole 

Corrosion 

Inhibitor 
1.44 9.04 No [121] 

p-

nitrotoluene 
Dye 2.37 / No [156] 

Bisphenol-a 
Endocrine 

disruptors 
3.32 9.78; 10.39 No [157] 

Atrazine Herbicide  2.61 / No/Yes 
[121, 

158] 

Diuron Herbicide 2.68 13.18 No [121] 

1-naphtol Herbicide 2.85 9.6 Yes [159] 

Catechol Herbicide 0.9 9.34; 12.79 No [160] 

Carbaryl Herbicide 0.9 / No [161] 

17α-ethinyl 

estradiol 
Estrogen 3.67 10.33 No [157] 

Phenol 
Plastic 

production 
1.46 10.02 No [162] 

Phenanthren

e 

Polycyclic 

Aromatic 

Hydrocarbon 

3.71 / No 
[157, 

163] 

Naphthalene 

Polycyclic 

Aromatic 

Hydrocarbon 

2.96 / No/Yes/No 
[156, 

159, 163] 

Trichloroethy

lene 
Solvent 2.42 / Yes [6] 
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4-tert-

Octylphenol 

Non-ionic 

Surfactant 
5.18 10.23 Yes [56] 

TRITONTMX-

45 (mixture 

of 4-t-

octylphenol 

polyethoxylat

ed) 

Non-ionic 

Surfactant 
3.49-4.90 15.10a) Yes [56] 

4-(1-Ethyl-1,

4-

dimethylpent

yl)-phenol 

Surfactant 5.79 10.22 Yes [56] 

IGEPAL®CO-

520 (mixture 

of branched 

4-

nonylphenol 

polyethoxylat

ed 

oligomers) 

Surfactant 4.26-5.50 / Yes [56] 

a) Referred to the compound 2-[4-(2,4,4-trimethylpentan-2-

yl)phenoxy]ethan-1-ol, as retrieved from Chemicalize 

 

Data collected in Table 2.3 allow several considerations hereafter discussed. 

Most of the organic pollutants tested for removal by biochars are dyes, 

herbicides or drugs, since they account for the most detected species in 

wastewaters.  

To what concern ionizability properties, reported data clearly show that at pH 

value typical of wastewater and natural water (pH ~ 7) most of the organic 

molecules typically investigated are present in neutral form. However, it 
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should be underlined that, among the neutral compounds considered, many 

of them are ionizable species with pKa values higher than 7, thus suggesting 

that the chemistry of their functional groups will be altered at different pH 

conditions with consequent variation in the adsorption mechanism [164] and 

in BC removal performances. 

The analysis of the reviewed literature shows that most of the studies do not 

consider ACs in their investigations but limit the discussion to the BCs 

selected. This approach makes it difficult to assess BC performance and 

advantages over more traditional adsorbents, i.e. AC. Hence, to understand 

and to critically discuss BC capabilities, per se and in comparison with AC, the 

range of typical adsorption capacities of BCs and ACs towards the most 

studied organic pollutants was derived, through a distributional statistical 

approach. The maximum adsorption capacity at equilibrium conditions (qe 

expressed as mg/Kg) derived from data of adsorption isotherm tests (see 

section 2.2.2.2), was chosen as representative parameter for the adsorption 

efficiency. The statistical treatment was not limited to the data of Table 2.3 

(restricted to the last 10-15 years literature), but extended to less recent 

literature to achieve a representative population of 50 studies. The collected 

qe data for BCs were treated using a boxplot tool (Figure 2.1a) that enabled 

to evaluate data dispersion and the main statistical indices (i.e. average, 

median, etc). In a similar manner, a representative data population of qe for 

ACs was reported (Figure 2.1b, n= 50 as for BCs). It is important to highlight 

that due to the scarcity of studies which simultaneously include BCs and ACs, 

to achieve the same data numerosity (n=50), it was necessary to include also 

studies related to ACs only. 
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Figure 2.1: Boxplot of adsorption capacities at the equilibrium for BCs (a) 

and ACs (b). n=50 for both series. inter quartile range (IQR), median, 

means and ranges were calculated through OrginLab software. Ranges 

were calculated as 1.5 fold the IQR [165].     

Graph results show that the inter quartile range (IQR - green box), between 

25th (Q1) and 75th quartile (Q3) obtained for qe values of ACs is wider than 

the one obtained for BCs. Indeed, for BCs, Q1 and Q3 values are 10,000 

mg/Kg and 150,000 mg/Kg, respectively, with IQR area (Q3-Q1) of 140,000 

mg/Kg, while for ACs Q1 and Q3 values are 21,400 mg/Kg and 266,400 

mg/Kg, respectively, with IQR area of 245,000 mg/Kg. These data promptly 

highlight that activated carbons show a wider range of adsorption capacities 

in respect to BCs of about 50%, and higher values of qe. A similar gap is also 

observed when considering the average capacity (95,000 mg/kg and 176,800 

mg/Kg for BCs and ACs, respectively). 

These observations support the increase of research on properly modified 

BCs, as discussed in the 2.2 section. 
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2.2.3.2 Effect of hydrophobic character of analytes on biochar adsorption 

efficiencies  

When considering the intrinsic properties of the compounds under 

investigation, the hydrophobic/hydrophilic character is probably one of the 

most important to be accounted for, since it strongly influences the type and 

the strength of the interaction occurring between biochar surface groups and 

target pollutants. Therefore, to evidence a possible correlation trend between 

the adsorption capacity of BCs and the hydrophobic character of the organic 

compounds removed, a distribution graph was chosen.  For this purpose, the 

distribution of BC qe (mg/kg) data taken from the literature (n=50) were 

plotted as a function of the logKow values of the target pollutants removed 

(Figure 2.1A). It should be specified that, among all data previously retrieved 

(Table 2.3), only molecules having logKow ranging from 0.5 (±0.25) and 3.5 

(±0.25) were chosen for the statistical treatment, since the outsiders have a 

reduced frequency, thus making not significative their processing. The logKow 

values of the target compounds here selected are referred to slightly 

hydrophobic to medium-high hydrophobic analytes.  

The same distribution was also represented in Figure 2.2 for the same 

molecules adsorbed on activated carbons (n=50).     
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Figure 2.2. Distribution plot of equilibrium adsorption capacities (qe, mg/kg) 

as a function of logKow of organic target pollutants removed by biochars (A) 
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and activated carbons (B). n=50 for both adsorbents. The clusters considered 

log Kow range from 0.5 to 3.5. 

In more detail, in both graphs (Figure 2.2A and 2.2B), bars represent the 

min-max qe frequency range for each 0.5 unit of logKow cluster (±0.25) in 

which all the target compounds were divided. The black squares represent 

the average qe, and the black lines represent the average qe trend line.  

The data representation of Figure 2.2 leads to interesting observations. When 

focusing on the average qe values, a gaussian-similar trend could be observed 

for BCs (Figure 2.2A). In fact, molecules characterized by logKow ranging from 

1.5 to 2 are more retained from BCs than those characterized by lower and 

higher hydrophobic character. Conversely, a similar behaviour is not observed 

when studying the removal of the same compounds using ACs (Figure 2.2B), 

since adsorption increases with the increase of logKow, reaching a plateau at 

logKow approximatively equal to 3.0 (medium high hydrophobicity).  

Such results could be explained considering the different interactions 

occurring between organic pollutants and biochars or activated carbons, due 

to the different surface properties of the two adsorbents. Indeed, it is 

assessed that the surface of ACs is characterized by a higher degree of 

aromaticity in respect to the surface of BCs, since their production 

temperature and activation processes are demonstrated to convert aliphatic 

into aromatic carbons [164, 166]. This feature is reflected to preferred π-π 

and/or hydrophobic interactions in ACs [167] rather than BCs. Hence, the 

higher the aromaticity of the molecule and the hydrophobicity of target 

pollutants, the stronger their interactions, and, therefore, the higher the 

adsorption capacities of activated carbons.  

Differently, due to their typical process production conditions, the BC is 

characterized by a surface containing both aliphatic ionizable moieties (i.e. -

COOH), and, in a less extent, aromatic carbons. In fact, the lower pyrolysis 
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temperature conditions in BC production reduce the conversion of the 

aliphatic C to aromatic C so that H/C ratio are typically higher in biochars 

[168] than in activated carbons [169]. Therefore, a wider range of 

mechanisms, such as electrostatic, π-π/hydrophobic, hydrogen bond 

interactions, are involved within the pollutant and the BC surface [164]. 

Hence, organic pollutants characterized by a medium hydrophobic character, 

i.e. logKow of about 1.5-2 (Figure 2.2B -having both polar and nonpolar 

functional groups) are expected to interact with biochar surface synergically 

exploiting all the previously mentioned mechanisms. Conversely, target 

compounds with lower logKow values are expected to interact with BC via a 

reduced number of interactions (electrostatic-if ionizable-or hydrogen bond 

interactions), thus resulting in lower adsorption on BCs. On the other hand, 

pollutants with higher logKow values are expected to interact with BC via π-π 

or hydrophobic interactions only which limit the extent of retention. 

The distribution plots here reported show that the application of biochar in 

water tertiary treatments as activated carbon replacement is in particular 

suggested for medium non-polar compounds (i.e. herbicides), for which the 

affinity is similar to activated carbons (average qe about 2.5*105 mg/kg for 

both sorbents). Hence, the use of highly energy demanding activation 

processes (typical of ACs) should be avoided. 

             

2.2.4   Considerations on the correlations of physicochemical and 

performance indices with biochar adsorption efficiencies through 

chemometric approaches 

As described in section 2.2.2 of this text, several physicochemical and 

performance indices of the biochars strictly influence adsorption 

performances. Selected authors have tried to correlate one singular 

properties of biochars at a time (i.e. pyrolysis temperature [6], feedstock 

[170], etc) to the adsorption efficiencies. Nevertheless, an overall evaluation 
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which considers as many as possible physicochemical parameters and indices, 

is still missing. A principal component analysis (PCA), a chemometric 

approach frequently applied to promptly highlight the correlation status of 

several variables, would be highly desirable to evaluate possible correlation 

between the main biochar features described in sections 2.2.1 and 2.2.2 and 

adsorption capabilities expressed for instance as maximum adsorption 

capacities derived from Langmuir models (see section 2.2.2.2) or as KF 

derived from Freundlich models (see section 2.2.1.2). However, despite the 

huge number of papers devoted to the removal of organic compounds by 

biochars, a lack of homogenous data on physicochemical and performance 

characterization is observed, since most of the studies evaluate only few of 

the above-mentioned parameters (section 2.2), depending on the author 

sensibility. Hence, when trying to set-up a PCA matrix by retrieving data from 

the available literature, too much missing data is present, thus making 

chemometric treatment impossible [171]. To overcome this obstacle, the only 

solutions to perform the chemometric PCA treatment could be, therefore, 

either to treat the data from a single study, in which e.g. several biochars are 

tested, or reduce the variables to be computed to the few in common among 

the selected works. However, in both cases, the number of treated samples 

or variables considered would be so reduced, that significant results from PCA 

could not be obtained.  

 

2.2.5 Economic evaluation on biochar use over activated carbon 

The consideration reported in section 2.2.3.1 showed, for the compounds 

included in this work, that the adsorption capacities for ACs are superior to 

BCs. However, removal effectiveness is not the only parameter to consider 

when evaluating the applicability of adsorbents in wastewater treatment as 

production costs should also be considered.  
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Therefore, we have derived an effectiveness/cost index, weighting the 

adsorption performances with the production costs, evaluated according to a 

literature survey. Specifically, it has been recently reported that the 

production costs of ACs range from 1.35 (China) [172] to 2.6 €/Kg (Italy) 

[56], while for BCs these values range from 0.15 (Italy) [56] to 0.42 €/Kg 

(U.S.) [173, 174], with average values of 1.98€/Kg and 0.29€/Kg, 

respectively. Based on the mean values of qe values discussed above in 

section 2.2.3.1, (95,000 mg/kg and 176,800 mg/Kg for BCs and ACs, 

respectively), an effectiveness/cost index has been calculated for both BCs 

and ACs, dividing the average maximum equilibrium adsorption capacity (qe, 

expressed as mg/Kg) by the average cost per Kg of adsorbent. The results 

(3.3*105 mg removed for each € of BC and 8.9*104 mg/€ for ACs) show that 

although BCs have lower adsorption capabilities, their effectiveness/cost 

index is 3.7 times higher than that of activated carbons, which means that 

for the same capital investment, a removal of organic pollutants of about 4-

fold higher (in terms of mg) is obtained using BCs, compared to ACs.  

 

2.2.6 Conclusions 

In the last ten-fifteen years, biochars intended for water remediation became 

a trend topic, with thousands of published works studying their possible 

application for the removal of both organic and inorganic contaminants. The 

data reviewed and treated by boxplot statistics, indicate that BCs exhibit 

slightly lower adsorption capacities for organic compounds, especially for 

those of medium-high hydrophobicity, in comparison with the standard 

adsorption materials (activated carbons). Actually, despite their reduced 

adsorption capacities, the production cost is much lower, with an 

effectiveness/cost index, here derived, about 4 times higher for BCs in respect 

to ACs.  
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Removal efficiencies of BCs could be correlated with main properties of target 

compounds, such as the hydrophobic character as expressed by logKow 

values, showing that for medium non-polar compounds the replacement of 

ACs with BCs in tertiary treatments is highly desirable, since their average 

adsorption efficiencies are in the same range and, in such way, highly energy 

expensive activation processes could be avoided.  

The correlation of the intrinsic physicochemical and performance parameters 

with the biochars removal capacity is more challenging. The presented study 

highlighted an under-investigation of homogenous physicochemical and 

performance characterization techniques, which in our opinion are mandatory 

for an overall detailed understanding of the core interactions and correlations 

between the pollutants and the BC surface. Such a correlation is missing in 

the literature. 

The comprehensive survey on the activated carbon characterization protocols 

(most of them proposed by regulatory organisms), as reviewed in the first 

part of the chapter, proves that through these procedures a full 

understanding of the capability and safety use of ACs in the removal of 

pollutants from waters can be achieved. It is consequently desirable that, in 

the lack of regulatory methods specific for biochars, all the above-mentioned 

protocols should be also homogenously applied for the characterization of 

BCs intended for water purification, avoiding fragmentary and subjective 

characterization that depends only on the sensitivity of the authors. A direct 

comparison between BCs and the ACs is recommended to explore BC 

capabilities in respect to ACs for the scale up of BCs applications (bench and 

pilot scales) towards higher TRL levels.  

Additionally, through this overview an easy-to-use compendium on the main 

physicochemical and performance characterization techniques of both BCs 

and ACs is suggested. 
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Finally, the currently available literature data for BCs are non-homogeneous 

which makes it impossible to extract detailed information through the main 

chemometric tools, such as PCA. Some knowledge as complete as possible 

on the main physicochemical and performance characteristics of the BC is 

therefore of fundamental importance to statistically evaluate possible 

correlations between the removal capacity of the BC and BC physicochemical 

properties. 

 

2.3 Application of Biochar to water potabilization 

 

The aim of this second section of the research work devoted to biochar was 

to investigate the physicochemical properties, the regulated leachable 

substances, and the removal performances of seven biochars (commercially 

available or synthesized for the purpose), obtained from pyrolysis or 

gasification of vegetal biomass. Performances of biochars were investigated 

in comparison with three commercially available vegetal ACs used in an Italian 

drinking water facility, withdrawn at different age of operation. Data obtained 

were chemometrically treated through principal component analysis, allowing 

for selecting the most promising biochars to be further investigated by 

adsorption tests. In a first stage of this study, adsorption capabilities were 

tested in ultrapure water, whereas afterwards the sorption capacity was 

evaluated on a restricted group of biochars in water samples collected at 

intermediate treatment stages of a potabilization plant. In all cases ACs were 

also tested as reference comparative materials.  

Diiodoacetic acid (DIAA), benzene, and 1,2 dichlorobenzene, were selected 

as model pollutants commonly monitored in drinking water facilities. 

Specifically, DIAA is a model emerging disinfection by-product [192] never 

investigated before for its sorption by biochars. Moreover, 1,2 
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dichlorobenzene can also originate from disinfection treatments during the 

potabilization process [193, 194] and its monitoring in tap water is 

recommended by the World Health Organization guidelines (taste threshold 

value 1 µg L-1) [195]. Benzene is regulated by the Directive 2020/2184 

regarding the quality of water intended for human consumption (1 µg L-1). It 

should also be noted that benzene and 1,2-dichlorobenzene are volatile 

organic carbons (VOCs) still detected in some industrial districts [196] and 

are therefore also important from the wastewater treatment viewpoint. 

2.4 Materials and methods 

2.4.1 Reagents 

For the determination of adsorption indices, the following reagents, supplied 

by Merck (Kenilworth, NJ, USA), were used: iodine solution (0.1 N), sodium 

thiosulfate solution (0.1 N), zinc iodide starch solution, hydrochloric acid 

(37%), potassium hexacyanoferrate (>99%), methylene blue, anhydrous 

acetic acid (>99.8%). Ammonia solution (28%), dichloromethane and 2-

propanol were from VWR International (Radnor, PA, USA). For the evaluation 

of extractable metals, an ICP multi-element standard solution IX (100 mg L-1 

of As, Be, Cd, Cr (VI), Ni, Pb, Se, Tl) from Merck was used.  

For the determination of extractable polycyclic aromatic hydrocarbons 

(PAHs), the 16 compounds listed by EPA were purchased from Sigma Aldrich 

(Darmstadt, Germany). For the analysis of extractable polychlorinated 

biphenyls (PCBs), the compounds were purchased from LGC Standards 

(Milan, Italy). They were non dioxin-like PCBs: 3,3’-dichlorobiphenyl (PCB 

11), 4,4’-dichlorobiphenyl (PCB 15), 2,4,4’-trichlorobiphenyl (PCB 28), 

2,2’,5,5’-tetrachlorobiphenyl (PCB 52), 2,2’,4,5,5’-pentachlorobiphenyl (PCB 

101), 2,2’,3,4,4’,5-hexachlorobiphenyl (PCB 138), 2,2’,4,4’,5,5’-

hexachlorobiphenyl (PCB 153), 3,3’,4,4’,5,5’-hexachlorobiphenyl (PCB 169), 

2,2’,3,4,4’,5,5’-heptachlorobiphenyl (PCB 180), 2,3,3’,4,4’,5,5’-
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heptachlorobiphenyl (PCB 189); and dioxin-like  PCBs: 3,4,4’,5-

tetrachlorobiphenyl (PCB 81), 2,3’,4,4’,5-pentachlorobiphenyl (PCB 118), 

2’,3,4,4’,5-pentachlorobiphenyl (PCB 123), 2,3’,4,4’,5,5’-hexachlorobiphenyl 

(PCB 167). 

Labelled isotope compounds for PCBs (2 mg L-1) and for PAHs (5 mg L-1), 

Wellington Laboratories (Ontario, Canada), were used as internal and 

surrogate standards in order to obtain calibration curves and extraction 

recoveries, respectively. The 13C surrogate solutions of PAHs contained: 

[13C6]benzo(a)anthracene [13C6-BaA], [13C6]chrysene [13C6-Chr], 

[13C6]benzo(b)fluoranthene [13C6-BbFl], [13C6]benzo(k)fluoranthene [13C6-

BkFl], [13C4]benzo(a)pyrene [13C4-BaP], [13C6]indeno(1,2,3-cd)pyrene [13C4-

Ind], [13C6]dibenzo(a,h)anthracene [13C6-DBA], and 

[13C12]benzo(g,h,i)perylene [13C12-BP]. The 13C surrogate solution of PCBs 

contained: 13C12-PCB28, 13C12-PCB52, 13C12-PCB118, 13C12-PCB153, and 13C12-

PCB180.  

Volatile organic compounds, namely benzene (100 µg L-1 in methanol), and 

1,2-dichlorobenzene (100 µg L-1 in methanol), were purchased from Ultra 

Scientific Italia (Bologna, Italy). DIAA was supplied by Chemical Research 

(Rome, Italy). Ultrapure water was obtained by an EMD Millipore Milli-Q Direct 

Water Purification System (Millipore, Bedford, MA, USA). 

2.4.2 Biochar and activated carbon samples 

The seven BCs considered in this study were donated for the purpose. The 

three ACs were supplied by a local potabilization plant at different age of 

operation: AC1: new activated carbon; AC2: regenerated activated carbon; 

AC3: regenerated activated carbon in use at the plant. The status of 

operation, and the characteristics of the feedstock and the thermal process 

used to produce the ten chars are summarized in Table 2.4.  
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Before being characterized and used in isotherm studies, all the char samples 

were repeatedly washed with ultrapure water according to the ASTM D-5919-

96 method. 

Table 2.4 – Status of operation and production conditions of biochars (BC) 

and commercial activated carbons (AC); n.a. = not available 

Sample Status Feedstock 
Thermal 

treatment 

Temperature 

(°C) 

Contact 

time 

(min) 

BC1 Virgin 
Wood waste 

mixture a 
Pyrolysis 550 10 

BC2 Virgin 
Wood waste 

mixture b 
Pyrolysis 550 10 

BC3 Virgin 
Wood waste 

mixture b 
Pyrolysis 550-600 15 

BC4 Virgin 
Herbal 

pomace 
Pyrolysis 550-600 15 

BC5 Virgin 
Wood waste 

mixture c 
Gasification 800-900 10 

BC6 Virgin 
Wood waste 

mixture d 
Gasification 800-900 10 

BC7 Virgin Corn cob Pyrolysis 450 30 

AC1 Virgin Coconut 
Pyrolysis+physical 

activation 
800-950 n.a 

AC2 Regenerated Coconut 
Pyrolysis+physical 

activation 
800-950 n.a 

AC3 In use Coconut 
Pyrolysis+physical 

activation 
800-950 n.a 

a Composition: 100% Poplar; b Unknown composition; c Approximate composition: Pine 60%, 

Beech 25%, Hazel 15%; d Approximate composition: Pine 40%, Beech 30%, Hazel 20%, 

Spruce 10% 
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2.4.3 Biochar and activated carbon characterization 

The chars investigated in this study were physicochemically characterized 

through the determination of ash content, pH of the point of zero-charge 

(pHpzc), physisorption analysis, iodine and methylene blue adsorption indices 

(I2In and MBIn), as well as for water-extractable substances of environmental 

concern. The procedures adopted for the aforementioned determinations are 

briefly described below. 

