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ABSTRACT 

 
Different Approaches to investigate the interfacial interactions between Natural Organic 

Matter and Metal Oxide Matter  

Noor Zaouri 

A variety of approaches were conducted to obtain a comprehensive understanding of the 

adsorption of Natural Organic Matter (NOM) isolates on metal oxides (MeO). Adsorption 

experiments with a series of small molecular weight (MW), oxygenated, aromatic organic 

acids were performed with Aluminum oxide (Al2O3), Titanium oxide (TiO2), and 

Zirconium oxide (ZrO2) surface. The experiments were conducted in batch mode at pH 

4.2 and 7.6. The adsorption of simple organic acids was described by Langmuir model, 

and exhibited strong dependence on the relative abundance of carboxyl group, 

aliphaticity/aromaticity, length of alkyl chain, and the presence of hydroxyl group. The 

adsorption of the model compounds was high at low pH and decreased with increasing 

the pH. Isolated NOM fraction of strong humic character, i.e., hydrophobic (HPO) (high in 

MW, aromaticity, and acidity), i.e., Suwannee River fulvic acid (SRW HPO), showed strong 

adsorption on all MeO.  However, fractions with similar acidic character, and lower MW 

exerted weak adsorption. NOM fraction that incorporated polysaccharides and proteins 

like structures (i.e., biopolymers) was not significantly adsorbed compared to HPO 

fractions. Interestingly, biopolymer adsorption on Heated Aluminum oxide particles 

(HAOP) was higher than that on Al2O3, TiO2, and ZrO2.  

These different adsorption profiles were related to their physicochemical characteristics 

of NOM and MeO, and thus, showed different interacting mechanisms and were studied 

by Atomic Force Microscopy (AFM). Hydrogen bonding was suggested as the main 

mechanism between NOM of strong hydrophilic character (i.e., biopolymers) and Al2O3, 
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TiO2 and ZrO2 coated wafers. The strength of the hydrogen bonding was influenced by 

the hydrophilicity degree of MeO surface, ionic strength, and cation type. NOM fractions 

with strong humic character showed repulsive forces that are electrostatic in nature with 

MeO of high negative charge density. Hydrogen bonding and ligand exchange 

mechanisms are proposed to control the adsorption mechanism at high ionic strength 

with less negatively-charged MeO surface. Strong interactions forces was recorded 

between NOM molecules with different properties, more specifically with high MW humic 

and non humic fractions. These forces are controlled by cation type, and NOM chemical 

structure.  
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Chapter 1  
Literature review 

1. Motivation 

During the 1980’s, major efforts were conducted for producing inorganic membrane, and 

the gained knowledge was applied for the production of low-pressure ceramic membrane 

and introduced in industrial separation in 2006 [1].  As this ceramic membrane has 

mechanical stability, several investigations were working on introducing these 

membranes in treating more challenging water (e.g., sea water) [2, 3]. However, the main 

obstacle is the accumulation of Natural Organic Matter (NOM) that is ubiquitously 

present in natural waters on the surface of membrane that induces organic fouling and 

low performance.   

Previous studies have introduced metal oxide (MeO) particles, i.e. iron oxide, alumina 

oxide and manganese oxide, as pre-absorbents in different forms to prevent fouling of 

ceramic and polymer membranes by removing organics from feed waters [4, 5].  Other 

works confirmed that NOM from different waters show dissimilar adsorption affinity on 

MeO under different conditions (i.e., pH, ionic strength and cation type) [6-9]. Therefore, 

based on the above, it is important to understand the interaction of NOM with the surface 

of ceramic membranes (i.e., MeO) to prevent organic and biofouling event.  Consequently, 

covering a large range of NOM with several MeO material that are well characterized will 

add additional knowledge in the interface between NOM and ceramic membrane. 

2. Introduction   

The growing population in the world leads to increasing demand of energy, water, and 

food. Different sources are nowadays utilized for drinking water production, i.e., waste 

water, ground water, rainwater, river water, and sea water.  
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Ultra-filtration and micro-filtration ceramic membranes are utilized today for a large 

domain in water pre-treatment applications including surface water and industrial waste 

water (e.g., food industry) [10]. Because of the high thermal, mechanical, and chemical 

stability, ceramic materials are well suitable for challenging water treatment, i.e., 

hazardous waste treatment, oil/water separation, and industrial wastewater. Flux 

through ceramic membranes could be recovered easily after fouling because ceramics 

can resist harsh thermal and chemical cleaning approaches. Ceramics provide the 

opportunity for extended membrane lifetimes even after radical fouling and cleaning 

conditions [11].  

One of the problematic issues in ceramic membrane technology is organic fouling, which 

is a major obstacle in its performance [12-14]. Although the membrane is periodically 

cleaned physically by permeate backwashing, or chemically enhanced backwashing, 

some organics accumulate or adsorb onto/into the membrane during long-term 

operation. The accumulation of these organics results in permeability loss, reversible and 

irreversible membrane fouling [2, 14-16]. In consequence, controlling the irreversible 

fouling associated to organic adsorption is essential to improve performance and reduce 

the operation cost of membrane processes. 