2.4.3.1 Ash content 

The ash content was determined according to the ASTM International D 2866-

11 [197], which refers to the analysis of ACs. 

2.4.3.2 Water-extractable substances 

Metals (namely Sb, As, Cd, Cr, Pb, Hg, Ni and Se), PAHs and PCBs were 

extracted according to the EN 12902 standard [186]. After extraction, metals 

were determined by an Elan 6100 ICP-MS (Perkin Elmer, Waltham, 

Massachusetts, USA), whereas PAHs and PCBs were preconcentrated by 

solid-phase extraction (SPE) and analysed by GC-MS, as elsewhere described 

[198, 199]. 

2.4.3.3 pH of the point of zero charge 

The pH of the point of zero-charge (pHpzc) was determined using the pH drift 

method, widely adopted for the evaluation of the surface charge of biochars 

and ACs [190]. 

2.4.3.4 Adsorption indices 

The determination of I2In and MBIn was performed according to the 

definitions indicated by CEFIC for ACs [200]. 
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2.4.3.5 Physisorption analysis  

Physisorption analysis of biochars and ACs was performed via nitrogen 

adsorption and desorption experiments using a Porosity Analyser Thermo 

Fisher Scientific (Milan, Italy) model SORPTOMATIC 1990 according to the 

American Society for Testing and Materials specifications [201, 202]. In 

further detail, the specific surface area (SSA) and micropore surface area 

(MiSSA) were determined respectively by the Brunauer–Emmett–Teller (BET) 

method and by t-plot method, whereas mesopore surface area (MeSSA) was 

measured by the Barrett-Joyner-Halenda (BJH) method applied to desorption 

data.  

2.4.4 Adsorption studies on DIAA and VOCs 

Adsorption tests were performed on DIAA and VOCs in ultrapure water (pH 

= 6.5±0.1) using the micro-isotherm technique for adsorbates at ppb 

concentrations, as established by ASTM D5919-96 standard [203]. Aliquots 

of 40 mL and 100 mL, containing fixed amounts of DIAA and VOCs, 

respectively (DIAA: 5 µg L-1 for BCs and 20 µg L-1 for ACs; VOCs: 5 µg L-1 or 

20 µg L-1 for BCs and 20 µg L-1 for ACs) were put in contact with different 

amounts of BCs/ACs varying approximately between 0.02 and 0.5 g.  The 

mixture was stirred in an orbital shaker for 24 hours. The solution was then 

filtered through a mixed cellulose ester membrane (0.45 μm). Control 

experiments using the same aforementioned concentrations of target 

analytes were also conducted without the addition of the adsorbent materials, 

in order to estimate their removal due to mechanisms other than sorption 

(e.g. volatilization and degradation).  

Experimental data were fitted by the Freundlich isotherm model [204]: 

log
X

M
=logKF+

1

n
log Ce 
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where X/M is the ratio of the amount of analyte adsorbed per mass unit of 

sorbent (mg g-1), KF is the constant of the Freundlich isotherm equation 

(mg1−1/n L1/n g−1) related to adsorption capacity, Ce is the equilibrium 

concentration (mg L-1), and 1/n is the exponent of non-linearity. 

2.4.5 Analytical determination of DIAA and VOCs 

Residual DIAA concentrations were  determined by ion chromatography 

coupled with triple-stage quadrupole mass spectrometry as elsewhere 

described [192]. Residual VOC concentrations were determined by GC-MS 

after SPE.  

2.4.6 Water sample collection and characterization 

Water samples were withdrawn from two potabilization plants located in the 

Piedmont region (North Italy) which treat the same raw water. One sample 

(labelled as DSB) was taken at the outlet of the dynamic separation basins 

for the removal of slurry from clarified waters (in which coagulant, 

hypochlorite and chlorine dioxide solutions are dosed), before entering the 

activated carbon beds. The other sample (labelled as CB) was taken at the 

outlet of a clarification basin (in which coagulant only is added), before 

entering the activated carbon beds. The water samples were characterized 

for pH and total organic carbon (TOC). TOC was determined using a 

Shimadzu TOC-V-CSH analyser, by the differential method, i.e. analysing both 

total carbon (TC) and total inorganic carbon (TIC) through separate 

measurements and calculating TOC by subtracting TIC from TC. 

2.4.7 Data analysis 

Least squares regressions and related analyses of variance (ANOVA) were 

performed with Excel 2016 (Microsoft, Redmond, WA, USA). Principal 

component analysis (PCA) and cluster analysis (CA) were carried out using 

the Minitab statistical software package, version 17.1.0 (Minitab Inc., State 

College, PA, USA). All data plots were performed using Excel 2016. 
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2.5 Results and discussion 

2.5.1 Characterization of chars 

2.5.1.1 Ash content 

In biochars, ash percentages were found in the quite wide range of 6-49% 

(Table 2.5), with the lowest value achieved for BC7, which derived from corn 

cob under pyrolysis treatment at 450°C (Table 2.4). Ash content in materials 

intended for water filtration is regulated by EN 12915-1 standard, which sets 

a limit of 15%, since a high ash content in filtering media is expected to 

reduce adsorption activity [164]. Hence, as regards this parameter, only BC2, 

BC3, and as previously mentioned BC7, are allowed to be used as sorbent 

materials in potabilization facilities.  

 

Table 2.5 – Ash (%), pH of the point of zero charge (pHpzc), specific surface 

area (SSA, BET method, m2 g-1), surface area of micropores (MiSSA, t-plot 

method, m2 g-1), surface area of mesopores (MeSSA, BJH model – desorption 

cumulative surface area, m2 g-1), iodine index (I2In, mg g-1), and methylene 

blue index (MBIn, mg g-1), determined in biochars (BCs) and activated 

carbons (ACs). For the parameters tested by replicated analyses (n=3), mean 

and standard deviations (in bracket) are reported. Available limits set by 

European regulation EN 12915-1 are also reported; n.a. = not available. 

Sample Ash pHpzc SSA MiSSA MeSSA I2In MBIn 

EN 

12915-1 
15 n.a. n.a. n.a. n.a. 600 n.a. 

BC1 42 (8) 10.5 
253 

(19) 
81 (15) 53 (12) 129 (1) 4 (1) 

BC2 12 (2) 8.6 
243 

(22) 
43 (11) 63 (14) 144 (1) 4 (2) 

BC3 
14.1 

(0.5) 
8.4 

153 

(20) 
65 (14) 76 (17) 88 (1) 

1.4 

(0.8) 
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BC4 
29.2 

(0.2) 
9.1 

222 

(18) 
92 (22) 

117 

(25) 
124 (1) 4 (2) 

BC5 49 (4) 12.0 
302 

(23) 

121 

(26) 
97 (20) 156 (1) 

6.0 

(0.7) 

BC6 25 (2) 11.0 
309 

(21) 
80 (19) 

136 

(30) 
197 (1) 

4.1 

(0.4) 

BC7 
6.2 

(0.1) 
7.0 

136 

(12) 
33 (10) 40 (11) 77 (1) 

2.2 

(0.4) 

AC1 7 (2) 10.9 
1053 

(88) 

634 

(118) 

384 

(81) 

1010 

(1) 
20 (2) 

AC2 13 (4) 9.9 
714 

(65) 

300 

(72) 

359 

(78) 
540 (1) 15 (1) 

AC3 21 (8) 8.1 
561 

(38) 

205 

(51) 

273 

(59) 
438 (1) 11 (2) 

 

The data obtained here can be interpreted based on the characteristics of 

biomass and thermal conversion processes through which the chars were 

obtained. According to literature, ash concentration of chars is mainly 

influenced by the type of feedstock, being woody biomass the one providing 

a lower ash content, compared to other feedstocks, such as non-woody 

vegetal biomass and animal waste [205].  However, the type of thermal 

conversion process (i.e. pyrolysis or gasification) and the temperature and 

contact time conditions adopted in the process may also play a role in 

determining the ash concentration, which obviously depends on the amount 

of char obtained. In this regard, it should be remarked that biochar yield is a 

function of the type of thermal conversion process (i.e. pyrolysis or 

gasification) and the temperature and contact time conditions adopted in the 

process, being the highest yields obtained with pyrolysis conducted at low 

temperature and high contact time (slow pyrolysis) [164]. Hence, it is evident 

that, if the same feedstock is used, the ash concentration will be higher in 
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gasification processes than in pyrolysis [206]. Moreover, increasing ash 

percentages will be obtained with increasing temperature [207] and higher 

ash concentrations will be found under fast pyrolysis conditions [208]. Based 

on these considerations, it makes sense that BC2, BC3, and BC7, all deriving 

from slow pyrolysis processes (Table 2.4), showed ash percentages much 

lower than BC5 and BC6, which were conversely obtained under gasification 

conditions using a same patented process and plant. The very high ash 

concentration found in BC4 (about 29%) compared to BC3, both produced 

with the patented PYREG® pyrolysis process under the same experimental 

conditions, could be attributed to the different nature of the feedstocks 

employed, i.e. non woody vegetal biomass for BC4 and woody waste biomass 

for BC3 (Table 2.4). Finally, the unexpected high ash content of BC1 probably 

depends on the peculiar characteristics of the woody waste used as 

feedstock, which derives from the cutting of a forest planted for the 

phytoremediation of a soil contaminated by different chemicals, including 

heavy metals. Virgin activated carbon (AC1) showed a lower ash content 

(7%), in agreement with the high standard quality requested by the 

potabilization plant in its specifications. Higher ash percentages were 

obviously found in regenerated and in-use ACs (i.e. AC2 and AC3). 

2.5.1.2 Water-extractable substances 

The thermal conversion process that transforms biomasses into chars may 

lead to the formation of unwanted organic and inorganic hazardous species, 

depending on the original composition of the feedstocks. Among them, PAHs 

[209], PCBs [185] and heavy metals [210] can be present in biochars, thus 

introducing possible limitation in the use of the chars themselves. The EN 

12915-1 normative regulates the presence of water extractable pollutants in 

materials to be applied for water treatments, setting a threshold 

concentration limit for the sum of six PAH compounds (i.e. fluoranthene, 
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benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, 

benzo(g,h,i)perylene and indeno-(1,2,3-cd)-pyrene) at 0.02 μg L-1. In 

addition, the EN standard imposes limits to the presence of As (10 µg L-1), Cd 

(0.5 µg L-1), Cr (5 µg L-1), Hg (0.3 µg L-1) Ni (15 µg L-1), Pb (5 µg L-1), Sb (3 

µg L-1) and Se (3 µg L-1). As regards PCBs, no limit is currently established by 

the EN standard. However, it should be mentioned that PCB concentrations 

are regulated in biochars to be used for soil conditioning and feed additives 

[185, 211].   

Results obtained for leachable PAHs showed that all the chars fulfil the limits 

set by EN 12915-1 regulation. In detail, the regulated PAHs were detected in 

BC1, BC2, BC3, BC4, and BC7 (all deriving from pyrolysis), with the sum of 

their concentrations ranging from 1.6 ng L-1 (BC4) to 13.3 ng L-1 (BC7). 

Conversely, for ACs and the other BCs, the concentrations of PAHs included 

in the EN standard were below detection limits. 

EPA PAHs other than the ones included in the EN standards were also 

determined (see Table 2.5.1-2.5.2), highlighting that PAHs with 2-3 aromatic 

rings were generally more abundant than those with higher molecular weight, 

as also observed elsewhere [212].  

Table 2.5.1 – Extractable PAHs from the BCs studied. Concentrations are 

expressed in ng/L. The sum of concentrations of asterisked PAHs (regulated 

by the UNI EN 12915-1) is also reported. Regulated limit for these compounds 

is 20 ng/L. 

 BC1 BC2 BC3 BC4 BC5 BC6 BC7 

Naphthalene 
0.55 

(0.01) 
< LOD 

21.9 

(0.97) 

4.15 

(0.07) 

6.64 

(20) 

7.2 

(0.13) 

83.14 

(3.69) 
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Acenaphthylene < LOD < LOD 
0.99 

(0.03) 

1.18 

(0.08) 

0.56 

(0.07) 

0.94 

(0.01 

6.22 

(0.18) 

Acenaphthene 
0.9 

(0.5) 
< LOD 

3.77 

(0.06) 

0.94 

(0.09) 

2.04 

(0.09) 

2.2 

(0.53) 

33.34 

(3.17) 

Fluorene < LOD 
3.56 

(0.41) 

83.26 

(3.42) 

8.34 

(0.2) 
< LOD < LOD 

261.55 

(13.33) 

Phenantrene 15 (4) 
34.47 

(0.75) 

164.25 

(5.56) 

8.00 

(0.03) 
< LOD < LOD 

329.54 

(19.31) 

Anthracene 
1.7 

(0.01) 

4.36 

(0.06) 

36.77 

(0.94) 

0.88 

(0.07) 
< LOD < LOD 

72.03 

(2.84) 

Fluoranthene* 
3.37 

(0.01) 

7.21 

(0.07) 

3.41 

(0.20) 

1.64 

(0.03) 
< LOD < LOD 

12.71 

(0.3) 

Pyrene 
3.09 

(0.48) 

6.36 

(0.14) 

5.56 

(0.03) 

0.98 

(0.01) 

2.05 

(0.15) 

1.45 

(0.07) 

26.64 

(0.8) 

Benzo[a]pyrene < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Chrysene 
0.96 

(0.14) 
< LOD 

1.34 

(0.09) 
< LOD < LOD < LOD < LOD 

Benzo[b]fluoran

thene* 

1.95 

(0.42) 
< LOD < LOD < LOD < LOD < LOD < LOD 

Benzo[k]fluoran

thene* 

1.53 

(0.30) 
< LOD < LOD < LOD < LOD < LOD 

0.55 

(0.11) 

Benzo[g,h,i,]per

ylene* 
< LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Indeno[1,2,3-

c,d]pyrene* 
< LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Dibenzo[a,h]ant

hracene 
< LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Benzo[g,h,i,]per

ylene* 
< LOD < LOD < LOD < LOD < LOD < LOD < LOD 
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Σ* UNI EN 

12915-1 
6.85 7.21 3.41 1.64 < LOD < LOD 13.26 

Σ 29.39 55.96 321.25 26.11 11.29 11.79 825.72 

Σ 
(Benzo[a]pyre

ne eq. conc.) 

0.398 0.095 0.664 0.034 0.011 0.012 1.528 

 

Table 2.5.2 – Extractable PAHs from the ACs studied. Concentrations are 

expressed in ng/L. The sum of concentrations of asterisked PAHs (regulated 

by the UNI EN 12915-1) is also reported. Regulated limit for these compounds 

is 20 ng/L. 

 AC1 AC2 AC3 

Naphthalene 2.2 (0.09) 12.5 (0.45) 10.91 (0.24) 

Acenaphthylene < LOD < LOD < LOD 

Acenaphthene < LOD 2.73 (0.07) 3.03 (0.15) 

Fluorene 1.04 (0.03) 2.34 (0.11) 3.29 (0.21) 

Phenantrene 7.04 (0.03) 4.92 (0.21) 7.52 (0.15) 

Anthracene 1.99 (0.17) 2.02 (0.28) 2.69 (0.03) 

Fluoranthene* < LOD < LOD < LOD 

Pyrene < LOD 0.87 (0.06) 1.11 (0.07) 

Benzo[a]pyrene < LOD < LOD < LOD 

Chrysene < LOD < LOD < LOD 

Benzo[b]fluoranthene* < LOD < LOD < LOD 

Benzo[k]fluoranthene* < LOD < LOD < LOD 

Benzo[g,h,i,]perylene* < LOD < LOD < LOD 

Indeno[1,2,3-c,d]pyrene* < LOD < LOD < LOD 

Dibenzo[a,h]anthracene < LOD < LOD < LOD 

Benzo[g,h,i,]perylene* < LOD < LOD < LOD 

Σ* UNI EN 12915-1 < LOD < LOD < LOD 

Σ 12.27 25.38 28.55 

Σ (Benzo[a]pyrene eq. 

conc.) 
0.030 0.044 0.053 
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BC7, which was produced under pyrolysis at the lowest temperature (450°C), 

was the material providing by far the highest total leachable PAH 

concentration (826 ng L-1), while biochars obtained under gasification 

conditions showed the lowest PAHs release (11-12 ng L-1). These BCs were 

also the ones providing respectively the highest and the lowest 

benzo(a)pyrene equivalent concentrations (BaPyeq), based on toxic 

equivalence factors (TEFs) available in literature [213]. PAHs occurrence in 

BCs can be explained based on re-polymerization phenomena of the radical 

hydrocarbon fragments formed during the thermal process, which are 

favoured by the absence of oxygen. Moreover, the presence of PAHs depends 

also on the conversion temperature adopted, which plays a main role in PAH 

formation up to about 500°C, but also in their degradation beyond this value 

[212, 214]. An influence of the biomass composition in the presence of 

leachable PAHs can also be evidenced from the comparison of BC3 (321 ng 

L-1) and BC4 (26 ng L-1), which were obtained under exactly the same 

pyrolysis conditions, but with completely different feedstocks.  

The concentrations of extractable PCBs found in the BCs and ACs leachate 

are reported in Table 2.61 and 2.6.2. 

Table 2.6.1 – Extractable PCBs from the BCs studied. Concentrations are 

expressed in ng/L.  

 BC1 BC2 BC3 BC4 BC5 BC6 BC7 

PCB15 0.5 (0.1) 0.56 (0.05) 1.29 (0.02) 2.8 (0.1) 21.7 (0.1) 29 (1) 20 (2) 

PCB101 6.3 (0.2) < LOD < LOD < LOD < LOD < LOD < LOD 

PCB81 8 (2) < LOD < LOD < LOD < LOD < LOD < LOD 

PCB118 7 (2) < LOD < LOD < LOD < LOD < LOD < LOD 

PCB123 12 (3) < LOD < LOD < LOD < LOD < LOD < LOD 

PCB153 16 (4) < LOD < LOD < LOD < LOD < LOD < LOD 

PCB167 21 (5) < LOD < LOD < LOD < LOD < LOD < LOD 

PCB180 25 (7) < LOD < LOD < LOD < LOD < LOD < LOD 
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Σ 95.8 0.56 1.29 2.8 21.7 29 20 

 

Table 2.6.2 – Extractable PCBs from the ACs studied. Concentrations are 

expressed in ng/L. 

 AC1 AC2 AC3 

PCB15 < LOD 4 (2) 1.1 (0.2) 

PCB101 < LOD < LOD < LOD 

PCB81 < LOD < LOD < LOD 

PCB118 < LOD < LOD < LOD 

PCB123 < LOD < LOD < LOD 

PCB153 < LOD < LOD < LOD 

PCB167 < LOD < LOD < LOD 

PCB180 < LOD < LOD < LOD 

Σ < LOD 4 1.1 

 

BC1 was the only char exhibiting the presence of all the PCBs investigated in 

its leachate, with total concentration of about 96 ng L-1. Conversely, all the 

other BCs showed PCB15 as the only leachable chlorinated biphenyl, the 

concentration of which was in the low ng L-1 range (0.56-2.8 ng L-1) in BC2, 

BC3, and BC4 and about one order of magnitude higher (21.7-29 ng L-1) in 

BC5 and BC6. PCBs occurrence in the BC leachate could be ascribed to the 

thermal transformation of chloride, originally contained in feedstocks [215] 

and in this regard, it should be recalled that BC1 has been prepared with 

wood waste deriving from a multi-contaminated soil. To the best of our 

knowledge, this is the first study investigating PCBs in BC leachates, thus 

preventing any comparison with literature data.  
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The concentrations of metals determined in BC and AC leachates are 

illustrated in Table 2.7.1 and 2.7.2, respectively, where the limits set by UNI 

EN 12915-1 are also reported.  

 

Table 2.7.1 – Extractable metals from the BCs studied. Concentrations are 

expressed in µg/L. The limits established by the UNI EN 12915-1 are also 

reported. 

 BC1 BC2 BC3 BC4 BC5 BC6 BC7 
UNI EN 

limits 

Cd < LOD < LOD < LOD < LOD < LOD < LOD < LOD 0.5 

As < LOD < LOD < LOD < LOD < LOD < LOD < LOD 10 

Cr 
17.3 
(0.1) 

< LOD < LOD 
2.8 

(0.1) 
3.1 

(0.1) 
3.45 

(0.07) 
< LOD 5 

Ni < LOD < LOD < LOD < LOD < LOD < LOD < LOD 15 

Pb < LOD < LOD < LOD < LOD < LOD < LOD < LOD 5 

Sb < LOD < LOD 
0.73 

(0.05) 
< LOD 

1.07 

(0.01) 

2.68 

(0.05) 
< LOD 3 

Se < LOD < LOD < LOD < LOD 
1.01 

(0.02) 

0.55 

(0.08) 
< LOD 3 

Hg < LOD < LOD < LOD < LOD < LOD < LOD < LOD 0.3 

 

Table 2.7.2 – Extractable metals from the ACs studied. Concentrations are 

expressed in µg/L. The limits established by the UNI EN 12915-1 are also 

reported. 

 AC1 AC2 AC3 
UNI 
EN 

limits 

Cd < LOD < LOD < LOD 0.5 

As < LOD < LOD < LOD 10 

Cr < LOD < LOD < LOD 5 

Ni < LOD < LOD < LOD 15 

Pb < LOD < LOD < LOD 5 

Sb < LOD < LOD < LOD 3 
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Se < LOD < LOD 5.0 (0.2) 3 

Hg < LOD < LOD < LOD 0.3 

 

BCs generally complied with the release limits set by the aforementioned 

regulation, with the only exception of BC1, which exceeded the limit for Cr, 

with an observed concentration (17.3 µg L-1) three times higher than this 

limit, in agreement with the considerations previously reported. As regards 

ACs, only AC3 exceeded limit for Se (5 µg L-1 versus 3 µg L-1, see Table 2.7.2), 

suggesting that a possible saturation of adsorption sites occurred during 

service. 