Organic fouling is caused by NOM adsorption on the membrane surface or in its pores due 

to the intermolecular interaction with MeO [17]. Factors that possibly altering membrane 

fouling caused by NOM include the following: NOM nature, solution condition, and 

membrane character [18-20]. The nature of NOM is related to its molecular size, 

hydrophobicity, charge density, and isoelectric point. The physicochemical properties of 

membranes include hydrophobicity, charge density, surface roughness, and porosity [16, 

19, 21]. The characteristics of the solution phase, such as pH, ionic strength, and presence 

of specific metal, can affect the NOM/membrane interaction [22-24]. NOM that 
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accumulates on the surface of membrane was characterized after isolation (scrapping, 

backwash) or directly from surface of the fouled membrane. Several studies defined that 

biopolymers (i.e., a mixture of high molecular weight carbohydrates, proteins and lipids) 

cause irreversible organic fouling on polymeric and ceramic membranes [3, 23, 25, 26]. 

Chen et al. (2006) found that aliphatic components of NOM were present in the fouling 

layer on ceramic membrane [24]. Zhu et al. (2012) found that the irreversible organic 

foulants on ceramic membrane may include polysaccharides, humic acid, and other 

biopolymers [2].  

Pre-treatments of the feed water have not been positive regarding membrane fouling 

control. Several pre-treatment steps such as coagulation and adsorption onto powdered 

activated carbon were able to remove a portion of NOM, however, the results on 

membrane fouling control were found to be ineffective in some cases [22]. Coagulation 

removes preferentially the most hydrophobic NOM fraction. Similarly, adsorption onto 

powdered activated carbon (PAC) is not effective in removing colloidal NOM, which can 

also cause significant membrane fouling [27].  

Thus, alternative approaches have reported the strong effect of micro-granular 

adsorptive filtration (μGAF) system, referring to the deposition of reusable MeO particles, 

i.e., iron oxide or heated iron or aluminum oxide particles (HIOPs/HAOPs) on the 

membrane surface to effectively minimizing membrane fouling [22, 27, 28]. Kim et al. 

(2010) stated that adsorption of NOM onto synthetic adsorbent deposited on membrane 

surface can reduce fouling by preventing organics from reaching the membrane for both 

seawater and fresh waters [27]. Cai and Benjamin (2011) showed that the HAOPs layer 

placed on the surface of polyethersulfone membrane allowed a significant removal of 

alginate that was used as a surrogate of polysaccharides [23].  Another study used 
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hematite on UF ceramic membrane surface. The results showed that NOM removal was 

high for water with high SUVA value (specific UV absorbent at 254 cm-1) [28].   

3. Objective  

The main goal of this dissertation was to provide a better understanding of the 

interactions of different NOM fractions at the interface with MeO to contribute in 

minimizing organic fouling event on ceramic membrane. This goal was achieved by 

investigating a large variety of organic matter isolates covering a wide range of 

hydrophobic/hydrophilic character and structure (i.e., going from simple compounds to 

complex structures, and NOM fractions isolated from surface waters and algal exudates). 

MeO of different nature and material (i.e., aluminum, zirconium and titanium oxides) and 

conformation (i.e., thin homogenous layer and particles) was selected with the objective 

to complement static (Atomic Force Microscopy-AFM) with dynamic (adsorption 

isotherm) experiments.   

4. Background 

4.1. Natural Organic Matter (NOM) in water   

Natural Organic Matter (NOM) is ubiquitous component of surface and ground water. The 

components, the character and abundance of NOM are related to the source and the 

surrounding environment, producing variations in acidity, molecular weight (MW) and 

charge density [29, 30]. There are two main sources of NOM in water, i.e., autochthonous 

and allochthonous sources [31]. Autochthonous NOM is produced in the aquatic 

environment from cellular constituents of ethnic aquatic organisms [32]. NOM originated 

of these sources is typically rich in organic nitrogen and aliphatic carbon that is 

characterized with less UV absorbance at wavelength 254 cm-1 [32, 33].   

Whereas the allochthonous NOM originates of terrestrial sources from the soil, which 

erosion leaches it into rivers, lakes and oceans [34]. Zheng et al. (2014) reported another 
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source of NOM, called anthropogenic source, which is formed from agricultural, industrial 

and domestic waste water [35].  

NOM composition is highly variable, it is expected to consist of six major compounds 

classes including humic substances or HS (i.e., humic and fulvic acids), hydrophilic acids, 

carboxylic acids, amino acids and biopolymers (i.e., colloidal carbohydrates and 

hydrocarbons) [36].  

The previous fractions or compounds can be categorized based on their hydrophobicity. 

Based on Figure 1-1, HS is the part of NOM that adsorb onto XAD-8 resin (acrylic nature 

and is slightly polar) in acidic conditions [37, 38]. The molecular weight (MW) ranging 

from 0.2 to 20 kDa [29, 39]. HS incorporate high MW aromatic structures that enriched 

in oxygenated functional groups, e.g., carboxylic acids and phenolic group. HS are 

responsible for the brownish/yellowish color detected in the water. Based on HS 

structure, it is considered the most hydrophobic fraction of the NOM in waters [32].  

 

Figure 1-1: The RO/XAD-8 & XAD-4 resins protocol for NOM isolation from water [37] 
 

HS consist of 10% humic acid (HA) and 90% fulvic acids (FA). HA is insoluble at pH < 2, 

while FA is soluble at low pH values. FA consist of polycarboxylates of different level of 
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aromaticity and molecular mass, their abundance in NOM makes fulvic material the 

largest source of mobile organic carbon on earth [40]. The MW of FA is from 600-1000 

Da [41]. Non-humic substances are the part of NOM that adsorb partially on XAD-4 resin 

(non-polar) at acidic pH after XAD-8 resin as shown in Figure 1-1.  It is called humic-like 

substances or Transphilic matter (TPI) as it consists of complex structure showing 

similarities to HA [29, 42]. This fractions has intermediate polarity between the 

hydrophobic and hydrophilic fraction [43].  