2.5.1.3 pH of the point of zero charge 

The values of pHpzc were characterized by a high variability (7.0-12.0), in 

agreement with the wide range of the production conditions, including the 

type of feedstock that, as already reported in literature, significantly influence 

this property [216]. For BCs, a significant linear correlation with positive slope 

was found by plotting ash concentrations as a function of pHpzc values (R2 = 

0.780, P<0.05). This correlation can be ascribed to the ash composition 

typically reported in literature [216], which mainly consists in metals present 

in the hydroxide form, thus promoting the increase of the pH in solution. ACs 

did not follow this trend, as the higher the amount of ash, the lower the pHpzc 

observed. This finding is in agreement with the increasing amount of 

chemicals other than organic carbon adsorbed by ACs during operation, which 

however do not influence the alkalinity of material surfaces. 

The measurement of the pHpzc values allowed us to make some 

considerations about the net surface charge of the chars, which mainly 

depends on the surface functional groups of the material and is extremely 

useful to explain the adsorption behaviours of BCs towards ionized or 

ionisable compounds. Most BCs (with the only exception of BC7) exhibited 
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pHpzc higher than pH values of drinking water collected before entering AC 

filters of the aforementioned potabilization plants, which ranged between 7.6 

and 7.7. Hence, BC1-BC6 are expected to exhibit positively charged surfaces 

when they were applied to the treatment of these waters, whereas BC7 is 

supposed to be negatively charged [217].  

2.5.1.4 Adsorption indices of chars 

The adsorption efficiency of the BCs was evaluated in comparison with ACs 

through the determination of I2In and MBIn (see previous Table 2.5).  

I2In is commonly considered as related to the presence in the structure of 

micropores (average diameter less than 2 nm) and should be therefore 

informative for the removal efficiency of small-size organic water pollutants 

[190]. Conversely, MBIn should be associated to the abundance of mesopores 

(average diameter in the range 2-50 nm) and thus considered as a useful 

indicator of adsorption capacity towards medium-large sized organic 

pollutants [190]. For BCs, the I2In was found in the range 77-197 mg I2 g-1, 

with BCs obtained from gasification (i.e. BC5 and BC6) showing the highest 

values (156-197 mg I2 g-1), while the lowest ones (77-88 mg I2 g-1) were 

exhibited by materials produced under pyrolytic conditions (i.e. BC3 and 

BC7). The range determined for I2In in BCs was about five times lower than 

that determined in virgin and regenerated ACs (i.e. AC1 and AC2), ranging 

between 540 and 1010 mg I2 g-1. As expected, the I2In of AC3 (i.e. AC2 after 

some use in the potabilization plant) was lower than that of AC2 (438 mg I2 

g-1), in agreement with the progressive pore saturation phenomena occurring 

during operation. 

The MBIn showed a trend within the BCs and ACs clusters, and among them, 

similar to that described for I2In (e.g. higher values for ACs than BCs and for 

BC5 and BC6 compared to the other BCs). The two indices showed a very 
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good linear correlation (R2 = 0.945, P<<0.05), in agreement with findings 

observed elsewhere for different types of ACs  and BCs [190], even though a 

lower determination coefficient was observed by excluding ACs from the 

correlation (R2= 0.534, P=0.062). The much lower correlation was mainly 

ascribable to the opposite trend observed for some pairs of materials, such 

as BC5 and BC6, the latter exhibiting lower MBIn but higher I2In than the 

former. These findings can be explained by the general differences in micro, 

meso, and macroporosity distributions of BCs due to the different 

experimental conditions adopted for their production. 

2.5.1.5 Physisorption analysis  

Table 2.5 illustrated the results obtained for the porosimetry analyses (i.e. 

BET SSA, t-plot MiSSA and BJH desorption cumulative MeSSA) of the 

investigated BCs and ACs.  

As expected, ACs exhibited much higher values of the SSA (561-1053 m2 g-1) 

than BCs (136-309 m2 g-1), being the latter group characterized by a data 

trend similar to those observed for adsorption indices. To elaborate, BC5 and 

BC6, in addition to showing greater values of the adsorption indices, also 

exhibited the highest SSA, whereas BC7 had the lowest values of the 

aforementioned parameters. These findings can be explained by the well-

recognized role of temperature in increasing the surface area [18, 218], since 

BC5/BC6 and BC7 were obtained by the highest and lowest conversion 

temperature, respectively (Table 2.4). Indeed, very good linear correlations 

(R2 = 0.981-0.984, P<<0.05) were observed between SSA and adsorption 

indices even excluding ACs from the regression (R2 = 0.781-0.904, data not 

shown).  

In general, BCs showed a higher percentage of macroporosity than ACs. 

However, it should be noted that BC3 and BC4, produced with the same 
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patented PYREG® pyrolysis system, had a very small microporosity, 

comparable to that observed in ACs. The relative percentages of 

microporosity and mesoporosity were comparable in all materials, with the 

exception of AC1, which was strongly characterized by microporosity. 

Moreover, high correlations were found between MiSSA and I2In (R2 = 0.972, 

P<<0.05), as well as between the MeSSA and MBIn (R2 = 0.922, P<<0.05). 

However, similarly to findings observed for the correlation between 

adsorption indices, also these relationships were mainly driven by the 

presence of ACs, since their exclusion strongly lowered the determination 

coefficients, making null the significance of the correlation (data not shown).  

Differently from adsorption indices, SSA is often reported as fundamental 

parameter for the characterization of sorption properties of BCs. In order to 

understand the overall significance of SSA data obtained here, it is therefore 

interesting to compare them with the values reported in literature for the 

numerous biochars obtained from vegetal feedstocks. However, the kind of 

conversion process, its temperature and time, as well as the type of biomass 

used, strongly affects the SSA of BCs. Accordingly, this comparison was 

restricted to biochars obtained from woody vegetal feedstocks, which 

represent the main type of biomass used for the production of BCs here 

investigated, obtaining SSA values in the range 2-637 m2 g-1 [219-222]. 

Therefore, the SSA values between 136 and 309 m2 g-1 measured in this study 

are fully in the range reported in the literature. 

2.5.2 Principal component analysis of the char characterization parameters 

To summarize the wide group of information discussed above, deriving from 

the determination of the several characterization parameters in the ten char 

samples, a multivariate elaboration of the autoscaled original data was 

performed by means of PCA. In more detail, PCA elaboration included the 

following eleven parameters: conversion temperature (T), the seven 
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parameters reported in Table 2.5 (i.e. ash, pHpzc, SSA, MiSSA, MeSSA, I2In, 

and MBIn), total PAHs (expressed as BaPy TEF concentrations), total PCBs, 

and total metals. Three principal components (PCs), characterized by 

eigenvalues > 1 and accounting for percentages of explained variances (E.V.) 

of 54.9%, 26.4%, and 11.0%, were obtained (total E.V. = 92.3%). Figure 

2.3 illustrates the plots of scores (Fig. 2.3A-B) and loadings (Fig. 2.3C-D) of 

PC1 versus PC2 and PC1 versus PC3, which represent E.V. of 81.3% and 

65.9%, respectively.  

 

 

Figure 2.3 – Score (A-B) and loading (C-D) plots of PC1 versus PC2 and PC1 

versus PC3, representing a percentage of explained variance (E.V.) of 81.3% 

and 65.9%, respectively. PCA values were calculated using the autoscaled 

values determined for the eleven original variables in the ten char samples. 

Note that the terms PAHs, PCBs, and Metals refer to their total leachable 

concentrations.  

 

BC1

BC2

BC3

BC4

BC5

BC6

BC7

AC1
AC2

AC3

-4

-3

-2

-1

0

1

2

3

4

-4 -3 -2 -1 0 1 2 3 4 5 6

P
C

2
 (

E
.V

. 
2

6
.4

%
)

PC1 (E.V. 54.9%) 

(A)

BC1

BC2

BC3

BC4

BC5

BC6

BC7

AC1

AC2
AC3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-4 -3 -2 -1 0 1 2 3 4 5 6

P
C

3
 (

E
.V

. 
1
1

.0
%

)

PC1 (E.V. 54.9%) 

(B)

Ash
pHpzc

T 
SSA

MiSSA

MeSSA

I2In

MBIn

PAHs

PCBs

Metals

-0.4

-0.2

0

0.2

0.4

0.6

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5P
C

2
 (

E
.V

. 
2

6
.4

%
)

PC1 (E.V. 54.9%) 

(C)
Ash pHpzc

T 

SSAMiSSA

MeSSA

I2In

MBIn

PAHs

PCBs

Metals

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

P
C

3
 (

E
.V

. 
1
1

.0
%

)

PC1 (E.V. 54.9%) 

(D)



73 

 

The contributions of each variable to the three significant PCs were not always 

well differentiated, even though most original variables showed remarkably 

different absolute values of loadings among the three components. In more 

detail, SSA, MiSSA, MeSSA, I2In, and MBIn contributed mainly in PC1, pHpzc 

and above all ash were mainly represented on PC2, whilst total PCBs exhibited 

by far the highest loading on PC3. Conversely, T was represented in PC1 and 

PC3 to the same extent, whereas total PAHs and metals contributed almost 

equally to PC2 and PC3. Among the ten investigated chars, ACs clustered in 

both score plots, mainly due to their peculiar characteristics in terms of 

adsorption indices and physisorption data. BC5 and BC6, which derived from 

the same gasification process, also clustered in both score plots mostly 

because of the particularly high values of ash and very low leachable 

concentrations of total PAHs. Actually, BC6 was the closest char to the AC 

cluster, suggesting interesting adsorption properties. This consideration 

points out that PCA is a valuable tool to select the best sorbents for adsorption 

measurements, when one or more reference materials are included in the 

unsupervised multivariate analysis as comparators. BC2, BC3, and BC4 

identified a further cluster in both score plots. Conversely, BC1 and BC7 

behaved as outliers, being they quite distant from the other BCs and the 

farthest from ACs, due to their peculiar values of the coordinates on PC2 and 

PC3. In fact, their scores, were mainly governed by the concentration values 

of ash (the highest in BC1 and the lowest in BC7), total PAHs (intermediate 

value for BC1 and the highest one for BC7), and total metals (the highest in 

BC1 and the lowest in BC7), which strongly contributed to these PCs. 

In order to have a quantitative confirmation of the findings of PCA, CA was 

carried out, by using the complete linkage method and the Euclidean 

distances on the autoscaled values of the aforementioned eleven variables 

(Figure 2.4).  
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Figure 2.4 – Dendrogram of similarity of the ten investigated char samples, 

calculated through the complete linkage method on the basis of Euclidean 

distances of the autoscaled values of the eleven original variables. 

 

The dendrogram confirmed the results of PCA, especially for BC2, BC3, and 

BC4, for BC5 and BC6, and for AC1 and AC2, which were grouped in three 

clusters at similarity percentages higher than 75%. It is also worth noting 

that BC5 and BC6 clustered with AC2 and AC3 with a similarity of about 50%. 

CA also highlighted the high distance between the virgin activated carbon 

(AC1) and the regenerated ones (AC1 and AC2), which exhibited a very low 

degree of similarity (about 20%).   

Based on the results of the multivariate characterization of BCs and ACs and 

their summarising picture obtained by PCA and CA, BC6 and BC7 were 
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(AC1) and the regenerated (AC2) activated carbon were chosen as 

comparators.  

2.5.3 Adsorption studies on DIAA and VOCs 

Adsorption isotherm experiments were performed on BC6, BC7, AC1, and 

AC2, using the anion DIAA and the neutral VOCs benzene and 1,2-

dichlorobenzene in order to (i) hypothesize possible retention mechanisms of 

BCs [164] and (ii) estimate sorption capacity of chars towards these 

pollutants, which are of environmental concern, per se.  

2.5.3.1 DIAA 

As regards DIAA, at 5 µg/L, both ACs exhibited a quantitative removal for all 

the char concentrations tested, since target analyte was not detected in water 

solutions after 24 h of contact. Conversely, removal in the ranges of 18.8-

70.8 % and 5.1-28.4% were observed for BC6 and BC7, respectively (Table 

2.6).  

Table 2.6 – Sorbent masses of chars (M, g) used in adsorption experiments 

of diiodoacetic acetic (DIAA), DIAA equilibrium concentrations (Ce, mg L-1), 

DIAA removal (R, %), ratio of the amount of DIAA adsorbed per mass unit of 

sorbent (X/M, mg g-1), and values of the Freundlich constant (KF, mg1−1/n L1/n 

g−1). Initial concentrations of DIAA tested for each char are reported in 

bracket. 

M Ce R X/M KF 

BC6 (5 µg L−1) 

0.490 0.00146 70.8 0.00029 

0.00484 

0.324 0.00226 54.8 0.00034 

0.243 0.00272 45.6 0.00038 

0.163 0.00335 33.0 0.00040 

0.113 0.00377 24.6 0.00044 

0.084 0.00406 18.8 0.00045 
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BC7 (5 µg L−1) 

0.459 0.00358 28.4 0.00012 

0.00141 

0.304 0.00402 19.6 0.00013 

0.218 0.00426 14.8 0.00014 

0.133 0.00454 9.2 0.00014 

0.103 0.00465 7.0 0.00014 

0.072 0.00475 5.1 0.00014 

AC1 (20 µg L−1) 

0.486 0.000032 99.8 0.00164 

3.18 

0.323 0.000051 99.7 0.00247 

0.244 0.000102 99.5 0.00326 

0.163 0.000147 99.3 0.00487 

0.122 0.000278 98.6 0.00647 

0.033 0.001510 92.5 0.02241 

0.017 0.001970 90.2 0.04242 

AC2 (20 µg L−1) 

0.244 0.000028 99.9 0.00327 

0.922 

0.163 0.000048 99.8 0.00489 

0.122 0.000103 99.5 0.00652 

0.083 0.000208 99.0 0.00954 

0.033 0.001630 91.9 0.02227 

0.016 0.002100 89.5 0.04475 

 

The different adsorption performances exhibited by BC6 and BC7 should be 

ascribed not only to the different surface area, but also to the surface charge, 

as derived by pHpzc measures. In fact, pHpzc tests indicated a significantly 

higher positive surface charge for BC6 (pHpzc=11.0) than BC7 (pHpzc=7.0) at 

the working pH value (pH=6.5), which is responsible for electrostatic 

interactions between biochar and DIAA [164].  
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As no detectable DIAA concentrations were found for ACs at 5 µg L-1, 

adsorption isotherm experiments were repeated using an initial concentration 

of 20 µg L-1. With this concentration, the removal percentage of the two ACs 

remained quite similar, ranging approximately from about 89 % to 100 % in 

both cases (Table 2.6). As illustrated by Figure 2.5, adsorption data were 

fitted by the linearized Freundlich equation, observing in all cases 

determination coefficients ≥ 0.925 and statistically significant models based 

on ANOVA (P-values << 0.05). 
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Figure 2.5 – Plots of linearized Freundlich isotherms obtained for BC6 (A), 

BC7 (B), AC1 (C), and AC2 (D). 

 

Values of KF (Table 2.6) for BCs were about three orders of magnitude lower 

than those for ACs. Hence, BCs provided a poor adsorption ability compared 

to those determined for materials routinely used in water treatment plants. 
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AC2, in accordance with the fact that the former is a virgin material, while 

the latter is a regenerated char. Slope (1/n) values of the regression lines 

(Fig. 2.5) were in all cases < 1 (from 0.432 for BC7 to 0.736 for AC1), 

following the order BC7≈BC6<<AC2<AC1. The values determined for slopes 

suggest an L-type isotherm behaviour [223] for the adsorption of DIAA on 

the investigated chars, notwithstanding the pseudo-linear aspect of the 

experimental equilibrium concentration data (i.e. X/M vs. Ce), which is 

probably related to the quite high concentrations of material and their narrow 

range tested here (i.e. about one order of magnitude). This means that when 

DIAA concentration increases, the relative adsorption decreases due to the 

saturation of adsorption sites available to DIAA, resulting in relatively less 

intense adsorption, with increasing the amount of chemical adsorbed onto 

the material, as commonly observed for the sorption of organic compounds 

on chars.  

2.5.3.2 VOCs 

Adsorption isotherm experiments on VOCs showed a not negligible variability 

of data, probably due to the high vapour pressure and low water solubility of 

these analytes (Henry constants of 5.5·10-4 and 2.3·10-3 atm·m3 mol-1, for 

benzene and 1,2-dichlorobenzene, respectively). In this regard, it should be 

noted that control experiments evidenced losses of both the investigated 

VOCs (about 15-25%). Accordingly, adsorption isotherms were not calculated 

for VOCs. However, it is possible to state that both BCs showed good 

adsorption properties, since, at both 20 and 5 µg/L the removal percentage 

was almost quantitative for ACs and BC6, and approximately equal to 60-70% 

and 70-80%, for BC7 towards benzene and 1,2-dichlorobenzene, 

respectively. 
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2.5.4 Removal tests in water samples collected in drinking water plants  

The removal capabilities of BC6 and BC7 were additionally tested in two water 

samples (i.e. DSB and CB) collected from the drinking water plant treatment 

train (before entering the final refinement stage with activated carbon beds) 

and compared with those of commercial AC1. These tests were performed by 

putting in contact for 24 h 0.4 g of chars with 100 mL of DSB and CB spiked 

with 20 µg L-1 of DIAA or VOCs. In such a way, the possible competitive 

effects exhibited by the matrix can be assessed and results obtained from 

adsorption experiments in ultrapure water eventually confirmed. To better 

explain possible competitions mechanisms, Total Organic Carbon (TOC) was 

initially measured in the two samples, obtaining TOC values of 4.3 mg L-1 and 

2.4 mg L-1 for CB and DSB, respectively. The lower TOC value observed for 

DSB should be ascribed to the disinfection stage operated in this treatment 

train. The results obtained in these removal tests are summarized in Table 

2.7.  

Table 2.7 – Mean values (n=3) and standard deviation (in bracket) of the 

removal performances of 0.4 g of BC6, BC7, and AC1 towards 20 µg/L of 

DIAA, benzene, and 1,2-dichlororbenzene (contact time 24 h) in two real 

water samples (DSB and CB) from a potabilization plant, in comparison with 

ultrapure water (UP). Tests were performed in triplicate. “Q” means 

quantitative removal, i.e. concentration of the contaminant at the end of the 

experiment below the detection limit. 

 DIAA Benzene 1,2-Dichlorobenzene 

 UP DSB CB UP DSB CB UP DSB CB 

BC6 
47 

(1) 

41 

(3) 

37 

(2) 
Q Q Q Q Q Q 
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BC7 
14 

(2) 

12 

(3) 

15 

(3) 

74 

(10) 

60 

(12) 

51 

(9) 

76 

(9) 

78 

(11) 

74 

(10) 

AC1 
99 

(1) 

99 

(4) 

99 

(3) 
Q Q Q Q Q Q 

 

As a general consideration, the use of water samples collected within the 

treatment train of the potabilization plants did not alter the performance of 

the BCs, even though the lower performances of biochars compared to the 

activated carbon were confirmed. Results obtained in real water samples fully 

support the design of column experiments to assess accurately the removal 

capacity and exhausting time of BCs, with particular reference to BC6.  

2.6 Conclusions 

Within the actions pursued in a circular economy approach fostered by 

European Union for waste management, the reuse of waste is promoted for 

the reduction of resources consumption. Biochar is one successful example 

of valorisation of wastes.  

In this section of the thesis, seven BCs obtained from gasification or pyrolysis 

processes of waste vegetal biomass, were characterized in depth for 

numerous parameters, in comparison with a virgin commercial AC, a freshly 

regenerated AC, and a regenerated AC in use at a potabilization facility. The 

characterization included the evaluation of “environmental concern” 

parameters (e.g. PAHs and metals release), for which mandatory limits are 

provided at European level for materials intended as sorbents for drinking 

water filtration, but seldom evaluated elsewhere. Most BCs met these limits, 

whilst the “sorption performance parameters” regulated in the European 

standard (i.e. I2In and ash in the UNI EN 12915-1) were in almost all cases 
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outside the acceptance thresholds, suggesting lower efficiencies compared to 

ACs.  

Multivariate analyses (i.e. PCA and CA) allowed for easily identifying the 

materials with the closest (BC5 and BC6) or the farthest (BC1 and BC7) 

characteristics to those of ACs, and their use should be promoted in the field 

of exploration of data deriving from material characterization. 

Adsorption tests towards DIAA and VOCs carried out in ultrapure water 

highlighted the much lower sorption ability of BC7 compared to BC6, in 

agreement with findings of multivariate analyses. Interestingly, removal tests 

in waters withdrawn from potabilization plants did not evidence any 

significant decrease of the sorption ability of BCs towards the investigated 

contaminants compared to tests in ultrapure water, thus supporting the 

implementation of column experiments for establishing the maximum loading 

capacity of the materials in experimental conditions more similar to the real 

scale.  

Even though the sorption performances of BCs are much lower than those of 

ACs, it should be noted that BCs did not undergo any physical or chemical 

activation process, which can surely improve their removal capacity. 

Moreover, the management of waste biomass to produce biochar as 

adsorbent for water treatment may be regarded as a ‘‘win–win’’ solution for 

pursuing circular economy principles and protecting the environment. 
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3. Amino-modified SBA-15 for the Removal of Sugars 

from Food and Beverage wastewaters 
M. Castiglioni, L. Rivoira, M. Gallo, I. Ingrando, M. Del Bubba, B. Onida, M. C. Bruzzoniti, (2021) 

 “Removal of sugars from food and beverage wastewaters by amino-modified SBA-15”,  
Journal of Cleaner Production, 324, 129236  

 

3.1 Introduction 

Sugars are present in food matrices both as additives or as natural 

components. Their presence poses some concerns in the field of 

environmental chemistry [1, 2]. In fact, sugars from food and beverage 

industrial wastewaters (e.g. sugar, carbonated soft-drink industries) can 

impact on the water quality with Biochemical Oxygen Demand (BOD5) as high 

as 5,000-8,000 mg/L [3]. These BOD5 values are far higher than the limits 

imposed by regulations for discharging into natural waters and in sewage 

systems, thus exceeding the capabilities of the local sewage treatment plant. 

Therefore, wastewaters from such industrial processes needs in-site 

treatment before being discharged in municipal sewerage systems. For 

encouraging the control of trade wastewaters by industrial consumers, some 

local quality water management offices, such as that of New South Wales, 

impose discharge fees calculated on the basis of BOD5 concentration in the 

liquid trade waste discharged [4, 5], thus preventing the increase of BOD5 by 

an a-priori strategy.  