Hydrophilic organic matter (HPI) is the fraction that do not adsorb onto both XAD-8 and 

XAD-4 resins and include low MW acids, bases and neutrals [44].  

Colloidal fraction (i.e., high MW hydrophilic fraction) is the part of NOM that do not 

adsorb on XAD-8 and XAD-4 resin due to exclusion phenomenon because of the large 

molecular structure [37]. 

Biopolymer fraction, i.e., colloid is a high MW fraction with MW approximately > 20,000 

g/mol (higher than HS)[45]. Several studies agreed that the carbon distribution of this 

fraction is dominated by carbohydrates (i.e., polysaccharides), proteins and amino sugars 

with different proportion depending on the source [3, 37]. Leenheer et al. (2004) showed 

that most biopolymer fraction of NOM isolated from Great Salt Lake is composed of amino 

sugar compounds derived from bacterial and algal cell walls (N-acetyl polysaccharides) 

[43].   

A study focused on the characterizing of biopolymer product of the extracellular matter 

from a Marine algae.  Pyrolysis-GC-MS analysis showed that a significant number of the 

pyrolysis by-products (e.g., furans, furfurals, cyclopentenones, and levoglucosenone) 

identified from the thermal degradation are originated from polysaccharide structure 

[46]. Another study identified a high presence of hydrophilic compounds (i.e., 

polysaccharides) and hydrophobic proteins in the extracellular organic matter from 
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algae. Also, they found that this fraction exert low SUVA value (specific UV absorbance at 

254 cm-1) because of lacking of the aromatic structure [39, 45].  Zheng et al. (2014) 

suggested that high MW hydrophilic fraction reveals abundance in carbonyl-C, anomeric 

–C and O-alkyl-C carbon and lower abundance of aromatic carbon in their structure [47].    

HS fraction with MW ~ 1000/2000 g/mol incorporates a significant proportion of 

aromatic structures as indicated by the high UV absorption at 254 nm-1 [39]. HS are well 

known with high SUVA value, as they are rich with aromatic carbon that originated from 

lignin and tannin [29]. Intensive characterization was done by Leenheer (2009) on HS 

fractions isolated from surface waters. He showed that the infrared spectra of HS are 

generally dominated by OH group stretches, C=O group stretches, and C-O stretches. Also, 

HS are expected to have low C/N ration, which is an indicator of the low nitrogen content, 

as indicated by elemental analysis [48].   

As showed by spectroscopic analysis, i.e., fluorescence excitation-emission matrices, 

fulvic and humic-like regions are aromatic and hydrophobic, containing partially 

degraded lignin phenyl-propanoids, O-alkyl, carboxylic acids, amides, and thiols [49].  

Because of the diverse mixture of material in catchments in waters, HS can vary greatly 

in size and aromaticity [50]. HS consist of different polymers. They are made from a 

polycyclic core, weakly bound polysaccharides, peptides, phenols and chelated metals. 

They contain hydroxyl (-OH), carboxyl (-COOH), amine (-NH2), and phenolic functional 

groups [29, 37].  

HS are highly negatively charged as they dominated by carboxyl groups that distributed 

in their structure as indicated by electrophoretic mobility (EMP) reading (i.e., Zeta 

potential).  Many investigations suggested that the total negative charge is the result of 

ionized carboxyl groups in the structure of fulvic acid (FA) [51, 52]. Aubry et al. (2013) 
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found that the negative charge extend on 3 FA fractions from diverse sources was 

significantly different as shown in Figure 1-2 [51].  

 

Figure 1-2:  Electrophoretic mobility for FA (CRW HPO, SRW HPO and GRW HPO) and non humic NOM 

(BRW COL) measured with dynamic light scattering (DLS) in NaCl solution [51] 

 
Biopolymers fractions (i.e., BRW COL) with MW higher than HS have the opposite charge 

character of FA fraction, where the content of the negative charge is significantly lower 

than FA. Gutierrez et al. (2015) found that the EMP of a biopolymer fraction that was 

isolated from waste waters showed a value of -1 µmcmv-1s-1, and -2.4 µmcmv-1s-1 for river 

HS in NaCl solution [52]. They related the low charge character of the biopolymer to its 

chemical structure. This fraction is considered a hydrophilic fraction enriched in alcohol 

groups with low abundance of aromatic structures and carboxyl groups (i.e., large 

presence of aliphatic structures) [29, 37, 43].  

TPI fraction of NOM that has similar character with HS, however with lower MW [39]. The 

MW is around 300-500 g/mol [39]. TPI fraction contains of highly polar short chain 

carboxylic acids [53, 54]. Ma et al. (2001) showed that the fraction of NOM that did not 

adsorb on XAD-8 resin (MW less than HS) almost devoid of small aromatics structures, 
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and contained more simple compounds than HS and biopolymers [38]. This fraction is 

expected to consists of short chain amines, alcohols, aldehydes, ketones and esters [55]. 

The small hydrophilic fraction (HPI) exert MW < 350 g/mol [39]. This fraction is 

distinguished by nitrogenous structures and oxygenated functional groups [37]. 

Intensive characterization work was done by Leenheer et al. (2003) found that LMW 

fraction consists of amino sugar acids that have low SUVA. These amino sugars are 

derived from chitin, bacterial cell-wall peptidoglycans, and glycoproteins based on strong 

methyl of the N -acetyl groups signal in 13C-NMR spectra [43].  In contrast, a study 

reported that the HPI fractions show similar infrared spectra as polysaccharides, 

suggesting that a portion of biopolymers are part of HPI fraction [55]. Another study 

showed that the LMW fraction exert low SUVA (i.e., 2.7 L/mg C m)[47]. The low SUVA was 

attributed to low aromatic moieties and predominate in small carboxylic acids [37].   

Nowadays, size exclusion chromatography, i.e., Liquid Organic Carbon Detector (LC-

OCD), is a method used to identify NOM fractions in waters. The organic carbon 

distribution varies according to the MW. This instrument is equipped with three 

detectors, Organic Carbon Detector (OCD), UV Detector (UVD) with a fixed wavelength of 

254 nm, and Organic Nitrogen Detector (OND). Five NOM fractions can be identified, the 

higher the retention time the lower the MW of the organic molecule (Figure 1-3). 
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Figure 1-3: LC-OCD chromatogram of a surface water (River Pfinz, Karlsruhe, Germany) with OCD, UVD, 

and OND [39] 

The first band with a retention time of 30-35 min refers to the biopolymer (BP) fraction, 

i.e., colloids. HS fraction with retention time ranging from 40 to 45 min also exerts high 

UV absorption at 254 cm-1 (aromatic moieties indicator). Building blocks peak (BB) 

comes after the HS as a shoulder with retention time near 50 min. Low MW acids (LMW 

acids) elute around 55 min. Finally LMW neutrals are eluted at the end of the 

chromatogram [56]. 

Figure 1-3 present a typical NOM profile of surface water (River Pfinz, Karlsruhe, 

Germany) studied by Huber et al. (2008). This NOM predominant with fractions show 

high UV254 absorption, indicating the high aromatic content, more specifically with peak 

eluted at 45 minutes. Except in the first peak of the OCD profile, which corresponds to 

biopolymers (high MW structure). In this water, biopolymers shows almost no UV signal, 

because of the week presence of aromatic structure. However, a small signal of nitrogen 

is displayed in the OND profile. The nitrogen signal is an indicator of polysaccharides 

presence, as it basically reflect the input of nitrogenous material, i.e., proteins or amino 

sugars[39].  
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The peak eluted at 45 min reflect a strong humic character based on the MW and high UV 

absorption. Afterword, the band eluted after the HS is considered BB (lower MW than HS) 

[39]. Its structure considered originated of the breakdown products of humics [53].  

A study reported sea water NOM profile similar to the OCD in Figure 1-3. Where the NOM 

profile show majority of humic (51.2 %) and building blocks (20.5%). The only difference 

is the weak UV signal, as HS from marine water are known to exert low aromatic content 

[57].  

4.2. Metal oxide 

Metal oxides have polar charged surfaces. They are defined as amphoteric particles, 

meaning that both positive and negative charges can be present on the surface with their 

ratio relying on the surrounding solution condition.  

MeO surface is transformed when exposed to aquatic environment by developing specific 

surface electrical charge. Surface charge formation is a proton equilibrium between the 

MeO surface and the solution, and their equilibrium is determined by the acid-base 

properties of hydroxyle group. The charge magnitude on MeO surface is depend on pH 

and electrolyte concentration [58, 59]. The main difference between the types of surface 

hydroxyl groups is the number of metal ions to which the hydroxide ion is coordinated 

[60]. Based the coordination number and metal ions valence, the surface hydroxyl groups 

may well be bound to 2, 1, 1/2, and 1/3 metal atoms (Figure 1-4)[61]. 

 

Figure 1-4: Presentation of possible hydroxyl structures on MeO surface [61] 
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Different hydroxyl group structure on MeO surface will alter their acid/base properties. 

For example, bridging hydroxyl groups (type 1) are stronger acids than the terminal 

groups (type 2). Likewise, type 2 hydroxyl groups are more acidic than type 3 and type 4 

hydroxyl groups [61]. Based on IR spectroscopy studies of ZrO2, the tri-bridged OH 

species on ZrO2 are suggested to be two species [62, 63], and signs of multiple tri-bridged 

species have been reported. The OH species vary slightly in their acidic character and 

their behavior upon calcination at 600–900°C [64] as changing the temperature 

influences the crystal structure of the metal oxide. Martara (2000) investigated the OH 

sites on TiO2 Merck surface, he indicated that the different surface structure and 

morphology of the microcrystals alter surface anions properties [65]. 

Charge density is one of the important parameters of MeO surfaces, more particularly in 

water interface. Charge density and behavior can be determined by identifying the pH of 

zero charge of a surface (pHPCZ) or the isoelectric point (IEP) of MeO surfaces [66]. At 

pHPZC, protonated positive surface sites are balanced by an equal number of de-

protonated negative surface sites [4, 5]. The IEP is defined as the pH where the ZP is zero. 