The treatment methods of wastewater effluents from sugar [6], artificial 

sweeteners [7], confectionary [8] and soft-drink [3] industries are reviewed 

or discussed by several authors. The most used treatment approach to 

remove BOD5 relies on biological processes. For example, in the wastewater 

treatment of soft-drink industries, the anaerobic stage can reduce BOD5 from 

a few thousand to a few hundred mg/L, but additional aerobic treatment is 

still required for the effluent to meet the regulations [9]. Chemical and 

physical treatment processes (e.g., coagulation and sedimentation/flotation) 
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are also used to reduce the organic content before the wastewater enters the 

biological treatment. Various technological solutions (e.g. bio-reactors of 

nano-ceramic gel with deposited biofilm [10]) are proposed in the market as 

stand-alone solutions for the pre-treatment of sugar wastewater. 

On the other side, the reuse of wastewater for non-potable purposes is 

encouraged by many EU policies and has the advantage of being an 

economically viable solution. The treated effluent of food and beverages 

industries can be used as such or after dilution with other freshwater for 

irrigation purposes [2, 11] and for reutilization in industrial aqueducts [6], 

provided that the presence of sugars is limited, as sugars provides nutrients 

to support bacterial growth responsible of microbial fouling on surfaces [12]. 

Adsorption techniques based on different kinds of substrates like bentonite 

and lignite [13], bagasse fly ash [14] and silica [12] were identified as 

alternative economic approaches for pre-treatments of food and beverages 

wastewaters and they deserve further insights. 

Ordered mesoporous silicas and organosilicas have been largely investigated 

as adsorbents [15-17], due to their high specific surface area and uniform 

porosity, together with the possibility of tailoring their surface chemical 

properties through synthesis conditions and post-synthesis modification. 

Mesoporous silica functionalized with amino groups was previously 

investigated for adsorption and removal of anionic pollutants in drinking and 

wastewater [18, 19]. 

The aim of this part of PhD thesis is to show the capabilities of ordered 

mesoporous silica of SBA-15 family functionalized with primary and secondary 

amino groups (3-aminopropyl)-triethoxysilane and N-3-

trimethoxypropylaniline, respectively) to be used for the removal of sugars. 

Glucose, fructose and sucrose, the disaccharide derivative of glucose and 

fructose, were chosen since they are commonly present in the food and 

beverage industry processes and since they are naturally contained in fruit. 
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The SBA-15 was functionalized in laboratory and its physico-chemical 

properties were characterized. The adsorption behaviour towards glucose, 

fructose and sucrose at higher concentrations than those really found in soft-

drink wastewaters was studied as a function of pH and sorbent amount.  

As a proof of concept, the suitability of the use of amino modified SBA-15 as 

adsorbent for the reduction of the BOD5 in industrial wastewaters was finally 

tested, simulating the typical composition of wastewater from a soft drink 

production process.  

 

3.2 Material and methods 

The reagents and the experimental procedures followed are hereafter 

described. 

 

3.2.1 Reagents 

Ordered mesoporous silica of the SBA-15 (ACS Material Advanced Chemical, 

Pasadena, CA, USA) was used. For functionalization of SBA-15, (3-

aminopropyl) triethoxysilane (APTES, 99 %), N-[3-

(Trimethoxysilyl)propyl]aniline, toluene (99.8 %) from Sigma Aldrich 

(Steinheim, DE) were used. D(+) glucose was from Merck (Darmstadt, DE), 

D(-), whereas fructose and sucrose were from J.T. Baker (Phillipsburg, NJ, 

USA).  

Hydrochloric acid (35 % w/w, d = 1.187 g/ml) and NaOH (>98 %) were from 

Carlo Erba (Milano, IT). All reagents used were of analytical grade. For 

standard solution and eluent preparation, high-purity water (18.2 M Ω·cm 

resistivity at 25°C) produced by an Elix-Milli Q Academic system (Millipore, 

Vimodrone, MI, Italy) was used. 
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3.2.2 Preparation of sorbents 

SBA-15 (1 g) previously washed with deionized water (50 mL), was stirred 

with toluene (200 mL) for 30 minutes, at room temperature. The 

functionalizing reagent (2 mL of APTES or N-[3-

(trimethoxysilyl)propyl]aniline) was added dropwise. The flask with the 

solution was heated to 110 ° C, after connection to a water-refrigerated 

system. The solution, kept under stirring for 24 hours at room temperature, 

was filtered and dried, according to previous work [18, 19]. 

For the sake of clarity, the sample functionalized with APTES is labelled as S-

APTES and the sample functionalized with N-[3-

(trimethoxysilyl)propyl]aniline as S-Aniline. 

 

3.2.3 Physico-chemical characterization 

For the measurement of nitrogen adsorption-desorption isotherms, a 

Quantachrome AUTOSORB-1 (Boynton Beach, FL, USA) was used. Before 

measurement, S-APTES and S-Aniline samples were outgassed (393 K, 6 h). 

The BET specific surface areas (SSABET) were calculated in the relative 

pressure range 0.04-0.1; pore size distribution was determined through the 

NLDFT (Non-Localized Density Functional Theory) method, using the 

equilibrium model for cylindrical pores. 

TG analyses were obtained between 298 K and 1,073 K in air (flow rate: 100 

mL/min, heating rate: 10 K/min) by a SETARAM 92 (Caluire, France) 

instrument. 

Infrared spectroscopy characterization was carried out on powders pressed 

in self-supporting wafers. Spectra were recorded at room temperature with a 

Bruker Tensor 27 (Bruker, Billerica, MA, USA) spectrometer operating at 2 

cm−1 resolution, after outgassing the sample at room temperature (residual 

pressure of 0.1 Pa). 
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3.2.4 Analysis of sugars 

Sugar content was determined by ion-chromatography (ICS-3000 gradient 

pump, Thermo Fisher Scientific, Waltham, MA, USA), coupled to pulsed 

amperometric detection (AD40 Electrochemical Detector, Thermo Fisher 

Scientific), equipped with Ag/AgCl reference and a gold working electrode. 

The detection potential was 0.1 V (400 ms: 200 ms as delay time and 200 

ms as determination time). The potential was then instantaneously set at -2 

V (10 ms) and at 0.6 V (10 ms) to restore the gold oxide on the working 

electrode surface. The potential was finally set at -0.1V (60 ms). 

The column used was a CarboPacPA10, 250x4 mm (100 μeq/column), 

Thermo Fisher Scientific. Sample loop was 10 µL. After optimization (data 

available upon request), the eluent concentration was 55 mM KOH. 

Before injection, solutions were diluted in order to achieve a final 

concentration within 500 μg/L and 1 mg/L, so as to avoid column overload. 

Data were collected and managed by the Chromeleon v.6.80 software 

(Thermo Fisher Scientific). 

 

3.2.4.1 Detection limits  

Limits of detections (LOD) were expressed as sm=sm+3sb, with sm=average 

signal of blank, sb= standard deviation of blank on 10 measurements and 

were 69, 56 and 11 µg/L for glucose, fructose and sucrose, respectively.  

 

3.2.5 Simulated wastewater samples 

As a proof of concept, the use of the amino-modified SBA-15 was tested in 

the treatment of wastewaters derived from the soft-drink industry. In detail, 

a simulated wastewater sample (SD-WW) was prepared according to the 

maximum levels of contamination reported for this type of effluent [20]. 

Hence, the simulated soft-drink wastewater contained 70 mg/L K+, 20 mg/L 

Fe3+, 2,500 mg/L Na+, 300 mg/L NH4
+, 5 mg/L Zn2+, 2.5 mg/L Ni2+, 8 mg/L 
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Co2+, 20 mg/L SO4
2-, 40 mg/L PO4

3-. In this matrix, the BOD5 of 5,000 mg/L 

was obtained in two different ways: (i) by adding 4,500 ppm of sucrose (SD-

WW-suc) and (ii) by adding a proper volume of a cola-like drink (SD-WW-

cola) which original contained 10.9 g sugars. The final pH of the two samples 

was of 4.1 and 3.0, respectively. 

 

3.2.6 Adsorption tests 

Adsorption tests on simulated wastewaters were carried out in triplicate with 

a 6∙10-5 g:L adsorbent:solution ratio, at room temperature under stirring 

1,100 xg for 1 h. 

Preliminary tests on sugars solution were also performed to investigate the 

role of parameters such as pH and solid:liquid ratio, by the one-variable at a 

time method. 

 

3.2.6.1 Effect of pH 

Tests were performed in triplicate on 0.25 g of sorbent (S-APTES/S-Aniline) 

put in contact with 4 mL solution containing a mixture of 350,000 mg/L 

glucose, 350,000 mg/L fructose and 170,000 mg/L sucrose, stirred at 1,100 

xg between 10 and 60 min. These concentrations can be considered 

representative of the sugar content in some kinds of fruit, i.e. strawberries 

[21] and precautionary, about 70-folds higher, in respect to an average BOD5 

of wastewaters of sugary drink production [22, 23]. Experiments were 

performed at pH 2.1, 5.0 and 8.5; for each pH value, experiments were 

performed in triplicate. 

 

3.2.6.2 Solid:liquid ratio (effect of sorbent amount) 

Tests were performed in triplicate using different adsorbent amounts with the 

same sugar solution volume. In detail, amounts of adsorbent were 0.1 g and 

0.25 g for the two tests. These amounts of adsorbent were put in contact 
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with 4 mL of solution (pH 2.1) containing 350,000 mg/L glucose and fructose 

and 170,000 mg/L sucrose and kept under stirring between 10 and 60 min. 

The solid:liquid (S:L) ratios in the two tests were 1:16 and 1:40 for 0.1 g and 

0.25 g of adsorbent, respectively.  These values can be expressed as mg:L 

ratios, which are 0.025 mg/L and 0.06 mg/L. 

 

3.3 Results and discussion 

The results obtained by the physico-chemical characterization are hereafter 

discussed. 

 

3.3.1 Physico-chemical features 

S-APTES and S-Aniline were characterized by nitrogen adsorption-desorption 

isotherms (Figure 3.1). For both samples, isotherms are type IV according to 

IUPAC classification, which are typical of mesoporous materials. Hysteresis 

loops are type H1, revealing well-defined cylindrical-like pores. Figure 3.2 

reports the pore size distributions, which appear narrow and unimodal for 

both materials, confirming their uniform porosity. 
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Figure 3.1. Nitrogen adsorption-desorption isotherms at 77 K of S-Aniline 

and S-APTES 

 

Figure 3.2. Pore size distributions (NLDFT) of S-Aniline and S-APTES. 
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In respect to the pristine SBA-15 (SSABET=490 m2/g, pore volume 0.92 cm3/g, 

pore diameter 81 Å [18, 19], the textural properties of functionalized sorbents 

are in agreement with the grafting of the amino groups on the SBA-15 internal 

surface. Indeed, for S-APTES, SSABET is reduced to 325 m2/g, pore volume is 

equal to 0.53 cm3/g and pore diameter results 70 Å and for S-Aniline, the 

corresponding values are 299 m2/g, 0.54 cm3/g, and 68 Å, respectively. 

The presence of functional groups in S-APTES and S-Aniline was confirmed 

by FTIR spectra (Fig. 3.3).  

 

Figure 3.3. FT-IR Spectra of S-APTES (red dotted curve) and S-Aniline (blue 

curve).  

 

By TG analysis, the amount of amino groups in S-APTES and S-Aniline was 

estimated. Figure 3.4 shows the percentage mass loss measured between 

298 K and 1073 K in air flow.  
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Figure 3.4. Thermogravimetric analysis of S-Aniline and S-APTES 

 

The first mass loss is observed between 298 K and 473 K which is ascribed 

to molecular water desorption. This loss is lower for S-Aniline (almost 

negligible) than for S-APTES (about 10 % w/w) revealing a lower 

hydrophilicity of S-Aniline than S-APTES in agreement with the more 

hydrophobic functional moiety. 

The weight loss above 473 K was ascribed to the combustion of grafted 

amines and it is 26.9 % for S-Aniline and 25.6 % for S-APTES. Based on the 

molecular weight assumed for the removed species, these values of mass 

loss allowed to estimate the content of surface amines which resulted to be 

2.23 mmol/g for S-Aniline and 4.41 mmol/g for S-APTES (corresponding to 

7.510-21 mmol/nm2 and to 13.610-21 mmol/nm2, respectively). 
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3.3.2 Adsorption experiments  

The adsorption performance of S-APTES and S-Aniline were studied 

investigating the effect of the solution pH and the effect of solid:liquid ratio. 

Adsorption tests were also conducted in simulated soft-drink wastewaters. 

Results are hereafter described and discussed. 

 

3.3.2.1 Effect of pH 

The removal of sugars by the functionalized adsorbents was studied as a 

function of pH (2.1, 5.0 and 8.5) in view of a possible tuning of the removal 

conditions. It is worth mentioning that sugars are in the undissociated form 

at all the pH values investigated (pKa=12.2 for glucose, 12.0 for fructose and 

12.6 for sucrose). 

As shown in Fig. 3.5, both S-APTES and S-Aniline are effective in the removal 

of sugars from water solution. This is ascribed to the interaction of sugar 

molecules with the amino groups grafted at the surface of SBA-15. Indeed, 

negligible adsorption of glucose from water solution was reported for bare 

SBA-15 by Majumdar et al. [24] and by Zhao and Shantz [25]. 
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Figure 3.5. Effect of pH on sugar removal by S-APTES and S-Aniline. Error 

bars (n=3) are also reported. For experimental conditions, see text. 

 

For S-APTES and S-Aniline removal capabilities decrease with the increase of 

pH: this may be explained considering the role of H-bonding between 

protonated amines (proton donor) and sugar molecules (proton acceptor) in 

the interaction between sugar molecules and adsorption sites [26]. In fact, 

with the variation of the pH of the solution, a change of the protonated amine 

concentrations occurs.  Increasing the pH, the population of protonated 

amines decreases, thus decreasing the population of H-bonding donor sites. 

It is worth noting that the decreasing of the removal capabilities upon 
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increasing pH is larger for S-Aniline than for S-APTES. This may be due to the 

weaker basicity of propylaniline (pKb 8.96) than propylamine (pKb 3.5) so that 

the decrease of protonated amine population upon increasing pH is expected 

to be relatively larger in S-Aniline than S-APTES. 

Since the highest removal yields were achieved at pH 2.1, further 

investigations were carried out at this pH value.  

 

3.3.2.2 Solid:liquid ratio (effect of sorbent amount) 

The choice of the most suitable S:L ratio is important for the correct dosage 

of adsorbent that minimize the mass of reagent required to achieve the 

desired performance, maximizing the cost-effectiveness of the approach. As 

shown by the data reported in Table 3.1, the use of higher S:L ratio 1:16 in 

respect to 1:40 improves removal performances. As a consequence, S:L=1:16 

was used for the further removal tests. It is important to highlight that this 

S:L value, corresponding to 6∙10-5 g:L adsorbent:solution is seven orders of 

magnitude lower than the dosage reported for amorphous silica 

functionalized with APTES used to remove similar nominal amount of sucrose 

only (i.e. around 400 g/L ratio) [12].  
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Table 3.1. Removal performance of S-APTES and S-Aniline at different S:L 

ratios. Sugar concentrations: 350,000 mg/L glucose-fructose, 170,000 mg/L 

sucrose). Standard deviation (n=3) is also indicated. 

Sorbent Sugar Removal % 

  S:L 

   1:40 1:16 

     

S-APTES 

Glucose  13.4 ± 3.0 65.2 ± 1.5 

Fructose  10.3 ± 1.1 67.4 ± 1.7 

Sucrose  14.4 ± 1.6 66.6 ± 1.6 

     

S-Aniline 

Glucose  11.7 ± 0.0 88.1 ± 2.3 

Fructose  12.8 ± 0.7 88.6 ± 4.6 

Sucrose  14.7 ± 1.0 89.7 ± 5.8 

 

 

3.3.3 Sugar removal in simulated wastewaters 

The functionalized S-APTES and S-Aniline were tested for real case 

applications on a simulated soft-drink wastewater (SD-WW) in which BOD5 

was obtained by adding sucrose (SD-WW-suc) or a cola-like beverage (SD-

WW-cola). 

As an example, the chromatograms obtained for simulated wastewaters 

derived from the soft-drink industry (SD-WW-cola) before and after the 

treatment with S-APTES and S-Aniline is reported in Figure 3.6. 
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Figure 3.6. Chromatograms of simulated wastewaters derived from the soft-

drink industry (SD-WW-cola) before (blue line) and after the treatment with 

S-APTES (red line) and S-Aniline (black line). 

 

Figure 3.7A shows the abatement of BOD5 (expressed as sucrose) in the 

simulated wastewater sample. In the case of SD-WW-suc, the abatement of 

BOD5 is about 63 % (relative standard deviations, RSD, below 2 %) for both 

S-APTES and S-Aniline. For SD-WW-cola, the analysis allowed us to detect 

glucose, fructose and sucrose already present in the pristine cola-like drink. 

For this sample, the sugar removal capabilities for the two adsorbents were 

above (70 %, RSD< 7 %). 
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Figure 3.7. Removal of sugars from simulated wastewaters in which BOD5 

of 5,000 mg/L was obtained by adding sucrose (SD-WW-suc, A) or a cola-like 

beverage (SD-WW-cola, B). Error bars (n=3) are also reported. 
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The differences observed for the two simulated wastewater samples is 

ascribed to the different pH values of the samples (pH 4.1 for SD-WW-suc; 

3.0 for SD-WW-cola), as detailed in section 3.3.2.1. The S-Aniline adsorbent 

exhibits higher removal than S-APTES for the three sugars in the SD-WW-

cola test (Fig. 3.7B). This result is in agreement with previous results on 

adsorption of polycyclic aromatic hydrocarbons [21] and data in Fig. 3.4, 

showing higher removal for S-Aniline at low pH values (below pH 4). This 

effect cannot be ascribed to features such as SSA and concentration of 

adsorption sites which are both lower for S-Aniline (299 m2/g and 2.23 

mmol/g, respectively) than S-APTES (325 m2/g and 4.41 mmol/g). The higher 

sugar removal observed for S-Aniline compared to that of S-APTES can be 

tentatively ascribed to its lower hydrophilicity, as revealed by molecular water 

loss in TGA analysis. This would cause a weaker competition of water 

molecules in the adsorption, so favouring the removal of organic solutes from 

water solution, similarly to what proposed for adsorption on activated carbons 

[27]. 

The organic load removal performance exhibited by S-Aniline and S-APTES 

are highly encouraging in respect to many processes reviewed by the 

literature.  

Regarding other adsorption systems, the materials here proposed need lower 

adsorbent dosage (0.025 mg/L) and contact times (10 to 60 min) in respect 

to metakaolin or carbon (800 mg/L, for 180-240 min) to achieve comparable 

removal yields [28]. Amino modified amorphous silica used by Majewski et 

al. [12] proves to be capable to remove low organic load (BOD5< 2 mg/L) 

with very high adsorbent dosage such as 100 g/L. 

The BOD5 removal by the proposed adsorbents demonstrates promising 

capabilities even towards the physico-chemical treatment (equalization and 

coagulation/flocculation) that usually precedes the biological treatment, 

which ensure BOD5 removal of about 43% [9]. Worth to be mentioned that 
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BOD5 removal by S-Aniline and S-APTES could also compete with high rate 

aerobic processes, which are characterized by  BOD5 removal of about 64 % 

[9]. 

The use of lower dosages of adsorbent reduces the management/disposal 

procedures of the exhausted material. This feature is expected to introduce 

costs saving and advantages especially over physico-chemical treatment 

where high concentrations of coagulant (500 mg/L [29]) or mixed 

coagulant/flocculant (100 mg/L / 25 mg/L) [30] are used to abate the organic 

load. 

 

3.4 Conclusions  

The ordered mesoporous SBA-15 modified with (3-aminopropyl)-

triethoxysilane (S-APTES) and N-[3-(trimethoxysilyl)propyl]aniline (S-Aniline) 

allows to obtain adsorbents suitable for the removal of high concentrations 

of glucose, fructose, sucrose. This feature has been exploited to test them 

through this PhD thesis in the treatment of wastewater sample simulating the 

one derived from food process industry which are rich in the above-

mentioned sugars and are characterized by high values of BOD5.  

 The performance of S-APTES and S-Aniline adsorbents is pH dependent and 

is mainly ascribed to the formation of hydrogen bond which provide strong 

interactions with sugars.  The better removal performance observed for S-

Aniline is ascribed to the lower hydrophilicity of the functional group, which 

lead to weaker competition by water molecules. The efficient removal of BOD5 

by the modified SBA-15 adsorbents is achieved at an adsorbent 

dosage:solution ratio of 6∙10-5 g:L which is a far lower value than the ones 

usually reported in the literature with advantages even for disposal 

procedures at the end of the life cycle of the materials. 
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4. Geopolymers for inorganic and organic pollutant 

removal  
Preliminary Results Project PRIN 2017 (017PMR932) 

M. Castiglioni, L. Rivoira, K. Goulart de Oliveira, G. Franchin, P. Colombo, M.C. Bruzzoniti “Geopolymer 
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M. Castiglioni, L. Rivoira, I. Ingrando, S. Calanni, K. Goulart, R. Botti, G. Franchin, P. Colombo, M.C. 

Bruzzoniti, “Geopolymer based supports for the removal of organic and inorganic pollutants from water 

matrices”, Merck Young Chemists’ Symposium 2021, Rimini, 22-24 November 2021 

4.1 Introduction 

In recent years, geopolymers (GPs), aluminosilicate-based materials, have 

caught attention in several areas. Their first use was reported for civil 

engineering applications (as a replacement of concrete) due to their excellent 

chemical, mechanical and thermal resistances [1]. In addition, excellent 

abilities in the purification of waters contaminated by organic and inorganic 

pollutants were observed, exploiting several approaches such as adsorption 

[2], photodegradation [3], encapsulation [4] and immobilization [5]. Hence, 

an increase in the number of studies focusing on geopolymer-type materials 

was recently registered. In particular, GPs have been used as new adsorbents 

for the treatment of water contaminated by hazardous pollutants.  

Rapid population growth together with industrialization has affected water 

quality. Dissolved toxic heavy metal ions or organic pollutants generated by 

different industries can be poorly treated and discharged into water bodies. 

The industrial processes, including mineral processing, paint formulation, and 

electroplating, increase the level of heavy metal ions concentration in water 

remarkably [6]. The intake of these heavy metals through drinking water is 

hazardous since in  the medium-long time period  it can cause different types 

of diseases and damages  to the skin, renal, pulmonary, digestive systems, 

etc. [7]. At the same time, the intensive use of active formulations like 

herbicides leads all the countries of the world to face different problems, such 
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as the rapid evolution of herbicide-resistant weeds [8, 9],  the environmental 

impact of these compounds, [10], and the impact on human health, with 

particular attention to worker exposure [11, 12]. In particular, glyphosate is 

probably the herbicide most used in the world. Glyphosate has been the 

subject of controversial discussions due to its impact on the environment and 

human health. Therefore, the need to purify polluted water resources is 

highly demanding. 

In this regard, the aim of this part of the thesis was the evaluation of 

adsorption properties of selected geopolymers towards organic and inorganic 

contaminants in water matrices. In particular, selected heavy metals and 

glyphosate were chosen as probe compounds. Several classes of 

geopolymers were considered, prepared as spheres, powders and 3-

dimensional (3D) printed GPs. In addition, the specific modification of the 

supports was evaluated, with the aim to maximize the specific interaction 

between the GP and the pollutant to be removed. The use of a natural 

mineral, the stratlingite, was also tested and compared.  

4.2 Experimental Methods 

4.2.1 Geopolymers 

Geopolymers of different composition were prepared by the research group 

of professor P. Colombo (University of Padua) under the activities of the PRIN 

2017 project (I.D. 017PMR932). Table 4.1 summarizes GP characteristics. 

Table 4.1.  -  Geopolymer samples tested for the removal of metals 

Name Sample Washing procedure Type 
Surface 

Charge 

GP1 Na+K (PEG 400) 3 times, 10 min, 20 mL spheres Neg. 

GP2 Na+K (PEG 600) 3 times, 10 min, 20 mL spheres Neg. 
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GP3 K (PEG 400) 3 times, 10 min, 20 mL spheres Neg. 

GP4 K (PEG 600) 3 times, 10 min, 20 mL spheres Neg. 

GP5 GP olive oil 3 times, 10 min, 20 mL Monolithic form Neg. 

GP6.1 3D Na-GP+CA 363 5 times, 10 min, 50 mL powder Pos. 

GP6.2 
3D Na-GP+CA 363 

[PEG1000] 
5 times, 10 min, 50 mL 3D structure Pos. 

GP6.3 
3D Na-GP+CA 363  

[Bentonite] 
5 times, 10 min, 50 mL 3D structure Pos. 

GP7 
3D Na-GP+ZSM-5 

[PEG1000] 
5 times, 10 min, 50 mL 3D structure Pos. 

GP8.1 
Powder Na-GP+CA 

242 
5 times, 10 min, 50 mL powder Pos. 

GP8.2 
3D Na-GP+CA 242 

[PEG1000] 
5 times, 10 min, 50 mL 3D structure Pos. 

GP8.3 
3D Na-GP+CA 242 

[bentonite] 
5 times, 10 min, 50 mL 3D structure Pos. 

GP9.1 
Powder 3D Na-

GP+hydrotalcite 
5 times, 10 min, 50 mL powder Pos. 

GP9.2 

3D Na-

GP+hydrotalcite 

[PEG1000] 

5 times, 10 min, 50 mL 3D structure Pos. 

GP9.3 

3D Na-

GP+hydrotalcite 

[bentonite] 

5 times, 10 min, 50 mL 3D structure Pos. 

Stratlingite 5 times, 10 min, 50 mL spheres Pos. 

 

GP1 and GP2, produced using NaOH and KOH activating solutions, can 

exchange Na+ and K+ with other cations, while GP3 and GP4 are able to 

exchange only K+. PolyEthylene Glycol (PEG) was used to provide a spherical 

shape to geopolymers. PEG 400 and PEG 600 give a different porosity to the 

material (i.e PEG 600 confers higher pore diameters to the final material).  
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GP5 was synthesized following the same procedure of previous GPs, but 

replacing, in the gelation step, PEG with an aliquot of olive oil and, therefore, 

triglycerides. Such compounds, once inside the GP structure, produce fatty 

acids and glycerol that can be finally washed away once the material is 

hardened, thus promoting a high-porosity structure. As a result of not using 

PEG, such geopolymer was not in a spherical form, but rather in a monolithic 

form. For the above-mentioned cation exchange properties, GPs 1-5 were 

tested for metal ions removal.  

To promote the retention of glyphosate, characterized by a negative charge 

at neutral pH values typical of waters, GP composition was specifically tuned 

and modified to obtain anion-exchange sites. In details, GP6-9, contain an 

Na-based alkoxide and were filled with specific reagents in order to selectively 

retain glyphosate. In addition, they were printed using a 3D printer device, 

to obtain solid lattices (like cubic filters) being able to increase the contact 

between the pollutant and the active sites, without the typical pressure drop 

of powders. In more detail: GP6 and GP8 were modified encapsulating 

commercially available active carbons (CA363 and CA242), GP7 with a zeolite 

(ZSM-5) and GP9 with hydrotalcite, both having anion exchange properties 

[13, 14]. PEG1000 or bentonite were used as printing agents.   

In addition to GPs previously described, some stratlingite spheres were also 

tested in the removal of glyphosate. Stratlingite is a calcium silico-aluminate 

hydrate (2CaO*Al2O3*SiO2*8H2O), having a positively charged layer. 

 

4.2.2 Reagents 

NaOH (>98%) and HNO3 (65%) were from Carlo Erba (Milano, Italy). 

Glyphosate, NaCl (for ionic strength control) and H2SO4 (95-97%, d=1.84 

g/ml) were from Sigma-Aldrich. High-purity water (18.2 MΩ*cm resistivity at 

25 °C), produced by an Elix-Milli Q Academic system (Millipore, Vimodrone, 

MI, Italy) was used for standard and eluent preparation. 
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4.2.2 Instrumental and calibration 

4.2.2.1 Heavy metals 

As, Pb, Ni, Cd, Se, Cr were determined thorough ICP-MS analysis (Perkin 

Elmer Elan 6100). A 1000 mg/L As, Pb, Ni, Cd, Se, Cr stock solution (Merck, 

Readington, New Jersey) was used to calibrate ICP-MS, over 8 levels (0.3-

0.5-1-2.5-5-7.5-10 µg/L). Prior to analysis, samples were 1:1000 diluted. 

Limits of detection (LOD) and quantitation (LOQ) are reported in Table 4.2. 

Table 4.2.  -  LOD and LOQ for the metals analyzed. 

Metals LOD (µg/L) LOQ (µg/L) 

Cd 0,08 0,24 

Be 0,23 0,69 

Fe 0,78 2,37 

Cu 0,13 0,41 

As 0,14 0,42 

Cr 0,10 0,30 

Ni 0,10 0,30 

Pb 0,13 0,40 

Sb 0,07 0,34 

Se 0,11 0,34 

Sn 0,07 0,21 

   

4.2.2.2 Glyphosate 

Glyphosate concentration was determined through suppressed ion 

chromatography. A Dionex 4000i chromatograph (25µL-injection loop) with a 

conductivity detector and IonPac AG16 (50 x 4 mm) and IonPac AS16 (250 x 

4 mm) columns was used. The mobile phase was a NaOH solution (1.0 

mL/min). Detection was performed by chemical suppressed conductivity and 
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a 4 mm ASRS-300 membrane suppressor. Chromatographic data were 

collected by PeakNet 2.8 software. 

A calibration curve was built using standard solutions of glyphosate at 6 

different concentration levels: 0.1-0.5-1-2-5-10 mg/L. LOD was 0.18 mg/L 

and LOQ 0.55 mg/L.   

The peak area obtained for glyphosate (Afiltrate) was compared with the one 

obtained by injecting a standard solution of 8 mg/L (Astandard). The percentage 

of metals/glyphosate adsorbed was calculated according to the following 

equation: 

%GLY_ads = (1-A_filtrate/A_standard)*100 

 

4.2.3 Adsorption tests 

Before application, all GPs were washed in ultrapure water following the 

procedure reported in Table 4.1. GPs adsorption was tested in batch 

conditions both for metals and glyphosate. 

To test metal removal, aliquots of 0.2 g of each material were put in contact 

with 20 mL of an aqueous solution containing 8 mg/L solution of As, Pb, Ni, 

Cd, Se, Cr (final pH 3.8). Solutions were shaken for 24h and filtered with 

0.45µm nylon membrane. Analysis of residual concentrations were performed 

thorough ICP-MS analysis. Tests were performed in triplicate. To what 

concern glyphosate, the same procedure was applied except for a 0.5g 

aliquot. Moreover, filtration of extracts was performed with mixed cellulose 

esters. The 8 mg/L glyphosate solution was shown to have a 5.6 pH.    
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4.3 Results and discussion 

4.3.1 Metal removal 

Adsorption results obtained after the removal tests of metal ions are shown 

in Table 4.3 and Figure 4.1. 

Table 4.3. -  Adsorption percentages of tested geopolymers towards 

selected heavy metals (n=3).  

 % Adsorption 

Sample 

ID 

Sample 

type 
Cd CrO4

2- Ni Pb As Se 

GP1 

Na+K 

(PEG 

400) 

44.3±4.9 65±7.5 66.3±1.1 93.2±16.7 n.a n.a 

GP2 

Na+K 

(PEG 

600) 

39.3±6.4 52.8±0.6 54.9±1.1 n.a 76.5±6.9 59.6±8.4 

GP3 
K (PEG 

400) 
43.6±8.9 47±4.9 57.4±8.8 60±1.9 78.8±3.6 62.8±3.4 

GP4 
K (PEG 

600) 
26.9±1.7 29.3±0.7 45.3±0.7 67.6±3.9 74.6±5.9 50.2±7.3 

GP5 
GP olive 

oil 
51.7±2.3 n.a 71.5±13.2 96.7±11.5 n.a n.a 

na: data not available due instrumental mismatch 

Among the GPs tested, GP1 showed the highest adsorption rate, while GP4 

the lowest. Within GPs, the adsorption percentages changes significantly. 
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Even if the specific surface area of the GPs (Table 4.4) is a crucial parameter 

to drive and enhance metal-GP interactions (See GP5), other parameters such 

as the chemical characteristics of metals and of their ionic forms should be 

considered to better understand the whole removal process. 

Table 4.4. -  SSA, pore volume and pore diameter for GPs sample tested  

Sample 

ID 

SSA 

(m2/g) 

Pore Volume 

(cm3/g) 

Pore 

Diameter (A) 

GP1 5.01 0.035 3.49 

GP2 6.07 0.046 3.12 

GP3 3.84 0.018 3.92 

GP4 3.48 0.014 3.93 

GP5 98.05 na na 

na: data not available 

 

Figure 4.1. - Adsorption percentages of metals on GPs 
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In aqueous solution Pb2+, Ni2+ and Cd2+ are present as cations (whereas As 

(III), Cr(VI), Se (IV) can be present as neutral or anionic compounds. 

To what concern cations, the adsorption percentages averagely follows the 

order: Pb2+ > Ni2+ > Cd2+, with Pb2+ showing the highest adsorption yield. 

This result is in good agreement with a previous work [15]   on the use of 

metakaolin-based geopolymer for heavy metal adsorption, in which, among 

other cations, Pb2+ and Cd2+ were studied at the same solid/liquid ratio and 

at the same pH conditions  here studied. The higher affinity of Pb2+ for the 

GPs could be explained with the low hydration radius of Pb2+ which in turns 

determines a higher charge density , thus increasing interactions with the 

negative charged of Al sites, located on GP surface [15].  

 To what concern metals that are in neutral/anionic form, the observed 

adsorption percentage follows the scale: As > Se > Cr, with the exception of 

GP5 that did not show interactions with such metals. The highest interaction 

between arsenic and GPs can be explained with the acid-basic dissociation 

equilibria. Indeed, since pKa value for arsenic acid is 9.22, at the experimental 

conditions tested (pH 3.8) As is present as neutral species. In this form, 

arsenic acid can form hydrogen bonds with surface oxygens of GPs. 

Conversely, dichromic/chromic acid (pK1a=-0.98) and selenous acid 

(pK1a=2.62) which are in a fully and partially dissociated form (negatively 

charged), respectively, undergo a partial repulsion between their negative 

charge and the cation exchange sites on GPs surface. It could be assumed 

that the slightly higher retention of Se, in respect to Cr, could be ascribed to 

the small neutral fraction of selenous acid retained by hydrogen bonds. 

 Surprisingly, when comparing Cr adsorption yields to Cd it is possible 

to see how Cr exhibited higher interactions towards GPs. 

Focusing on GP5, made by olive oil, as previously recalled, only Pb2+, Ni2+ and 

Cd2+ are retained (Figure 4.2), with adsorption yields even higher than GP1-



124 

 

4. The enhanced retention is tentatively ascribed to additional interactions 

between metals and residual fatty acids (negatively charged) still present 

after the synthesis of the GP besides to its higher SSA. 

 

Figure 4.2 - Adsorption yields for GPs tested 

 

4.3.2 Glyphosate adsorption 

 

The adsorption results obtained for glyphosate when using geopolymers and 

stratlingite are summarized in Table 4.3. In the same table, the adsorption of 

glyphosate observed with each filler is also shown.   

 

Table 4.5. -  Glyphosate adsorption yields of fillers and filler-geopolymer 

systems.   
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Filler 
Ads. 

(%) 
Filler-geopolymer systems 

Ads. 

(%) 

CA363 96.9±0.2 

powder 3D Na-GP+CA 363 

(GP6.1) 
23.2 

3D Na-GP+CA 363 [PEG1000] 

(GP6.2) 
41.5±2.8 

3D Na-GP+CA 363 [Bentonite] 

(GP6.3) 
27.3±0.7 

ZSM-5 2.6±0.5 
3D Na-GP+ZSM-5 [PEG1000] 

(GP7) 
44.4±0.5 

CA242 96.3±1.6 

powder Na-GP+CA 242  

(GP8.1) 

28.7 

3D Na-GP+CA 242 [PEG1000] 

(GP8.2) 
19.2±0.5 

3D Na-GP+CA 242 [bentonite] 

(GP8.3) 
0 

Hydrotalcite 79.7±1.7 

powder 3D Na-GP+hydrotalcite 

[PEG1000]  

(GP9.1) 

0.0 

3D Na-GP+hydrotalcite 

[PEG1000]  

(GP9.2) 

14.9±1.1 

3D Na-GP+hydrotalcite 

[bentonite]  

(GP9.3) 

0 

Stratlingite spheres 62.8±0.4 
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Data show that good adsorption yields were obtained for both 3D Na-

GP+ZSM-5 [PEG1000] (44%) and 3D Na-GP+CA 363 [PEG1000] (42%). In 

contrast, the other geopolymers showed poor efficiencies since adsorption 

rates below 27% were observed. It is interesting to highlight that, despite 

the low contribution of ZSM-5 (below 5%) to glyphosate removal, the ZSM-

5-GP system showed the highest adsorption efficiency. Differently, CA363 

exploited its removal efficiency also without the GPs structure.  

The effect of synthesis parameters could be hence tentatively 

summarized as follows: i) GPs shape: 3D structures were shown to have 

higher adsorption rates than powder materials; ii) printing templating agents: 

bentonite was shown to negatively affect the retention of glyphosate, 

differently from PEG1000 which presence in the printed materials enhances 

retention in comparison to powders which of course do not contain PEG1000. 

The enhanced retention could be explained since PEG1000 is fully removed 

after GPs pre-application washing, leaving pores available for interaction with 

glyphosate, differently from bentonite which is not removed by the washing 

procedure and hence can partially obstruct the adsorbent reticulate.  

Finally, moving to stratlingite, this material showed the highest 

retention rate among all the tested materials (more than 60%).   

 

4.4 Conclusions 

Geopolymers were tested and successfully applied as adsorbent 

materials for the removal of pollutants from water, both organic (glyphosate) 

and inorganic (heavy metals). Results showed that interactions geopolymer-

metal depends on the exchangeable ion and could be further mainly ascribed 

to the properties of metal ion (i.e. size of the hydrated ionic radius, and pka 

of related oxospecies). In contrast, to what concern glyphosate-geopolymers, 

the removal efficiency is strongly dependent on both the GP shape and the 
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final composition (i.e.  type of filler and templating agent) d inside the 

structure. In both cases, their potential use for water treatments is 

encouraged by the adsorption results obtained throughout this thesis and by 

their well-known limited backpressure in respect to traditional powder 

systems. These results pose the basis for further investigations on adsorption 

capacities through the set-up of adsorption isotherm tests. 
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5. Conclusions 
In this doctoral thesis, different green sorbents have been studied with the 

aim of integrating them within the technologies applied for the removal of 

organic emerging contaminant and heavy metals from waters.  

Part of the scientific research presented was dedicated to biochar that 

represents one successful example of valorization and reuse of wastes for 

water treatment. To elaborate, the correlation of the intrinsic physicochemical 

and performance parameters of biochars with the removal capacity was 

investigated through the careful review of published data and through the 

laboratory test of seven biochars in the removal of model disinfection 

byproducts (i.e. diiodoacetic acid) and volatile organic compounds (i.e. 

benzene, 1,2-dichlorobenzene). Both data retrieved from the literature and 

laboratory experiments are in accordance with the fact that BCs exhibit 

slightly lower adsorption capacities for organic compounds than activated 

carbons, which is considered the reference material in water depuration. 

Nevertheless, the production cost of BCs is much lower than the one required 

for activated carbon. Finally, the management of waste biomass to produce 

biochar to be further used as adsorbent for water treatment may be regarded 

as a ‘‘win–win’’ solution for pursuing circular economy principles and 

protecting the environment. 

Another part of the research was dedicated to ordered silica based 

mesoporous adsorbents belonging to the SBA-15 family. In more detail, it 

was shown how mesoporous SBA-15 functionalized with (3-aminopropyl)-

triethoxysilane (S-APTES) and N-[3-(trimethoxysilyl)propyl]aniline (S-Aniline) 

proved suitable for the removal of high concentrations (up to 350,000 mg/L) 

of glucose, fructose, sucrose from food industry wastewaters, characterized 

by high values of BOD5, with removal rates higher than 70%. These removal 

capabilities were achieved optimizing the main parameters affecting 
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adsorption conditions (i.e. pH dependency, dosage:solution ratio), finding 

operational conditions fully compatible with real sample applications. 

Additional part of the research was focused on geopolymers, that for their 

optimal mechanic and chemical properties, were presented as adsorbent 

materials for the removal of glyphosate and selected heavy metals of 

environmental concern. Geopolymers spheres with ion-exchange properties 

were shown promising materials for the removal of heavy metals (up to about 

80%), independently from the metal charge. In addition, an innovative 

application of properly designed 3D printed geopolymers was proposed in the 

removal of herbicides. These adsorbents were shown to have a great 

potential in the removal of contaminants from water, even because they can 

avoid the backpressures typical of powdered sorbents.  

    

In conclusion, this thesis leads the basis for the use of several kinds of green 

or low-cost materials (i.e. biochars, ordered mesoporous silica and 

geopolymers) in the removal of toxic substances which affect the quality of 

water compartments. Among the different properties of the investigated 

materials, functional moieties and surface chemistry were shown to be the 

most important parameters to be optimized to selectively retain the target 

compounds.  

Concerning the economic aspects, a preliminary survey indicates that costs 

associated with the production of biochars and geopolymers are significantly 

lower than those required for the production of functionalized ordered silica 

mesoporous materials. Nevertheless, a case-to-case evaluation is 

recommended depending on target pollutants to be removed.  

The use of these materials for water treatment, which at the moment was 

limited to the laboratory scale, could be expanded to a larger scale study 

(pilot or full-scale, with higher TRL) which includes the evaluation of both the 

technical and the economic aspects.  
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6. Appendix 

The study of the materials presented in this PhD allowed me to investigate 

further applications, not directly connected with the removal of pollutants 

from waters, that represent technical solution to the analysis of complex 

environmental samples or strategies to prevent the spread of environmental 

pollution. In more detail, in this appendix, following investigations are 

reported: 

1. innovative transversal characterization of previously presented 

amino modified SBA-15 materials, to be employed in the pre-

treatment of food samples within the control of food contamination 

by organic micropollutants. In fact, the surface moieties active in the 

removal of sugars in wastewaters (see Chapter 3) could be exploited 

to produce dispersive solid phase extraction (d-SPE) sorbents to be 

used in QuEChERS extraction for the removal of interfering 

compounds of the food matrix (included sugars).  

2. prevention of environmental contamination and human exposure 

through suitable substrates capable of prolonged release of active 

substances (i.e. herbicides), directly incorporated in Al-

montmorillonite based sorbents, through the Al-Gly complexation. 

This procedure, innovatively investigated for glyphosate allows for a 

direct application in soils since it promotes a prolonged release of 

the herbicide, while limiting the operator’s exposure in a great 

extent, due to the fact that inhalation is not involved during the 

spread of the herbicide. With this approach, agrochemical leaching, 

volatilization, dispersion in adjacent compartments and degradation 

are also reduced.  

 

Hereafter, both research results are reported in details.  
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6.1 Amino groups modified SBA-15 for dispersive-solid phase extraction in 

the analysis of micropollutants by QuEChERS approach. 

 

M. Castiglioni, B. Onida, L. Rivoira, M. Del Bubba, S. Ronchetti, M.C. Bruzzoniti, (2021)  
“Amino groups modified SBA-15 for dispersive-solid phase 

extraction in the analysis of micropollutants by QuEchERS approach” 
 Journal of Chromatography A, 1645, 462107 

 

6.1.1 Introduction 

Fruits and their transformation products (e.g. beverages and jams) may be 

altered by organic micropollutants due to many contamination sources, such 

as soil and irrigation water [1, 2], as well as packaging materials [3] and 

pesticide application [4]. 

Current regulation regarding the presence of organic micropollutants in fruits 

and vegetables includes polycyclic aromatic hydrocarbons (PAHs), 

polychlorinated dibenzo(p)dioxins (PCCDs), polychlorinated dibenzo(p)furans 

(PCDFs), and polychlorinated biphenyls (PCBs) with dioxin-like properties, 

referred to as dioxine-like PCBs (DL-PCBs) [5]. 

Most of the above-mentioned compounds in fruits and derived products are 

analysed by using the QuEChERS approach followed by gas chromatographic-

mass spectrometric analysis (GC-MS) [2, 6]. QuEChERS extraction is based 

on the partition of target analytes between water and acetonitrile.  