The IEP and pHPZC are the same when the electrolyte is indifferent, that is, the ions are 

not specifically adsorbing [58]. Several investigations reported the pHPZC or IEP as a tool 

for the determination of chemical properties of MeO [6], as this type of work have an 

important role in the adsorption density of NOM fractions on MeO surface and organic 

fouling of ceramic membranes [67-69] 

Many methods and instruments were used to measure and identify the pHPZC/IEP for MeO 

surface, e.g., potentiometric proton titration (acid/base titration), and streaming 

potential. The charge density is measured under the influence of different concentration 

of electrolyte solution under a large range of pH. The pHPZC or the IEP of MeO surface is 

the result of the intersect of the developed curves as showed in Figure 1-5.   
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Figure 1-5: α-Al2O3 surface charge at different ionic strengths of NaNO3 measured by potentiometric 
titrations (acid/base titration) [69] 

 
 
The pH of zero charge or isoelectric point of Alumina oxide (Al2O3) and Titanium oxide 

(TiO2) are well documented for different samples, i.e., commercially available samples or 

synthetics. The reported values for Al2O3 are around 9 and 6 for TiO2, regardless of the 

electrolyte type and concentration [66]. ZrO2 is known to exist as three polymorphs at 

different temperatures: monoclinic, tetragonal, and cubic [70].  The pHPZC of ZrO2 was 

reported as 5.5 and the isoelectric point (IEP) at pH 5.8. Table 1-1 summarizes some 

values of pHPZC obtained for synthetic and commercially available MeO powder done by 

various research groups. 
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Table 1-1: pHPZC of MeO powder reported in the literature  

MeO material Charge character Method Reference 

Al2O3 nano particles pHPZC = 9.4 
Laser Doppler 

Electrophoresis unit 
[69] 

α - Al2O3 pHPZC = 9.6 
Potentiometric 

titrations 
[71] 

α-Al2O3 (99.99% pure) pHPZC 8.2 
Potentiometric 

titration 
[72] 

TiO2 (P25) nano-particle 
with 27 nm size 

IEP= 6.2 
Measuring the ZP in 

NaCl (1, 10, 100 mM) 
solution 

[73] 

TiO2 (anatase and rutile) pHPZC= 5.8 
Potentiometric 

titration 
[74] 

ZrO2 with 149.65 m2 g-1 

surface area (200 ⁰C 
calcination temperature) 

pHPZC =7.9 
Potentiometric 

titration 
[75] 

ZrO2  (monoclinic) pHPZC= 7.9 
potentiometric 

titration 
[76] 

ZrO2 provided by INVAP 
(Bariloche, Argentina) 

pHPZC= 6.0 
electrophoretic and 

potentiometric 
titration 

[77] 

ZrO2 provided from BDH 
chemicals (England) 

pHPZC= 3.9 
potentiometric 

titration 
[78] 

 

Few points were highlighted during the investigation of the pHPZC of MeO. Regazzoni et 

al. (1983) looked at the interfacial properties of a mixture of ZrO2 and ferric oxide by 

electrophoretic and potentiometric methods and reported pHPZC values between 6.0 and 

6.4 based on their results from three different techniques [77].   

Palmer et al. (2009) studied the adsorption of Li+, Na+, K+ and (CH3)4N+ on ZrO2 surface 

in solution with temperature ranged from 25 to 290 °C at different ionic strengths 

controlled by NaCl. After several surface titrations they found that the surface charge 

increases and pHPZC decreases with an increase in temperature, where pHPZC reached a 

minimum of 4.1 by 250 °C [76].  

The form of oxides of certain metal may vary in their hydration degree and the 

crystallographic form (exposition of different faces) and it could be influenced by 

calcination temperature [79, 80]. It is likely that differences in surface preparation and 

cleaning techniques result in different surface structures, therefore, different charging 

behavior [66]. 
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Study showed that the pHPZC for ZrO2 might varied from 4 to 8, depending on the specific 

surface properties of the solid [81]. Ardizzone and Bianchi (1999) found that the pHPZC of 

ZrO2 shifted from 8.5 to 6.6 when changing the phase of ZrO2 from monoclinic (at the acid 

extreme) to pure tetragonal (neutral-alkaline range) [81]. Suttiponparnit et al. (2010) 

found that the IEP of TiO2 (anatase) depended on the particle size. As TiO2 particle size 

decreases, the IEP increases (Figure 1-6)[53].  

 

 

Figure 1-6: The influence of TiO 2 particle size on zeta potential. Solution ionic strength was 1 mM. Inset 

shows the TiO2 nanoparticle dispersion isoelectric point (IEP) as a function of primary particle size [73] 

 

In the case of α-alumina particles, singly, doubly, and triply coordinated hydroxyls could 

exist [60]. Because the surface of the particle has different exposed crystallographic 

planes. As a result, ZP values between 8 and 9.5 are expected due to the existence of 

hydroxyls with different coordination numbers [79]. However, Kosmulski (2002) found 

that the pHPZC of TiO2 is relatively not sensitive to the crystallographic structure or the 

choice of experimental method [74].  
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3.3. Interaction of organic matter with metal oxide particles in solution  

Previous works on the interaction of NOM and MeO particles have involved the 

investigation of the influence of pH, type, and concentration of both particles and organic 

compounds and background electrolyte composition, in the adsorption process. This 

experimental work has defined some of the basic adsorption characteristics of organic 

matter such as the extent of adsorption and the pH dependency, the relative affinity of 

various organic compounds for a given surface, and the binding mechanism for the 

interaction of organic matter and MeO [82-84].  

Due to the heterogeneity of NOM, various mechanisms of NOM adsorption are observed 

with MeO [83, 85]. MeO surfaces with different properties such as the population and 

orientation of surface metal hydroxylated group exert particular affinities for specific 

functional moieties of NOM, which also depend on solution conditions [61, 86, 87]. 