Sugars present as natural components or as additives are well-known 

interferents in the QuEChERS approach since they are co-extracted in 

acetonitrile and must be removed prior to the analysis of the extracted 

samples by chromatographic methods. 

This task is usually accomplished using solid-phase extraction (SPE) cleanup, 

even through on-line approaches [7], or by a dispersive solid phase extraction 

(d-SPE) clean-up step, with a primary secondary amine (PSA) sorbent [8, 9]. 

Several manufacturers make commercially available proprietary PSA sorbents 

which are based on silica chemically modified with ethylenediamine-N-propyl 



133 

 

group, as bulk packing, or within ready-to-use kits for QuEChERS analysis. 

PSA is usually claimed to be a sorbent more retentive than aminopropyl 

phases due to presence of the secondary amine [10], even if dedicated 

studies on the adsorption mechanisms are not yet available.  

Ordered mesoporous silicas and organosilicas have been largely investigated 

as adsorbents [11-14] due to their high specific surface area and uniform 

porosity, together with the possibility of tailoring their surface chemical 

properties through synthesis conditions and post-synthesis modification. In 

particular, in the context of analytical chemistry, ordered mesoporous 

organosilicas have been tested as adsorbents for food samples cleanup [15]. 

Mesoporous silica functionalized with amino groups was previously 

investigated for adsorption and removal of anionic pollutants in wastewater 

[16, 17].  

The aim of this research is to synthesize and study the performance of 

organically modified ordered mesoporous silicas to be innovatively included 

as d-SPE sorbents in a QuEChERS protocol for the removal of co-extracted 

sugars for the analysis of contamination of strawberries by 13 PAHs and 14 

PCBs, including dioxine-like congeners. PCBs and PAHs are often found in 

fruit [18, 19] and are therefore a major concern for health protection. 

Ordered mesoporous silica of SBA-15 family was functionalized with the 

primary amine (3-aminopropyl)-triethoxysilane (APTES) and, in another case, 

with the secondary amine N-[3-(Trimethoxysilyl)propyl]aniline, in order to 

mimic the commercial PSA. After the determination of the main physico-

chemical characteristics, the adsorption of glucose, fructose and sucrose 

(sugars naturally contained in fruit) was studied. The performances of the 

two organically modified SBA-15 silica as QuEChERS d-SPE sorbents were 

investigated determining the signal to noise ratio and the extraction 

recoveries for target compounds, in comparison with those obtained by 

commercial PSA. 
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To the best of our knowledge no reports are currently available on the use of 

ordered mesoporous organosilicas in the QuEChERS technique. 

 

6.1.2 Materials and Methods 

6.1.2.1 Reagents 

All reagents used were of analytical grade. Ordered mesoporous silica of the 

SBA-15 type was purchased from ACS Material Advanced Chemical Supplier 

(Pasadena, CA, USA). (3-aminopropyl) triethoxysilane (APTES, 99%), N-[3-

(Trimethoxysilyl)propyl]aniline, toluene (99.8%), acetonitrile (>99.9%) were 

purchased from Sigma Aldrich (Steinheim, DE). Primary Secondary Amine 

(PSA, Figure 6.1A) was purchased from Agilent Technologies (Santa Clara, 

CA, USA). D(+) glucose was purchased from Merck (Darmstadt, DE), D(-) 

fructose and sucrose were purchased from J.T. Baker (Phillipsburg, NJ, USA).  

 

 

 

Fig. 6.1. Schematic representation of PSA (A) and structure of the precursors 

APTES (B) and N-[3-(trimethoxysilyl)propyl]aniline (C). 

 

The PAHs studied were the 13 PAH compounds listed by EPA 525.1 procedure 

and were purchased from Sigma Aldrich-Merck (Darmstadt, Germany): 

acenaphtylene (AcPY), fluorene (Flu),  phenathrene (Phe),  anthracene (Ant), 

pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), 

benzo[b]fluoranthene (BbFl), benzo[k]fluoranthene (BkFl), benzo[a]pyrene 

(BaP), indeno[1,2,3-cd]pyrene (Ind), dibenzo[a,h]anthracene (DBA), 
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benzo[ghi]perylene (BP). PCBs were purchased from LGC Standards (Milan, 

Italy). They were non-dioxine like PCBs: 3,3’-dichlorobiphenyl (PCB 11), 4,4’-

dichlorobiphenyl (PCB 15), 2,4,4’-trichlorobiphenyl (PCB 28), 2,2’,5,5’-

tetrachlorobiphenyl (PCB 52), 2,2’,4,5,5’-pentachlorobiphenyl (PCB 101), 

2,2’,3,4,4’,5-hexachlorobiphenyl (PCB 138), 2,2’,4,4’,5,5’-hexachlorobiphenyl 

(PCB 153), 3,3’,4,4’,5,5’-hexachlorobiphenyl (PCB 169), 2,2’,3,4,4’,5,5’-

heptachlorobiphenyl (PCB 180), 2,3,3’,4,4’,5,5’-heptachlorobiphenyl (PCB 

189); and dioxine like  PCBs: 3,4,4’,5-tetrachlorobiphenyl (PCB 81), 

2,3’,4,4’,5-pentachlorobiphenyl (PCB 118), 2’,3,4,4’,5-pentachlorobiphenyl 

(PCB 123), 2,3’,4,4’,5,5’-hexachlorobiphenyl (PCB 167). 

Hydrochloric acid (35% w/w, d = 1.187 g/mL) and NaOH (>98%) were from 

Carlo Erba (Milano, IT). NaCl, MgSO4·7H2O and H2SO4 (95–97%, d = 1.84 

g/mL) were from Sigma-Aldrich. High-purity water (18.2 M Ω·cm resistivity 

at 25°C), produced by an Elix-Milli Q Academic system from Millipore 

(Vimodrone, MI, Italy) was used for standard and eluent preparation. 

 

6.1.2.2 Preparation of sorbents 

The synthesis procedures of the two sorbents were based on previous work 

concerning on the functionalization of SBA-15 silica [16, 17]. In a flask, 1 g 

of SBA-15, previously washed with about 50 mL of deionized water, was 

stirred with 200 mL of toluene for 30 min, at room temperature. Afterwards, 

2 mL of functionalizing reagent ((3-aminopropyl)-triethoxysilane-APTES or N-

[3-(trimethoxysilyl)propyl]aniline, Fig. 6.1B and 6.1C) was added dropwise. 

The flask was then connected to a water-refrigerated system and the solution 

heated to 110 ° C. The solution was kept under stirring for 24 hours. 

Afterwards, the powder was filtered and dried. 

Hereafter the sample functionalized with APTES is denoted SBA-15-APTES 

and the sample functionalized with N-[3-(trimethoxysilyl)propyl]aniline is 

denoted SBA-15-AN. 
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6.1.2.3 Physico-chemical characterization 

Nitrogen adsorption isotherms were measured using a Quantachrome 

AUTOSORB-1 (Boynton Beach, FL, USA) instrument. Prior to nitrogen 

adsorption, samples were outgassed at 393 K for 6 h. The BET specific surface 

areas (SSA) were calculated in the relative pressure range from 0.04 to 0.1 

and the pore size distribution were determined through the NLDFT (Non 

Localized Density Functional Theory) method, using the equilibrium model for 

cylindrical pores. 

For FTIR measurements, powders were pressed in self-supporting wafers and 

spectra were recorded at room temperature with a Bruker Tensor 27 (Bruker, 

Billerica, MA, USA) spectrometer operating at 2 cm−1 resolution, after 

outgassing the sample at room temperature (residual pressure of 0.1 Pa). 

TG analyses were carried out between 298 K and 1073 K in air (flow rate 100 

mL/min with a heating rate of 10 K/min) using a SETARAM 92 (Caluire, 

France) instrument. 

Density functional theory (DFT) simulations were calculated by means of 

Gaussian 09W and Gaussian View (Gaussian Inc, Wallington, US).   

 

6.1.2.4 Chromatographic analysis 

The evaluation of sugar content was performed by ion-chromatography using 

an ICS-3000 gradient pump, Thermo Fisher Scientific, Waltham, MA, USA, 

coupled to pulsed amperometric detection. An AD40 Electrochemical 

Detector, Thermo Fisher Scientific, equipped with Ag/AgCl reference 

electrode and a gold working electrode was used. The detection potential was 

set at 0.1 V and maintained for 400 ms: the first 200 ms represents the delay 

time and the second 200 ms represents the determination time. The potential 

was then instantaneously set at -2 V and maintained for 10 ms and raised at 

0.6 V and maintained for 10 ms to restore the gold oxide necessary to 
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maintain an active working electrode surface. The potential was finally set at 

-0.1V and maintained for 60 ms, to reduce the small amount of gold oxide 

previously formed. The waveform requires a total of 500 ms. 

The sample (10 µL) was injected through a six-ways Rheodyne injection 

valve. The column used was a CarboPacPA10, 250x4 mm (100 μeq/column), 

Thermo Fisher Scientific which has a microporous substrate with particle size 

of 10 µm, 55% cross-linking functionalized with a difunctional quaternary ion 

latex (5% cross-linking). 

After optimization, the eluent concentration was kept at 55 mM KOH (data 

available upon request). At these conditions, limits of detection (LODs) for 

glucose, fructose and sucrose, calculated as sm=sm+3sb, with sm=average 

signal of blank, sb= standard deviation of blank on ten measurements, were 

respectively 69, 56 and 11 µg/L. Pump, detector settings, and data collection 

were managed by the Chromeleon v.6.80 software (Thermo Fisher Scientific).  

For PAHs and PCBs analysis, a gas chromatographic-mass spectrometric (GC-

MS) method was used, according to previous studies by our research group 

[2, 20], employing an Agilent (Santa Clara, CA,USA) 6980 series gas 

chromatograph coupled with an Agilent 5973 Network mass spectrometer 

detector. 

The GC column was a (5%-Phenyl)-methylpolysiloxane column (HP 5ms, 30 

m x 0.25 mm x 25 µm, Agilent), with He as gas carrier (1 mL/min). MS 

detection was performed in Single Ion Monitoring (SIM) mode, selecting for 

each analyte its proper m/z ratio (m/z ratio available upon request). 2 µL of 

each sample were injected using the Pulsed Splitless mode (pressure at 40 

psi for 2.5 min). The oven ramp was: 90°C, hold for 2 min; ramp to 176 °C, 

12 °C/min rate; ramp to 196°C, 5 °C/min rate, hold for 3 mins; ramp to 

224°C, 12 °C/min rate; ramp to 244 °C, 5°C/min rate, hold for 3 min; ramp 

to 270 °C, 7°C/min rate, hold for 3 min; ramp to 300 °C, 5°C/min, hold for 
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10 min to completely clean and restore the GC column. The total run time for 

the complete separation of PAHs and PCBs is 52 min. 

LODs, calculated as previously described for ion chromatography, were in the 

range from 0.06 µg/L (BaA) to 2.10 µg/L (DBA), while from 0.49 µg/L 

(PCB153) to 5.40 µg/L (PCB169).  

GC-MS data were handled with OpenChrome software (Lablicate, Germany). 

6.1.2.5 Adsorption tests 

Tests to evaluate the effect of pH were performed on 0.25 g of sorbent. The 

sorbent was put in contact with 4 g solution containing 350 mg/g glucose, 

350 mg/g fructose and 170 mg/g sucrose. These concentrations were chosen 

in order to match those contained in strawberry according to Kasperbauer 

[21]. Solutions were stirred at 1100 xg for 10 min. Experiments were 

performed at pH 2.1, 5.0 and 8.5. 

 

6.1.2.6 Strawberry fruits 

Commercial strawberry samples grown in Italy were used. Fragaria x 

ananassa, Camarosa cultivar was chosen as model plant, since it accounts for 

about 60% of the strawberry world's production and it adapts greatly to wide 

climate and growth conditions. 

 

6.1.2.7 Extraction of PAHs and PCBs from strawberries by QuEChERS  

Among organic micropollutants, PCBs and PAHs, present in the environment 

as a result of natural and anthropogenic processes, represent both point 

source and diffuse emissions [22]. 

PAHs and PCBs were extracted using a QuEChERS approach [8, 23]. Briefly, 

5 g of homogenized strawberries were put in a vial containing 10 mL 

acetonitrile:H2O pH 2.1 (70:30), 8.2 g MgSO4 and 1 g NaCl. The tube was 

vigorously shaken and centrifuged at 1100 xg for 10 min. After extraction, a 
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4 mL aliquot of the supernatant was then transferred in a new vial containing 

0.25 g of sorbent (PSA or SBA-15-APTES or SBA-15-AN) and 1.0 g MgSO4 for 

the clean-up step. The tube was shaken and centrifuged (7870 xg, 10 min) 

and the supernatant was directly analysed by GC-MS.  For each sorbent, the 

recovery was calculated spiking the fruit samples prior- (i) and post- (ii) 

extraction as follows: 

• Pre-extraction spike: a cumulative batch of 50 g of homogenised 

strawberries was spiked with 6666 µL of a solution containing PAHs 

and PCBs at 300 µg/L each, to achieve a final concentration of 0.04 

mg/kg. According to the extraction procedure above detailed, a 

theoretical final concentration of 20 µg/L is expected for each PAH 

and PCBs. The procedure was repeated in triplicate. 

• Post-extraction spike: after the extraction and clean-up procedure, 

187 µL of the extract is spiked with 13 µL of the solution containing 

PAHs and PCBs at 300 µg/L, so to obtain a final concentration of 20 

µg/L for each PAH and PCBs. The procedure was repeated in triplicate. 

 

For each analyte, extraction recovery percentage (ER%) was calculated from 

the peak areas obtained after the pre-extraction spike (Apre-extraction) and post-

extraction (Apost-extraction) according to the equation: 

ER%= 100* Apre-extraction / Apost-extraction 

 

For each analyte and experimental conditions, signal-to-noise ratio (S/N) was 

derived from the software OpenChrome and was calculated from the height 

of the analyte chromatographic peak (Hpeak) and that of the noise (hnoise), 

according to the 2015 United States Pharmacopeia definition [24]: 

S/N= 2Hpeak/hnoise 

 



140 

 

6.1.3 Results and discussion 

6.1.3.1 Physico-chemical characterization 

Table 6.1 reports textural features of SBA-15 as such and of functionalized 

SBA-15. For both SBA-15-APTES and SBA-15-AN, lower values of SSA, pore 

volume and pore diameter are observed with respect to the pristine SBA-15. 

These results reveal that grafting of organic moieties on the internal surface 

of silica mesopores occurred during functionalization. 

 

Table 6.1 Textural features of SBA-15, SBA-15-APTES, SBA-15-AN and PSA 

 

 

N2 adsorption measurement was carried out also on PSA since no data for 

the commercial product were available. It is worth noting that the same 

features of PSA are in between those of SBA-15 and organically modified SBA-

15, so that, as a whole, we can consider PSA, SBA-15-APTES and SBA-15-AN 

comparable systems for the proposed QuEChERS application. 

Fig. 6.2 shows FT-IR spectra of SBA-15, SBA-15-APTES and SBA-15-AN after 

outgassing at room temperature. 
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Fig. 6.2.   FT-IR Spectra of SBA-15 (curve 1), SBA-15-APTES (curve 2) and 

SBA-15-AN (curve 3). The spectrum of SBA-15 was amplified by a factor 2 

for sake of clarity.  

 

The spectrum of SBA-15 (curve 1) reveals the typical features of an 

amorphous silica, i. e. the narrow band at 3743 cm-1, due to the stretching 

mode of isolated silanols, and the broad band centred at 3530 cm-1, due to 

H-bonded silanols.   

In the spectrum of SBA-15-APTES (curve 2), bands due to the organic 

moieties are clearly observed, that are: i) two bands at 3355 cm-1 and 3295 

cm-1 attributed to the stretching modes of -NH2 groups; ii) two bands at 2930 

cm-1 and 2875 cm-1 due to the stretching modes of aliphatic -CH2- groups; iii) 

a band at about 1595 cm-1 due to the bending mode of -NH2 groups. As 

usually observed for amorphous silica modified with APTES, a broad and ill-
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defined absorption is observed at about 3000 cm-1, on which the previous 

mentioned bands are superimposed. This absorption is due to the residual 

silanols engaged in H-bonding with surface -NH2 groups [25]. Indeed, in the 

spectrum, the stretching mode of isolated silanols is not present. 

In the case of SBA-15-AN (curve 3), as for SBA-15-APTES, the bands due to 

the organic groups are visible in the spectrum, i.e. i) the band at 3330 cm-1 

due to the stretching mode of -NH- species; ii) bands above and below 3000 

cm-1 due to, respectively, aromatic -CH and aliphatic -CH2- stretching modes; 

iii) bands below 1700 cm-1 due to ring modes of the aromatic moieties. 

Moreover, a broad absorption is observed at about 3600 cm-1 which is 

tentatively ascribed to the residual silanols engaged in H-bonding with 

aromatic rings [26]. 

 In summary, the set of IR data reveal that amine species in modified 

SBA-15 are located and exposed on the silica surface, in agreement with 

textural features (Table 6.1) discussed above.   

From TG curves (not reported), the amount of amino groups was estimated 

and it is 4.41 mmol/g for SBA-15-APTES and 2.23 mmol/g for SBA-15-AN. 

According to data found for commercially available PSA in the market, 

capacity for PSA ranges from 0.65 to 1.22 mmol/g [27, 28]. The above-

mentioned capacity data suggest, per se, a competitive performance of 

functionalized SBA-15 in respect to PSA, and supports the study herein 

proposed.  

 

6.1.3.2 Adsorption measurements 

The following experiments were performed in order to optimize the pH 

conditions to be used in QuEChERS application. Furthermore, the results may 

be useful in formulating possible interactions acting between adsorbents and 

sugars during retention. 
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Results are represented in Fig. 6.3A, 6.3B, 6.3C. According to the acidic 

dissociation constants of the sugars considered (pKa=12.2 for glucose, 12.0 

for fructose and 12.6 for sucrose), the concentration of dissociated sugars 

may be considered negligible at pH values studied (2.1, 5.0 and 8.5).  

Organically modified mesoporous silicas show better removal performance 

than commercial PSA for all the pH values. It is worth noting that textural 

properties such as SSA and pore volume of SBA-15-APTES and SBA-15-AN 

are comparable to those of PSA (see Table 6.1), therefore the better 

adsorption performance of organically modified mesoporous silica has to be 

ascribed to the functional groups acting as adsorption sites, the amount of 

which is larger in SBA-15-APTES and SBA-15-AN than in PSA. Nevertheless, 

a role of different surface chemical properties of the two silica supports, 

cannot be ruled out. 

 

 

 
A 
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Fig. 3. Adsorption of glucose, fructose, sucrose on PSA, SBA-15-APTES and 

SBA-15-AN at pH 2.1 (A), 5.0 (B) and 8.5 (C). For experimental details, see 

text. 

 

Firstly, the retention properties of aminopropyl-modified silica and PSA 

towards sugars has been ascribed mainly to H-bonding [29]. The role of H-

bonding of protonated ethylenediamine based materials, structurally similar 

to PSA, in the retention of uncharged compounds is supported by many 

authors [30, 31], who also speculated on possible leading retention 

mechanisms via H-bonding as a function of pH and on the abundancy of 

NH3
+/NH2 and NH3

+/NH groups [31]. 

As shown in Fig. 6.3, for all the adsorbents, retention capabilities decrease at 

increasing pH. This may be ascribed to a change of the relative population of 

protonated and deprotonated amine groups and to their involvement in H-

bonding. At increasing pH, the population of protonated amines decreases. 

Since protonated amines are stronger Brønsted acids than amines, they may 

be considered also stronger H donor in H-bonding.  

Data in Fig. 3A-3B-3C show that SBA-15-AN has higher retention abilities than 

SBA-15-APTES at all the pH values tested (SBA-15-AN > SBA-15-APTES > 

PSA). Indeed, if we consider that aniline (pKb 8.9) is a weaker base than 

propylamine (pKb 3.5), the decrease of protonated amine population upon 

increasing pH is expected to be relatively larger in SBA-15-AN than SBA-15-

APTES. Thus, it may be proposed that H-bonding between protonated amines 

and sugar molecules, where the former act as proton donor and the latter as 

proton acceptor, does not play the only role in the adsorption. 

Therefore, the better performance of SBA-15-AN compared to that of SBA-

15-APTES can be ascribed to a higher hydrophobicity of the material due to 

the more hydrophobic functional group, which is usually desired in case of 

organic molecules adsorption from water solution. Moreover, the electron-
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withdrawing effect of the aromatic ring enhances the positive charge of the 

ammonium group, increasing the strength of H-bonding with sugar 

molecules. 

Experimental tests indicated that pH 2.1 is the optimal pH value to achieve 

the highest sugars adsorption in a QuEChERS application.  

 

6.1.3.3 Organically modified mesoporous silicas in the d-SPE cleanup of 

QuEChERS 

In a QuEChERS procedure, after extraction with acetonitrile, a clean-up step 

performed in d-SPE is necessary to remove coextracted interferents without 

losing analytes of interest. 

To this purpose, the capabilities of SBA-15-APTES and SBA-15-AN as d-SPE 

sorbents were investigated in the determination of persistent pollutants 

(PAHs and PCBs, included dioxine-like congeners) in strawberries, using the 

QuEChERS extraction approach. 

Performances of the modified silicas were studied and compared with those 

of PSA, measuring both signal-to-noise ratio (S/N) and extraction recovery 

(ER) of PAHs and PCBs after the application of the QuEChERS protocol.  

S/N is a parameter characteristic of the chromatogram and indicates the 

quantification accuracy of the components during the analytical separation. 

The higher the S/N, the better recognized the analyte and the lower the 

detection limits obtainable. Due to this intrinsic property, S/N is considered a 

primary standard for comparison of chromatographic performances [32] and 

it is therefore frequently used as response in analytical design optimizations 

[32-34]. In a complex matrix, such as strawberry rich in sugars, anthocyanins 

and polyphenols [35], S/N is indicative of the efficiency of matrix removal.  

Additionally, ER was also measured, since it is indicative of the efficiency of 

the whole method (extraction and clean-up) to extract analytes of interest, 

without losing them by adsorption during the clean-up step.  
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Results obtained by our study for S/N are reported in Fig. 6.4 (PAHs) and 6.5 

(PCBs) while ER values are shown in Fig. 6.6 (PAHs) and 6.7 (PCBs). Data 

obtained in the absence of the d-SPE treatment were also considered. 