Therefore, several mechanisms control NOM/MeO interaction including: 1) ligand 

exchange or chemical complexation by direct bond formation (i.e., formation of an inner 

sphere complex) between carboxylate groups and metal oxide holding inorganic 

hydroxyl groups [83, 88]; (2) hydrophobic forces between the hydrophobic fractions of 

NOM that lead to the adsorption of multiple molecules on MeO surface [83]; (3) formation 

of hydrogen bonding involving hydroxyl functional groups [89]; (4) electrostatic 

interactions which are enhanced by the attraction between negatively/positively charged 

metal oxide and positively/negatively charged NOM [90]. 

Fractionation of NOM occurs upon adsorption to MeO. Several research groups have 

suggested that hydrophobic, higher MW, high aromatic content fractions of NOM 

favorably adsorb to MeO surface. Lower MW, more aliphatic structures remain in solution 

as demonstrated in Figure 1-7 [83, 90-92]. 
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Figure 1-7: LC-OCD chromatograms of Purified Aldrich Humic Acid (PAHA) and supernatants after 

the adsorption on 1 g/L of α-Al2O3 (particle size: 200–500 nm), (a) at 0.1 M of NaClO4 and pH ≈6.8 (R 

corresponding to the covering ration of PAHA on α-Al2O3, i.e., mgPAHA/g α-Al2O3) and (b) at 0.01 M and pH 

7.4 [53] 

 

Gu et al. (1995) found that the hydrophobic fraction of NOM (i.e., fraction adsorbed on 

XAD-8 resin) shows higher adsorption capacity and affinity with iron oxides than small 

hydrophilic fraction of the same origin (Figure 1-8) [83]. Claret et al. (2008) observed 

that during batch experiment (24 h contact time) of α-Al2O3 with HS, the SUVA of the 

supernatant was reduced. This result suggests preferential adsorption of the aromatic 

moieties on MeO surface. They concluded that higher aromatic compounds were 

favorably adsorbed on -Al2O3. Moreover, they found that the adsorbed HS are the one 

that contain higher aromatic units activated with oxygen-containing functional groups 

(i.e., phenolic, benzoic, aromatic esters and carbonyl groups) than the supernatant [93].  
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Figure 1-8: Adsorption isotherm of hydrophobic (HB) and hydrophilic fraction (HL) on iron oxide at two 

pH levels (I = 0.05 M NaCl). Solid and dashed lines were adsorption model simulations by modified 

Langmuir equation [83] 

 

Weng et al. (2007) studied the adsorption on goethite of a HA fraction isolated from a 

forest soil in Netherlands and a FA fraction isolated from peat soil in Scotland. The 

stronger adsorption of HA is due to its larger molar mass resulting in a larger number of 

reactive groups present in the NOM structure. Thus, the reaction that occurs needs less 

energy per MeO particle to bond the adsorption sites [94].  

Davis and Gloor (1987) studied the adsorption of three molecular size classes of NOM 

fractionated by gel exclusion chromatography (Swiss lake) on colloidal gamma alumina 

oxide (γ-Al2O3) as a function of pH. NOM with MW greater than 1000 Da formed strong 

complexes with γ-Al2O3 surface. However, low molecular weight compounds were 

weakly adsorbed. The chromatogram in Figure 1-9: Size exclusion chromatography 

presents the different fraction of NOM according to the molecular weight before and after 

adsorption [95] shows the molecular size distribution of extracted NOM before and after 

mixing with 1 g/L of γ-Al2O3. It confirms high affinity between the γ-Al2O3 surface and the 

increasing MW of NOM and decreasing the pH [95].  
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Figure 1-9: Size exclusion chromatography presents the different fraction of NOM according to the 

molecular weight before and after adsorption [95]  

 

Van de Weerd et al. (1999) used an experimental data for Gu et al. (1994) and made a 

modeled simulation. They revealed that small components of HS may likely to be 

adsorbed preferentially in short time periods. However, in long period, large NOM 

molecules may replace the small molecules [96]. 

A considerable amount of attention has been placed on evaluating the interactions of 

well-defined small organic acids on oxide surfaces. These studies demonstrated that 

carboxyl and phenolic groups are governing the adsorption of organic molecules on MeO 

surface [89, 97].  The importance of these functional groups in organic substances 

adsorption on MeO has been confirmed by spectroscopy studies with simple organic 

molecules such as salicylic acid or catechol [89, 98], along with NOM isolates from soil 

and aquatic systems [83]. Table 1-2 summarizes some of the simple compounds 

adsorption with MeO particles that were investigated by research groups.   
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Table 1-2: Investigated small MW model compounds with different MeO particles. I = ionic strength  

Model compounds Metal oxide Conditions Aim Method Reference 

Carbonic acid, acetic 
acid, and oxalic acids 

α-Al2O3 I: 0.01M NaCl 
Competition between 
organic ligands and 

chloride ions 

Adsorption 
isotherm 

[99] 

Oxalic acid, phthalic 
acid, salicylic acid 

and lactic acids 

Goethite  
(α FeOOH) 

pH from 3-9 

Investigate the effect 
of sea water cation  

(i.e., Mg, Ca, and SO4) 
on the adsorption on 

αFeOOH surface 

Simple 
adsorption 

test 
[100] 

Hemimellitic acid, 
and trimellitic acid 

α-Al2O3 (>99%, 
Aldrich, 

Germany) 

I: 0.05 mM  
NaCl 

pH from 5-10 

The influence of 
–COOH functional 

group in the 
adsorption density 

Adsorption 
isotherm and 

DRIFT 
spectroscopy 

[89] 

phthalate and 
p-hydroxybenzoate 

Hematite 
(>99.7%, 
Aldrich, 

Germany) 
 

pH from 5 to 9 
I: NaCl from 1 

to 10 M 

Investigate the 
influence of pH and 

Ionic strength on the 
adsorption and the 

mode of surface 
complexation 

Adsorption 
kinetics and 
adsorption 
isotherm 

[101] 

Aromatic carboxylic 
acids 

TiO2, ZrO2, 
Al2O3, and 

Ta2O5 
- 

The influence of 
different aromatic 

structure on the 
adsorption on MeO 

surface 

infrared 
spectroscopy 

[102] 

Small molecular 
weight, aromatic 

organic acids 
(28 compounds) 

Goethite 
I: 0.01M NaCl 
pH from 3-9 

Investigate the 
influence of: 

1) Varying number 
and position of –COOH 

and –OH 
2) aliphatic chain 
length on benzene 

monocarboxylic acid 
3) Ring size in the 
adsorption density 

Single solute 
adsorption 

experiments 
[92] 

Maleic acid, fumaric 
acid, and succinic 

acid 

Hematite 
 (α-Fe2O3) 

pH from 3-10 

The influence of the 
orientation of the 

carboxylic groups on 
the adsorption 

mechanism 

ATR-FTIR 
spectroscopy 

and batch 
adsorption 

experiments 

[103] 

Monocarboxylates 
(acetate, benzoate, 

and 
cyclohexanecarboxyl

ate) 

Goethite 
pH from 3-9 

I: 0.01 and 0.1 
M of NaCl 

Investigate the 
importance of ionic 
hydrogen-bonding 

interactions 
in the adsorption 

processes on goethite 

ATR-FTIR 
spectroscopy 

and 
adsorption 

experiment in 
a batch mode 

[104] 

 

Furthermore, studies have indicated that organic ligands can be simultaneously present 

as both inner and outer sphere complexes and that relative importance of these two 

species varies with solution conditions [89, 98].  
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Different benzoic acid moieties exhibit various adsorption density: 1) Adsorption 

increase with different orientation and high number of carboxyl groups per molecule 

[103, 105], 2) the addition of phenolic group(s) increases the interaction of carboxyl 

group leading to higher adsorption density [92], 3) phenolic group position is important, 

as ortho position is important at acidic pH while for basic pH the near hydroxyl groups 

govern the adsorption and become more important than carboxyl group [92, 106].  

The adsorption density of aliphatic acids depends on the length of the carbon chain. Long 

carbon chain acids exhibit high affinity with oxide surface more than short chain with the 

same acidic character. Long carbon chain acids exhibit molecular flexibility in forming a 

strong complex with inorganic ligand on metal oxides surface [98]. Non-ionic ligands also 

play a role in the adsorption process. It is hypothesized that the methylene groups of the 

aliphatic chain may form hydrogen bonding with MeO, with adsorption density relaying 

on the activity of the methylene groups and chain length [107].  

The pH of the solution can influence the adsorption significantly by changing the 

interfacial nature of NOM/MeO. The pH affects the ionization state of the NOM and 

surface functional group of MeO [87]. Most of studies stated that the adsorption profile is 

higher under acidic pH and reduced under high pH [89, 103, 108] as demonstrated in 

Figure 1-10.  

Omoike et al. (2005) found that the adsorption of bacterial extracellular polymeric 

substances EPS (heterogeneous biopolymers produced by Gram-negative and Gram-

positive bacterial cells) on goethite was reduced by increasing the pH from 3-9; the 

progressive proton dissociation of both goethite and ionizable EPS functional groups 

support this finding [109]. 
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Figure 1-10: pH dependence of maximum apparent adsorbed amount of HA obtained from brown coal on 

Al2O3 after 24 h contact time under different ionic strength [7].  

Filius et al. (2003) showed that carboxylic groups govern NOM adsorption at low pH 

while phenolic groups determine NOM adsorption at high pH [110]. Benedetti et al. 

(1995) reported that phenolic sites become more significant in metal binding to HA at 

high pH [106, 111]. Gu (1994) observed that ligand exchange between carboxyl/hydroxyl 

functional groups of NOM molecules and surface coordinated -OH and H2O groups was 

the predominant mechanism, especially under acidic conditions [6]. The possible 

mechanisms are shown in Figure 1-11. 

 

Figure 1-11: Ligand exchange between carboxyl/hydroxyl functional group of NOM and surface 

coordinated OH and H2O groups under acidic pH conditions [6] 

Furthermore, it has been agreed that the adsorption behavior is affected by the ionic 

strength of the surrounding solution [53, 111]. Balistrieri et al. (1987) showed that in an 

adsorption experiment with goethite and synthetic seawater, the major ions of seawater 

http://www.sciencedirect.com/science/article/pii/S004565350600806X#bib3
http://www.sciencedirect.com/science/article/pii/S004565350600806X#bib3
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inhibit the adsorption of small organic acids. They assumed that these ions (Mg+2, Ca+2 

and SO4-2) are competing with organics on the adsorption sites on mineral surface. Ions 

might also form a complex with small acids exerting low affinity to the surface of MeO 

[100]. However, Janot et al. (2011) and Weng et al. (2007) showed that the adsorption of 

HA on goethite and α-Al2O3 is increasing with increasing the ionic strength [53, 94]. 