 

Fig. 6.4.  Signal-to-noise ratio (S/N) obtained after the QuEChERS extraction 

of PAHs from strawberry, without and with the d-SPE clean-up by PSA, SBA-

15-APTES and SBA-15-AN. For QuEChERS extraction conditions, see text 
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Fig. 6.5.   Signal-to-noise ratio (S/N) obtained after the QuEChERS extraction 

of PCBs from strawberry, without and with the d-SPE clean-up by PSA, SBA-

15-APTES and SBA-15-AN. For QuEChERS extraction conditions, see text. 
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Fig. 6.6.   Extraction recovery percentage obtained after the QuEChERS 

extraction of PAHs from strawberry and the d-SPE clean-up by PSA, SBA-15-

APTES and SBA-15-AN. For QuEChERS extraction conditions, see text. 

 

 

Fig. 6.7.   Extraction recovery percentage obtained after the QuEChERS 

extraction of PCBs from strawberry and the d-SPE clean-up by PSA, SBA-15-

APTES and SBA-15-AN. For QuEChERS extraction conditions, see text. 

 

 

For an easier interpretation, for each sorbent, experimental results for PAHs 

are shown, in Fig. 6.4 and 6.6, as single value or as average for compounds: 

up to four benzene rings (acenaphthylene, the isomers: 

phenanthrene/anthracene; fluorene/pyrene; benzo[a]anthracene/chrysene); 

four benzene rings around a 5-membered ring and five benzene rings (the 

isomers: benzo[b]fluoranthene/benzo[k]fluoranthene/benzo[a]pyrene); 
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five benzene rings or five benzene rings around a 5-membered ring 

(dibenzo[a,h]anthracene and the isomers indeno[1,2,3-

cd]pyrene/benzo[ghi]perylene). For PCBs, for each sorbent, experimental 

results were shown, in Fig. 6.5 and 6.7, as single value or as average for the 

14 congeners tested. 

As regards S/N values, for all the analytes (Fig. 6.4 and 6.5), the values 

obtained without a d-SPE treatment are the lowest, indicating a poor quality 

of the analytical method. The increase of S/N values in the presence of the 

d-SPE treatment indicates a better detectability, essentially due to the 

removal of coextracted matrix compounds, and the consequent improvement 

of the baseline. In this regard, both the organically modified mesoporous 

silica are effective in improving the analytical method.  

For PAHs (Fig. 6.4), S/N obtained with PSA are higher than those obtained 

with SBA-15-APTES and SBA-15-AN for all the hydrocarbons, except for the 

last three heaviest compounds for which SBA-15-AN is the best performing 

d-SPE sorbent. The improvement of S/N for these last compounds (about 

30%) turns to be important in the enhancement of the detection limits in real 

matrices, since the heaviest compounds are affected by poor detectability. 

For PCBs (Fig. 6.5), the highest S/N is observed for SBA-15-AN, for which, on 

average, an improvement of S/N values of about 20% in respect to PSA is 

observed. 

Extraction recovery ER% as a function of the d-SPE sorbent used is shown in 

Fig. 6.6 for PAHs and in Fig. 6.7 for PCBs. 

For the 13 PAHs, average ER% follows the order PSA (76±19 %) > SBA-15-

AN (63±7 %) > SBA-15-APTES (61±14 %), even though comparable 

performances are observed for PSA and SBA-15-AN for lower molecular 

weight PAHs. Differently, ER% obtained without any d-SPE sorbent are 

significantly lower, ranging from 14±3 to 25±2% (data not shown).  
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According to the Anova test (p=0.0001, 95% confidence interval), the 

average ER for PSA is statistically different from SBA-15-AN and SBA-15-

APTES, whereas average ER for the two organically modified mesoporous 

silica do not show statistical difference. Despite the higher ER obtained for 

PSA, the lower standard deviation observed for SBA-15-AN indicates that the 

d-SPE cleanup with SBA-15-AN is more reliable than the one performed with 

PSA. Statistic variability of ER% values for each sorbent was also evaluated 

through Horwtiz equation (Thompson modification [36]), calculating at first 

the concentration of each PAH, according to its extraction yields, and finally 

the maximum acceptable RSD%. Since the maximum acceptable RSD% value 

calculated was 22%, the average RSD% values observed for PAHs with each 

sorbent (26.2% for PSA and 14.2% for SBA-15-AN) indicate that the use of 

PSA provided recoveries falling outside the range of acceptability. Differently, 

the reliability of SBA-15-AN is confirmed since average RSD% is far below the 

Horwitz value.  

Data shows that for all the d-SPE sorbents, a decrease of ER% is observed 

with the increase of molecular weight introduced by the aromatic rings. This 

behaviour was verified for PSA also by Sadowska-Rociek et al [37] in the 

analysis of PAHs in tea. 

Even if, overall, PSA is the best performing sorbent for all PAHs, SBA-15-

APTES provides higher ER% for higher molecular weight PAHs. 

For PCBs, average ER% follows the order PSA (92±6 %) > SBA-15-AN (88±9 

%) > SBA-15-APTES (67±17 %). Again, poor recovery is observed without 

any d-SPE step (ER% ranging from 36±6 to 44±7%, data not shown). The 

average ER values obtained for PSA and SBA-15-AN are not statistically 

different (Anova test, p=0.0001, 95% confidence interval), whereas average 

ER values obtained with SBA-15-APTES statistically differ from those obtained 

by PSA and SBA-15-AN. Again, the application of the Horwitz equation 

(calculated RSD%=22%), confirmed the statistical acceptability for 
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recoveries obtained with PSA and SBA-15-AN (RSD%=7.2% and 10.2%, 

respectively), but not with SBA-15-APTES (RSD%=25.8%).  

Presuming that the extraction recovery calculation used compensates for any 

matrix effect, it is reasonable to assume that differences in extraction 

recovery values observed among the three d-SPE materials is due to the 

different extent of adsorption of PAHs and PCBs by each sorbent, being the 

extraction procedure the same for the three tests. 

For each sorbent, PCBs exhibit higher ER% values than PAHs.  For each d-

SPE sorbent, for PAHs an increase of ER% is observed upon decreasing 

molecular weight (MW), showing a partial anticorrelation (the higher the MW, 

the lower the ER%) for SBA-15-AN (ER% = -1.9 MW + 346, r2= 0.919) and 

for SBA-15-APTES (ER% = -3.3 MW + 424, r2= 0.840), while for PSA this 

behaviour is not well evidenced (ER% = -1.5 MW + 340, r2= 0.429). This 

suggests that at variance with what hypothesized by Dachs and Bayona [38] 

for silica based octadecyl substrates, in this case, steric hindrance and shape 

selectivity do not play a crucial role in the extraction. To explain the higher 

extent of adsorption observed for higher molecular weight PAHs, density 

functional theory (DFT) simulations were calculated by the software 

Gaussview 6.0 in order to estimate the potential and charge density 

distribution for each PAH tested [39]. 

Results obtained (Fig. 6.8) show that the centre of each ring on both sides of 

the PAH molecular plane is negatively charged and corresponds with 

delocalized π electrons.  
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Fig. 8: Electrostatic potential and charge density distribution results of target 

PAHs, listed following the classes described in paragraph 3.3 (ring 

classification). At the top of each structure, the colour scale of electrostatic 

potential distribution (unique for each PAH) is represented, with the blue 

(red) portion representing the most positive (negative) potential.  

 

Indeed, the area of the π-electron plane spatially increases when the number 

of rings increased, as demonstrated also by Yang and co-workers [40]. 

Hence, the heavier molecular weight of the PAHs offers higher surface 

availability for interaction with positively charged amino groups. Moreover, 

such behaviour is also in agreement with stronger Van der Waals interactions. 

Conversely, for PCBs, the addition of chlorine atoms on the biphenyl structure 

enhances steric hindrance, in agreement with observations of Dachs and 

Bayona [38]. In Fig. 6.9, as an example, the different behaviour of PAHs (Fig. 

6.9A) and PCBs (Fig. 6.9B) is compared for SBA-15-AN. 
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A 

B 

Fig. 6.9. Dependence of PAH (A) and PCB (B) extraction recovery percentage 

on molecular weight (MW) using SBA-15-AN as d-SPE sorbent within the 

QuEChERS protocol in strawberry. 

 

Eventually the polarity of micropollutants was also considered. Variations in 

logP does not significantly influence the extraction performance of the 
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QuEChERS method when SBA-15-APTES or SBA-15-AN are used as d-SPE 

sorbents. Instead, an apparent correlation of ER% with log P for both PAHs 

and PCBs classes is observed only for PSA (ER% = 10.36 logP + 0.49, 

r2=0.653), highlighting possible limitations in its use of this d-SPE sorbent for 

more polar analytes. This observation agrees with what found by Scordo et 

al. [1] in the extraction of perfluoroalkyl acids from strawberry.  

 

6.1.4. Conclusions 

SBA-15 mesoporous silica were functionalized with (3-aminopropyl)-

triethoxysilane (SBA-15-APTES) and N-[3-(Trimethoxysilyl)propyl]aniline 

(SBA-15-AN) and used for the first time as d-SPE sorbents in the removal of 

coextracted compounds (e.g. sugars) in the QuEChERS protocol applied for 

the determination of micropollutants (PAHs and PCBs) in strawberry. SBA-15-

APTES and SBA-15-AN were physico-chemically characterized and compared 

with PSA, the d-SPE sorbent usually employed in QuEChERS application. The 

removal capabilities of SBA-15-APTES and SBA-15-AN towards glucose, 

sucrose and fructose, chosen as model sugars present in strawberry was 

observed to be higher than that of PSA, due to the higher amount of 

adsorption active sites. A thorough study of the effect of pH on removal of 

sugars allowed to propose an interaction mechanism between amines and 

sugar molecules mainly based on H-bonding. 

The suitability of SBA-15-APTES and SBA-15-AN as d-SPE sorbents were 

confirmed including these sorbents in the clean-up step of a QuEChERS 

protocol for the determination of PAHs and PCBs in intentionally contaminated 

strawberries. Signal-to-noise ratio for PCBs can be significantly reduced by 

SBA-15-AN, indicating even a more efficient cleanup if compared to PSA. It is 

worth remembering that the reduction of signal-to-noise ratio is important to 

determine lower concentrations of micropollutants in food. Overall, 

QuEChERS protocol performed by SBA-15-AN provides slightly lower or 
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comparable extraction recoveries than PSA (63±7 % vs 76±19 % for PAHs, 

respectively and 92±6 % vs 88±9 % for PCBs) and better reproducibility of 

the method. Molecular weight of the target micropollutants, but not log P, 

seem to influence the overall QuEChERS extraction recovery in the organically 

modified SBA-15. 
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6.2. Encapsulation of the glyphosate herbicide in mesoporous and soil-affine 

sorbents for its prolonged release  

      L. Rivoira, S. Frassati, S. Cordola, M. Castiglioni, B. Onida, S. Ronchetti, I. Ingrando, M.C. Bruzzoniti,  
“Encapsulation of the glyphosate herbicide in mesoporous 

 and soil-affine sorbents for its prolonged release”  
Chemical Engineering Journal, Submitted 

6.2.1 Introduction  

Weed control is the botanical component of pest control that is used to 

prevent weeds from reaching a matured crop which is ready for cultivation 

[41]. Both physical and chemical methods are exploited to reduce weeds that 

are harmful to agricultural plants and fodder.  Among them, herbicides are 

the dominant tool used for weed control in modern agriculture.  

Nowadays, it is recognized that, to ensure the effectiveness of crop 

production, herbicides are often applied at exceeding dosages [42] and that 

current formulations generally release the compound into the environment 

practically instantaneously [43].  

In the light of the information described above, a wide use of herbicides is 

evident, thus leading all the countries of the world to face different problems, 

such as the rapid evolution of herbicide-resistant weeds [44, 45],  the 

environmental impact of these compounds, [46], and the impact on human 

health, with particular attention to worker exposure [47, 48], with 170,000 

workers worldwide employed in the agricultural died every year. On these 

incidences, a correlation between deaths and exposure to toxic pesticides 

through spray, drift and direct contact cannot be excluded [49].  

In order to prevent the above-mentioned issues and given the public pressure 

to reduce the overall pesticide use, new integrated weed management 

strategies are now strongly encouraged [50, 51]. Among these, an important 

part is devoted to the development of new methods for the application of 

herbicides on soils.   

 Among the several herbicide formulations that are applied, glyphosate 

is probably the most used in the world (about 720k tons production in 2012) 
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[52]. Glyphosate (N-(phosphonomethyl)glycine) is a broadspectrum post-

emergence herbicide used both in agriculture and for the conservation of 

green spaces, such as parks and gardens [53]. The more common methods 

of glyphosate use include broadcast, aerial, spot, and directed spray 

applications [54]. It should be remarked that despite glyphosate is typically 

spread on leaves, its absorption through roots has been clearly assessed [55] 

and application to soils are also reported, i.e. for fungicidal aims [56].   

Despite its huge consumption, glyphosate has been the subject of 

controversial discussions over its impact on the environment and human 

health in recent years, with IARC (International Agency for Research on 

Cancer) classifying glyphosate as a probable human carcinogen compound 

(class 2A), oppositely to EFSA (European Food Safety Authority) stating that 

this herbicide is unlikely to pose a carcinogenic hazard to humans.  

Despite this still-open discussion, on December 12, 2019 European Union 

renewed the licence for the sale of glyphosate for five years [57], even if 

some countries (for example Italy) has already introduced some restrictions 

on the use of this herbicide [58].    

 The impact of glyphosate on the environment has been extensively 

studied, as traces of glyphosate and its metabolites could be found both in 

water basins, in soils and even in the atmosphere [59]. Therefore, selected 

approaches are nowadays exploited to face the emergency caused by the use 

of glyphosate. Most of them are post-use remedies, and are mainly based on 

the development of new technologies for the removal of the herbicide from 

the environmental compartments [16, 17]. However, it is also appropriate to 

evaluate some approaches defined "a priori" which, on the contrary, are 

based on the reduction of the quantity of glyphosate released into the 

environment.  

The incorporation of active formulations inside specific carriers to obtain a 

controlled release in the environment has been extensively explored for 
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agricultural applications, in order to set-up the concentration of the active 

principle within a range spanning from the minimum effective concentration 

to the maximum concentration safe for the operator [60]. Applications 

reporting the encapsulation of fungicides [61], herbicides [62], insecticides 

[63], acaricides [64], as well as of compounds intended for the stimulation of 

plant growth and productivity [65] are frequently presented in the scientific 

literature. Conversely, research concerning glyphosate is under-investigated 

and light controlled [66] and supramolecular [67] systems are the only 

solutions proposed.  

Mesoporous silica and clay based materials exhibit adsorption properties that 

were exploited  for the preparation of sorptive substrates  [14, 68] and in 

water remediation technologies [69, 70]. In particular, the removal of 

herbicides using both types of supports through selective bonds between 

silica or clay supports with the active compounds is demonstrated [71].   

Hence, this work aimed at the innovative encapsulation of glyphosate into 

selected silica- and clay- based supports. The encapsulation of the herbicide 

allows the application of the loaded support, promoting both a punctual 

application and the controlled release of glyphosate, thus limiting human 

exposure to glyphosate, during application. To the best of our knowledge, 

this work represents the first study specifically devoted to the encapsulation 

of glyphosate into mesoporous sorbents, which indeed have a structure affine 

to the composition of the soil.  

For this study, three different types of environmental-friendly mesoporous 

silica and clay-based supports were selected, namely: SBA-15, 

montmorillonite (MMT) and Al pillared montmorillonite (Al-MMT). MMT and 

Al-MMT can be also considered low cost and then their use appears feasible 

in the proposed application. After physicochemical characterization of the pre- 

and post-impregnated supports, tests on the release of glyphosate were 

performed simulating different environmental conditions, such as acid rains 
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or soil leaching. Data obtained within release tests were fitted to kinetics 

models typically used to describe desorption of active principles from 

mesoporous supports. Finally, the sorbent showing the best releasing 

performances was chosen for a real sample application, in a water/soil bench-

scaled system. 

 

6.2.2 Experimental 

6.2.2.1 Materials and reagents 

A highly stable mesoporous silica sieve (Santa Barbara Amorphous, hereafter 

called SBA-15), montmorillonite K-10 (MMT) and Al pillared montmorillonite 

(Al-MMT) were purchased from Sigma-Aldrich (Darmstadt, Germany).  

Glyphosate, sodium hydroxide solution (grade >98%), ethanol, hydrochloride 

acid (40%), oxalic acid (98%) and calcium chloride were from Sigma-Aldrich 

(Darmstadt, Germany). 

High purity water (18.2 MΩ cm resistivity at 25 °C), produced by an Elix Milli 

Q Academic system (Millipore, Vimodrone, MI, Italy) was used for standard 

and eluent preparation. 

 

6.2.2.2 Instrumental setup and calibration 

The release profiles of glyphosate from the tested substrates were evaluated 

by means of suppressed ion chromatography as recently optimized by our 

research group [17]. A DX-100 ion chromatograph (25-μL injection loop) from 

Dionex, Thermo Scientific, (Sunnyvale, CA, USA) equipped with a conductivity 

detector was used. An IonPac AG16 (50 × 4 mm) and IonPac AS16 (250 × 4 

mm) were used as guard and analytical columns, respectively. Mobile phase 

was 35 mM NaOH at a flow rate of 1.0 mL/min. Detection was performed by 

electrochemical suppressed conductivity (100mA current set-up) using a 4-
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mm ESRS-300 membrane suppressor. Chromatographic data were collected 

by PeakNet 2.8 software.  

For calibration curve, a 100 mg/L glyphosate stock solution was used to 

prepare standard solutions (six levels, from 0.5 to 15 mg/L). Each level was 

injected in triplicate and a new calibration curve was run, weekly. Limits of 

detection and limits of quantifications of the chromatographic method were 

calculated according to Shrivastava and Gupta and were 0.1 mg/L and 0.3 

mg/L, respectively [72].  

 

6.2.2.3 Impregnation of the supports with glyphosate  

The impregnation of supports with glyphosate was achieved using water as 

solvent through the incipient wetness impregnation technique [73], by which 

a volume of a solution containing the active ingredient to be incorporated is 

put in contact with the support itself.  Consequently, the solution is forced to 

spread by capillary within the available pores, by means of a manual or a 

mechanical mixing. Finally, the impregnated material is dried as to evaporate 

the excess of solvent and to allow the deposition of the desired molecules 

inside the support.  

In detail, a saturated solution of glyphosate was prepared by dissolving 0.4 

g of glyphosate  in 33 mL of water (solubility=12 g/L, at room temperature 

[74]). Subsequently, 1 mL of such solution was added dropwise to 0.6 g of 

each support, thus obtaining a homogenous slurry, which was finally oven 

dried at 60°C for 24 hours. The impregnation procedure was performed at 

room temperature and was repeated until the glyphosate saturated solution 

was totally consumed. The procedure allowed to obtain 40% glyphosate 

impregnation in respect to the total weight of the support.   
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6.2.2.4 Physicochemical characterization of the supports pre- and post-

impregnation 

X-ray diffraction (XRD) patterns were obtained using a PANalytical X’Pert 

Powder (Cu Kα radiation) diffractometer. The measurements were performed 

by means of a circular sample holder with diameter of 30 mm and thickness 

of 2 mm. Nitrogen adsorption isotherms were measured using a 

Quantachrome (FL, USA) AUTOSORB-1 instrument. Prior to nitrogen 

adsorption, samples were outgassed (393 K, 5 h). BET specific surface areas 

(SSA) were calculated in the relative pressure range 0.04–0.1.  

6.2.2.5 Release of glyphosate from supports in aqueous solutions 

The release of encapsulated glyphosate from the different tested supports in 

aqueous solutions, was evaluated simulating different environmental 

conditions. In detail, 0.25 g of each impregnated material was put in contact 

with 15 mL of the following aqueous solutions: i) ultrapure water, pH 6.5; ii) 

0.02 M oxalic acid (pH 3), to simulate acid rains; iii) 0.01 M CaCl2 solution, to 

simulate soil salinity (experiments were performed both at neutral and acidic 

pH). The suspension was stirred in an orbital shaker up to 7 days at room 

temperature, withdrawing 100 µL-aliquots from each solution at scheduled 

times, namely: 0 and 30 seconds, 1, 2, 5, 10, 30, 60, 1140 (1 day), 2880 (2 

days), 4320 (3 days), 8640 (6 days) and 10080 minutes (7 days). The 

cumulative sampled volume was less than 5% of the initial volume (15 mL), 

thus it can be assumed that the influence of the volume change on the release 

pattern is negligible. Release tests were performed separately for each 

support, in order to avoid any competitive equilibrium, and were repeated in 

triplicates.  

Each sampled solution was then diluted 1:1000 with ultrapure water prior to 

IC analysis. The concentration of the glyphosate released (Cr) was derived 

through the calibration curve previously commented. The percentage of 
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glyphosate released (Release %) was calculated according to the following 

equation:   

𝑅𝑒𝑙𝑒𝑎𝑠𝑒% = (
1000 ∗ 𝐶𝑟

𝐶𝑚𝑎𝑥
) ∗ 100 

where Cmax is the maximum concentration that could be released from each 

support, according to the encapsulation procedure and the nominal 

glyphosate content (i.e. 40 % w/w), namely 6400 mg/L. This concentration 

was chosen to match the content of glyphosate in commercial formulations 

(e.g. 64-66% for granular RoundUp product) in consideration of the amount 

of commercial product to be applied in real applications (about 10 g of 

granules per liter, according to the manufacturer indications). 

6.2.2.6 Mathematical modelling of glyphosate release 

The profiles of glyphosate release from the studied supports were 

mathematically modelled to better understand the dissolution profile. Within 

this work, several models were evaluated, as hereafter listed. Even if all 

models were originally developed for drug delivery from polymeric and non-

polymeric supports, they are commonly applied for the release of herbicides 

[75, 76] as well. 

Zero-order model (Release % vs.  time) [77] 

The release rate is supposed to be independent from the concentration of 

herbicide, And the same amount of compound is expected to be released per 

unit of time, according to eq. 1.  

Ct = C0 + K0t   (1) 

where Ct is the amount of herbicide (mg/L) dissolved at the time t (expressed 

in hours), C0 is the initial amount of the herbicide dissolved in the solution 

and K0 is the zero-order release constant, expressed as mg/L/h.  
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Pseudo first-order model (log of Release % vs. time) [78] 

Differently to the zero-order model, in the first-order kinetic, the release rate 

depends on the concentration. The linearized model is expressed by eq. 2: 

log Ct = log C0 - Kt/2.303 (2) 

where Ct is the concentration of herbicide (mg/L) released at t time 

(expressed in hours), C0 (mg/L) is the initial dissolved concentration of 

herbicide in the media and K is first order constant (1/hour). 

Korsmeyer and Peppas model (log of Release % vs. log of time) [79] 

The Korsmeyer-Peppas model (eq. 4) can be used to discriminate between 

Fickian diffusion or non-Fickian (anomalous) diffusion [80].  The linear 

relation is expressed by eq. 3 

logCt = logK + n logt  (3) 

where Ct is the concentration of drug released at time t (mg/L), K (hour-n) is 

the release rate constant and n is the diffusional exponent (adimensional). 

This kinetic equation is claimed valid only for the first 60% of the released 

active principle [79].  

For a dispersed, non-swellable system, the value of n gives an indication of 

the release mechanism, as hereafter listed [81]: i) n < 0.5, quasi-Fickian 

diffusion, ii) n = 0.5, Fickian diffusion mechanism, iii) 0.5 < n < 1, non-Fickian 

diffusion, iv) n = 1, case II transport (zero-order release), v) n >1, super 

case II transport.  

It should be noted that for n=0.5, a Fickian diffusion is present. Accordingly, 

eq. 3 simplifies into the Higuchi’s equation (eq.4):  

Ct = KH t0.5  (4) 
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where Ct is the amount of drug released (mg/L) at time t (expressed in hours) 

and KH is the release rate constant of H (hour-1/2).  

 

6.2.2.7 Water/soil bench-scaled system  

The release of glyphosate from the most promising support among the four 

tested (Al-MMT) was evaluated in a real soil/water system and compared in 

parallel with the release of glyphosate from a commercial formulation. Soil 

was collected from a public garden in the town of Torino (Valentino Park) and 

was chosen to have the representative composition of typical soils intended 

for horticulture uses [82], where glyphosate is mostly employed. In detail, 

0.25 g of each formulation was added to 15 g soil/15 ml tap water dispersion 

in a glass bottle. pH of the suspension was measured and was equal to 6.8. 

At selected times after herbicide application (from 0 min to 7 days, as for the 

water release studies), the bottles were hand-shaken, the contents were 

allowed to settle, and 100 µL of the supernatant solution were filtered and 

analysed by IC to determine the glyphosate concentration released. The 

periodic sampling of such a small amount of supernatant was assumed not 

to have any influence on the release pattern. Release kinetics were evaluated 

in triplicate.  

6.2.3. Results and Discussions 

6.2.3.1 Physicochemical characterization 

The Incipient Wetness Impregnation technique is a protocol frequently 

exploited for the encapsulation of active principles in supporting materials, 

since it does not require specific reagents or procedures, and since it 

guarantees quantitative impregnation of the supports [6].  

To investigate how glyphosate was encapsulated in the tested materials, 

physicochemical characterization of SBA-15, MMT and Al-MMT was 

performed. 
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Specific surface area (SSABET) and pore volume of each substrate, obtained 

by nitrogen sorption analysis before and after impregnation (Figure S1, S2 

and S3 in the Supplementary Material) are reported in Table 6.2.  

 

Table 6.2. Specific surface area (SSA) and pore volume of the four tested 

materials, before and after the encapsulation of glyphosate. Brunauer–

Emmett–Teller (BET) model was used for calculations. 

 SSABET  

(𝒎𝟐/g) 

Pore volume 

(𝒎𝟑/g) 

SBA-15 701 0.99 

SBA-15 impregnated 492 0.74 

MMT  279 0.42 

MMT impregnated 83 0.15 

Al-MMT 250 0.26 

Al-MMT impregnated 6 0.017 

 

The three sorbents cover a wide range of porosity (from 0.26 to 0.99 m3/g 

pore volume and from 250 to 700 m2/g SSA).  

The impregnation with glyphosate resulted, for all the supports, in a 

significant modification of nitrogen adsorption-desorption isotherms (Figure 

S1, S2 and S3 in the Supplementary Material) and a reduction of SSA and 

pore volume (Table 1). These results indicate the location of glyphosate 

molecules inside the mesopores of the materials. This evidence is dramatic 

for Al-MMT (around 98% and 96% reduction of SSA and pore volume, 
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respectively), suggesting that in this case the original mesoporous structure 

has been fully occupied by the herbicide. Indeed, the adsorption-desorption 

isotherms of N2 on Al-MMT (Figure S1) reveal that the hysteresis loop, typical 

of disordered mesoporous materials, almost disappeared after the inclusion 

of glyphosate (red-triangled line).  

The almost complete filling of pore volume for Al-MMT by glyphosate, at 

variance with SBA-15 and MMT, is in agreement with the lowest pore volume 

measured for Al-MMT (0.26 m3/g) when compared to those of SBA-15 (0.99 

m3/g) and MMT (0.42 m3/g), considering that the same amount of glyphosate 

(0,40 g) per gram of support is present in the three impregnated materials. 

In order to characterize the glyphosate in SBA-15, MMT and Al-MMT, XRD 

measurements were also performed (Figure 6.10).  
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Figure 6.10. XRD patterns of glyphosate (A) and post-impregnated support: 

B - SBA-15, C- MMT, D- Al-MT. Black arrow points the main peak of crystalline 

glyphosate (2θ = 8.9°)  

 

Results showed that the main peak of crystalline glyphosate (2θ = 8.9°, 

Fig.6.10A) is absent for all sorbents (6.10B, 6.10C, 6.10D). The lack of 

crystalline glyphosate signal is indicative for a complete amorphization of 

glyphosate. This is ascribed to the location of molecules inside materials 

mesopores, preventing crystallization [83] , and to their interaction with the 

surface sorbents.  

The location of glyphosate molecules inside mesopores was confirmed by 

small angle XRD patterns (see Supplementary Material). In details, to what 

concern SBA-15 a decrease of the intensity of the peak (100) is observed, 

being indicative of the pore filling, in agreement with the decrease of the 

scattering contrast between the pores and the walls [84]. As far as MMT and 

Al-MMT are concerned, the location of glyphosate molecules in the interlayer 

spacing of the clays is evidenced by the vanishing of the typical basal peak 

(related to d001), indicating that the interlayer has expanded due to the 

inclusion of glyphosate [83].  

 



170 

 

6.2.3.2 Desorption tests in ultrapure water 

 

 

Figure 6.11. Desorption kinetics of glyphosate in ultrapure water from 

impregnated supports SBA-15, MMT and Al-MMT. For an easier 

comprehension, sampling time is expressed both as minutes and hours in the 

lower and upper X axis, respectively. Experimental conditions are detailed in 

Experimental Section.   

 

Ultrapure water (pH 6.5) was chosen as the first aqueous medium to be 

tested in order to avoid any competition of external species which could affect 

the release of glyphosate from supports.  
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The dissolution profiles of glyphosate in ultrapure water from SBA-15, MMT 

and Al-MMT are shown in Figure 6.11. The values on the left y-axis are given 

as percentages of the total amounts of glyphosate present in the dissolution 

vessel and, for all release curves, a 100% release corresponds to 6400 mg/L 

glyphosate concentration (for more details, see Experimental Section, 6.2.2).  

When focusing on the short sampling times, it is observed that more than 

50% of the glyphosate is released from both SBA-15 and MMT after only 30 

seconds, reaching a quantitative release after 10 minutes. Hence, no 

prolonged release of the herbicide was observed for such sorbents. For SBA-

15, less than 10% of the herbicide is still retained after 5 minutes and a 

complete released is observed after 10 minutes of contact with water, 

suggesting that weak interactions occur between glyphosate molecules and 

SBA-15 surface. This behaviour is in agreement with adsorption results 

previously obtained [17], showing negligible interactions between glyphosate 

and SBA-15 at neutral pH, whereas partial adsorption was observed only at 

acidic pH (see next paragraph).  

A similar behaviour was observed also for MMT (96.9% release after 10 

minutes). Despite several works report that selective interactions between 

glyphosate and MMT can occur, in particular at acidic pH (< 4)  [85, 86], 

desorption tests here presented are performed at a neutral pH, which is 

higher than the point of zero charge (PZC) of MMT (about 3.4). In such 

conditions, the clay mineral surface is negative [85] and the negatively 

charged glyphosate [17] could hardly be retained by the negatively charged 

surface adsorption sites due to electrostatic repulsion. Such behavior is 

responsible for the fast and quantitative release rate of glyphosate within the 

short sampling time.        

Differently to what previously discussed for MMT and SBA-15, the trend of 

Al-MMT indicate a slower kinetic release. Indeed, after 2 minutes only 28% 

(of impregnated glyphosate was released in the solution from Al-MMT, 
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suggesting that the interactions between the herbicide and the support are 

stronger than those occurring in SBA-15 and MMT. To explain this behavior, 

it should be mentioned that Al-MMT is characterized by the presence of Al3+ 

ions that could be complexed with glyphosate, mainly through phosphate-Al 

interaction [87], forming monomeric and dimeric complexes [88]. This 

interaction is, therefore, proposed to be responsible for the slower release of 

the herbicide from Al-MMT.As regards the releasing mechanism, it should be 

mentioned that the complexation constants of Al-glyphosate are lower than 

Al-H2O constants [88]. Hence, a competition of water molecules, interacting 

with aluminium, could occur.   

 Al-MMT system exhibits a prolonged release of glyphosate which 

appears appealing for the proposed application. The slow release observed 

for Al-MMT is ascribed to strong interactions between glyphosate molecules 

and internal surface of the support. Moreover, the diffusion of glyphosate 

molecules from the internal pore structure may at same extent control the 

release. The location of glyphosate molecules in the interlayer spacing of the 

pillared clay is evidenced by the XRD pattern at small angles (Figure S6 in the 

Supplementary Material), as previously discussed. The release of glyphosate 

by Al-MMT is in agreement with the work of Siepmann and co-workers, in 

which the drug release was shown to be kinetically longer for supports in 

which the active principle was encapsulated in the material core [89].  

 The performances of Al-MMT (20% of the herbicide still inside the 

support after 7 days) were compared with those reported in the only two 

literature papers on the release of glyphosate. Data show that Al-MMT 

exhibits better or at least similar prolonged release performances (i.e. slower 

dissolution profiles) than biochar-attapulgite (quantitative glyphosate release 

of glyphosate after 2 hours) [66], and supramolecular organic guest 

intercalated layered double hydroxides (40% release after 24 hours) [67] 

systems, respectively.  
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6.2.3.3 Desorption tests in simulated acid rain solution  

  

Figure 6.12. Desorption kinetics of glyphosate in 0.02M oxalic acid (pH=3) 

from SBA-15, MMT and Al-MMT. For an easier comprehension, sampling time 

is expressed both as minutes and hours in the lower and upper X axis, 

respectively. Experimental conditions are detailed in Experimental Section.   

 

Once assessed the desorption behaviours in ultrapure water, the same tests 

were replicated at pH 3, simulating worst conditions of rain acidity [90] 

(Figure 6.12).  
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The dissolution profiles of Figure 3 showed that, also at acidic conditions, Al-

MMT was the only support characterized by a prolonged release of glyphosate 

(about 13% still retained after 7 days), with a partial slowdown of the kinetic 

in comparison to the one obtained in ultrapure water (Table 6.3, column A vs 

B). A slowdown was also observed for pure MMT (Table 6.3, column C vs D), 

despite this support quantitatively release glyphosate after 60 minutes.  

 

Table 6.3. Comparison of glyphosate release up to 3 days between ultrapure 

water medium (UP) and 0.02M oxalic acid, pH3 (pH3). Gray cells show 

sampling times in which quantitative release of glyphosate is reached.   

 Glyphosate release (%) 

 
Al-MMT MMT 

 
pH3 

(A) 

UP (B) pH3 (C) UP 

(D) 

0.5 min 3.6 17.3 41.6 70.3 

1 min 4.7 21.2 46.1 75.7 

2min 6.6 25.8 61.2 85.5 

5min 11.1 26.7 78.0 88.4 

10min 17.0 28.9 85.4 97.0 

30min 28.1 39.8 90.3 97.7 

60 min 34.9 44.2 95.9 98.2 
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1 day 45.3 52.8 90.5 99.5 

2 days 52.4 69.5 97.2 99.3 

3 gg 66.1 77.6 101.5 99.8 

 

To explain the slowdown of Al-MMT and MMT kinetics, both acid-base 

equilibrium of glyphosate and surface properties of montmorillonite should 

be considered. Indeed, at pH 3 glyphosate is present with a protonated 

carboxylic, and a monovalent phosphonic group (Figure 6.13A).  
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Figure 6.13. Surface charge of Al-MMT and chemical dissociation of 

glyphosate at pH 3 (A) and pH 6.5 (B). Main interaction occurring at both pH 

values are also highlighted.  

 

Since pH conditions are lower than Al-MMT PZC (about 4.3 [91]), the surface 

of montmorillonite has to be considered positively charged  (Figure 6.13A). 

Conversely, in ultrapure water (pH around 6.5) glyphosate is present with the 

same monovalent phosphonic group but with the deprotonated carboxylic, 

(Figure 6.13B) and the surface of montmorillonite has to be considered 

negatively charged, being above its PZC. Therefore, electrostatic repulsions 

occur in ultrapure water, which instead are not present at pH 3. 

Summarizing, for Al-MMT at pH values close to neutrality, the effect of both 

P-Al interactions and electrostatic repulsion influence the release of 

glyphosate, thus justifying the lower retention of glyphosate, and hence the 

faster kinetic release, observed in respect to acidic pH conditions where only 

P-Al interactions occur. Moreover, despite the zwitterionic form of glyphosate 
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at pH3, electrostatic attractive interactions between the negative phosphonic 

group and the positive surface of Al-MMT may give a further contribution to 

the retention, besides the complexation of Al3+ ions by glyphosate. 

A fast release was observed for SBA-15 since more than 85% of glyphosate 

is released after 5 minutes. However, after 30 seconds about 35% release 

was observed at pH 3, against 55% in ultrapure water, thus supporting the 

role of surface charge also in the interaction between SBA-15 and negatively 

charged glyphosate. Indeed, pH 3 may be considered below the PZC of SBA-

15 PZC (5.2), whereas at pH around 6.5 the surface of SBA-15 has to be 

considered mainly negatively charged [92]. 

 

6.2.3.4 Desorption tests in simulated soil conditions 

Previous tests were performed without considering any competing species. 

However, the presence of the soil matrix can affect the release of glyphosate 

from encapsulating support. Competitive interactions between surface 

moieties and soil salts, such as calcium chloride [93], can be established, with 

charged species potentially promoting a faster release of the herbicide.  

Experiments were performed on Al-MMT only, since MMT and SBA-15 were 

shown to exhibit a fast release, not compatible with prolonged applications. 

Glyphosate desorption from Al-MMT in 0.01M CaCl2 solution was studied, 

roughly simulating the ionic strength of  soil solutions [93].  

Dissolution profiles obtained in 0.01M CaCl2 at pH conditions acidic (pH=3) 

and close to neutrality (pH=6.7) are reported in Figure 6.14 (triangled blue- 

and squared black- lines, respectively), together with desorption profiles 

obtained in ultrapure water and oxalic acid solution (starred green- and 

pointed red- lines, respectively) for a better comparison.  
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Figure 6.14. Desorption profiles of glyphosate 0.01M CaCl2 solution, at acidic 

(pH 3) and almost neural (pH 6.7) conditions. Release percentage in ultrapure 

water (UP water) and 0.02 oxalic acid solution are overlaid. For an easier 

comprehension, sampling time is expressed both as minutes and hours in the 

lower and upper X axis, respectively. Experimental conditions are detailed in 

Experimental Section. 

 

Results confirmed that, within the standard deviation of the measurements, 

glyphosate release is not affected by CaCl2, thus suggesting the absence of 

significant competitive interactions between Al-MMT and CaCl2. It is important 

to highlight that after 7 days, about 10-15% of the herbicide is still adsorbed 

on the support and that the prolonged release of Al-MMT is confirmed also 

when simulating soil salinity conditions. Furthermore, the slower kinetic in 

acidic conditions (as discussed in the “Desorption tests in simulated acid rain 

solution” paragraph) is still confirmed in CaCl2 solution (green and blue lines 
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-obtained in 0.02M oxalic acid solution and in CaCl2, pH3 respectively- have 

a similar trend and are well separated from red and black ones -obtained at 

neutral conditions-).  

 

6.2.3.5 Computational treatment of release data through kinetic models 

The release data of glyphosate from Al-MMT in soil simulating conditions (at 

both neutral and acid conditions) were fitted to different kinetic models, 

namely zero-order, first order and Korsmeyer–Peppas models described in 

Paragraph “Mathematical modelling of glyphosate release” (Experimental 

section). For each of the above-mentioned model, fitting equation, R2 values 

and release constants were determined (Table 6.4). 

 

Table 6.4. Modelling of glyphosate release data from Al-MMT in 0.01 CaCl2, 

at pH 6.7 and pH 3 

Kinetic model Test 

conditions 

Linearized fitting 

equation 

R2 K 

Zero-order 

CaCl2, pH 6.7 Ct=34.61 + 0.39t 0.65

26 

0.3

9 

CaCl2, pH3 Ct=19.45 + 0.43t 0.83

62 

0.4

3 

Pseudo first-

order 

CaCl2, pH 6.7 logCt = 1.80 - 0.005t  0.67

64 

0.1

2 
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CaCl2, pH3 logCt = 1.90 - 0.004t 0.83

98 

0.0

9 

Korsmeyer–

Peppas 

CaCl2, pH 6.7 logCt = 1.61 + 0.21logt  0.99

02 

0.9

4 

CaCl2, pH3 logCt = 1.48 + 0.32logt  0.99

47 

0.3

3 

 

Results clearly show that glyphosate released from Al-MMT follows the 

Korsmeyer–Peppas kinetic equation. Indeed, for both neutral and acidic pH 

conditions, R2 for zero-order and first-order model ranges from 0.65 to 0.84, 

while the first seven datapoints (representing release of up to approximately 

60% of the loaded glyphosate) showed a R2 value higher than 0.99 when 

computed by Korsmeyer–Peppas model.  

Korsmeyer–Peppas n diffusional exponent was consequently calculated, 

obtaining n=0.21 and 0.32 for neutral and acidic pH conditions, respectively.  

Accordingly, the release of glyphosate from Al-MMT support appears to be 

diffusion controlled, following a quasi-Fickian model.  

Finally, the release rate constant (K) is equal to 0.94 hours-0.21 and 0.33hours-

0.32 for neutral and acid pH, respectively. The kinetic parameters obtained 

were used to calculate release of glyphosate according to the Korsmeyer and 

Peppas model (Figure 6.15) which was in satisfactory agreement with the 

experimental data.  
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Figure 6.15. Release kinetics for glyphosate from Al-MMT. Experimental and 

calculated values according to linearized Korsmeyer and Peppas model. 

 

  To the best of our knowledge, no other studies investigating the kinetic 

models describing the release of glyphosate in controlled release applications 

are nowadays present in literature.  

6.2.3.6 Real sample application 

The efficacy of Al-MMT in the controlled release of glyphosate was finally 

tested in a bench scale plant. A laboratory self-made system was setup with 

a glass bottle filled with a known aliquot of tap water (typically used for 
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irrigation) and soil according to the procedure previously described (see 

“Water/soil bench-scaled system” paragraph in Materials and Method Section, 

§2.7). Through this apparatus, the release of the herbicide was assessed 

considering not only the dissolution in water medium, but also the competitive 

adsorption equilibrium of soil, thus simulating a real application in field or in 

a flowerpot. Releasing performances of impregnated Al-MMT were compared 

with those of a glyphosate commercial formulation and both kinetic plots are 

represented in Figure 6.16: 

 

Figure 6.16: Desorption profile of glyphosate in bench scaled system (tap 

water/soil suspension, pH 6.8) from Al-MMT. Releases from glyphosate 

commercial formulation and from Al-MMT in CaCl2 media, at pH 6.7 were 

compared. For an easier comprehension, sampling time is expressed both as 

minutes and hours in the lower and upper X axis, respectively. Experimental 

conditions are detailed in Experimental Section. 
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As shown by the dissolution curves, the bench system confirmed the good 

performances of Al-MMT as support for the prolonged release of glyphosate, 

with about 40% of the herbicide still retained after 3 days. The presence of 

a complex matrix such as real soil particles does not significantly affect the 

release trend. Moreover, the releasing kinetic of Al-MMT is clearly slower than 

the one obtained with the commercial formulation, which was almost 

quantitatively dissolved within 30 seconds after its application (89%). It 

should be remarked how, in the presence of soil particles, the observed final 

release of glyphosate applied as commercial formulation is less than 100%, 

probably due to the herbicide adsorption by the soil particles [94]. 

6.2.4. Conclusions 

Mesoporous silica and clay supports were innovatively presented as releasing 

systems of glyphosate for application in soils. This practice has the advantage 

to avoid air-dispersion pollution and worker exposure to glyphosate. This 

study highlighted that the enhancement of interactions between the support 

and glyphosate is of paramount importance to achieve a prolonged release 

of the herbicide. In this regard, the Al-MMT system proved to be the most 

promising encapsulating support due to: i) Al-glyphosate complexation 

(through phosphorous moiety); ii) electrostatic interactions bewteen 

glyphosate and clay surface. Release performances of Al-MMT support (about 

10-20% of glyphosate still retained on the support after 7 days) were 

confirmed both in ultrapure water, and in experimental conditions simulating 

acid rains and soil composition and was poorly affected by any competitive 

interaction between the Al-MMT surface and other species. The non-uniform 

particle size distribution of Al-MMT promoted a semi-Fickian diffusion 

mechanism which is responsible for the release of glyphosate from the 

support, as described by the Korsmeyer–Peppas equation (n diffusion 

exponential < 0.5).  The bench scale application of Al-MMT in a tap water/ 
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soil suspension system fully demonstrated the applicability of Al-MMT in the 

prolonged release of glyphosate in real world applications. 
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