Increasing the ionic strength in solution would induce NOM charge screening (i.e., weak 

outer-sphere complexation [112, 113]), resulting in reduced electrostatic interactions 

between the NOM molecules (i.e., electrostatic forces are long-ranged forces sensitive to 

solution [113]). Resulting in reducing the size of HA particles (more compact structure), 

which results in closer contact with MeO surface [94, 114, 115].  

4.3. Surface interaction between organic matter and MeO: Application of 

Atomic Force Microscopy (AFM)  

AFM enables the observation of the morphology surface and the quantification of the 

physicochemical interactions between two surfaces. AFM is becoming a powerful tool in 

various fields. AFM was developed not only for imaging the surface structure and micro-

topography of particles and surfaces, but also for determining changes in micro-

topography over the course of dissolution, growth, sorption, and redox reactions [57, 58]. 

For imaging surfaces, a cantilever with a sharp tip (probe) at its end is employed. The 

cantilever provides a force sensor and a force actuator. By pushing the cantilever to the 

sample, its topographic height can be measured. 

Previous investigation were more interested in monitoring the conformation of NOM 

under the influence of different cations and pH. Guo and Ma (2006) imaged the 

conformation changes of NOM isolated from River Songhua under different conditions of 

pH and ionic strength. They showed that NOM tends to aggregate to large molecules 

under high pH and ionic strength [116].  
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Figure 1-12: a) AFM image of humic acid colloids in an initial state of aggregation at pH 4: single 

particles, aggregates and chain-like assemblies are seen. B) Influence of pH on surface coverage of mica 

with HA [117] 

 
Plaschke et al. (1999) looked at the coverage of HA on mica surface (Figure 1-12a), and 

found that HA microstructures contain flat particles forming aggregates, chains or 

network-like structures based on the chemical environment. The degree of aggregation 

as well as surface coverage of mica increase with decreasing pH (Figure 1-12 b). Also, 

torus-like structures are formed on mica defect areas suggesting that arrangement of HA 

colloids is influenced by mineral surface microstructure [117]. 

Maurice et al. (1997), have imaged aggregate structures of HS in aqueous solutions, and 

reported small spheres (10―50 nm) and “sponge-like ring structures” [118]. Wilkinson 

et al. (1999) performed both transmission electron microscopy and AFM imaging on the 

freshwater colloidal organic matters and investigated the effects of solution pH and ionic 

strength on the size and conformation of two different HS on mica [119]. 

Park et al. (2009) monitored the influence of different oxygen gas ratios on the 

microstructure and morphology during the preparation of ZrO2 thin films by AFM. They 

found that the morphology changed with increasing the oxygen gas ratio in the sputter 

gas. The grain size increased as the oxygen gas ratio increased. (Figure 1-13) [120]. 
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Figure 1-13: Representative AFM images of zirconium oxide thin film on Si(100) substrate prepared by 

Radio Frequency Sputtering with different oxygen gas ratios: (a) 0%; (b) 20%; (c) 50%; (d) 80% [120] 

Force-distance curve obtained by AFM has provided a bridge of knowledge for the study 

of different interactions between two surfaces. The forces can be classified into attractive 

and repulsive forces. For attractive forces, van der Waals interaction, electrostatic force, 

and chemical force are included. The repulsive forces can be considered as hard sphere 

repulsion [59]. In general, the repulsive forces are very short range forces and have an 

exponential decaying or inverse power law with high order distance dependence[51].  

Aubry et al. (2013) used functionalized silica probes with humic and colloid samples to 

investigate the physicochemical forces with mica surface. They estimated that 

interactions between NOM and surfaces are highly dependent on NOM characteristics 

(i.e., structure, functional group content or hydrophobicity) as illustrated in Figure 1-14. 

HS with high content of ionized carboxylic groups and high aromatic content (i.e., SRW 

HPO) exerted significantly higher electrostatic repulsion to negatively charged mica 

surface than hydrophilic NOM samples (Figure 1-14a) [51].  
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Figure 1-14:  Force approaching curve profiles between 4 types of isolates NOM and mica surface at 

different ionic strengths and ambient pH [51]. A and b represent repulsive forces profile due to 

electrostatic interactions. C and d show a jump into contact force profile in the case of strong interaction 

forces 

 
Also, interactions between NOM fractions or NOM and silica or iron oxides have been 

investigated. While looking at NOM isolated from various aquatic environments, these 

studies suggested that the stability of NOM-adsorbed particles in natural waters was a 

direct result of strong electrostatics and steric forces [121, 122]. At high pH or low ionic 

strength, the interactions were dominated by electrostatic repulsion due to NOM ionized 

functional groups. However, at low pH or high ionic strength, the dominant repulsion 

force was steric in nature due to compression of the double layer [123]. Sander et al. 

(2004) estimated that coating the MeO flat surfaces, i.e., alumina oxide and iron oxide 

wafers, with Suwannee River Humic Acid (SRHA) changed the charge character of the 

surface by shifting the pHPZC toward lower extend[122].  

Mi et al. (2009) investigated the interactions between alginate molecules interface in the 

presence of calcium, by approaching an AFM probe functionalized with alginate toward a 
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polymeric membrane coated with alginate [124]. They reported long-range attractive 

forces when pulling off the probe from the alginate-coated surface. The strong calcium 

binding between neighboring alginate molecules may keep the bridged molecules in a 

long-chain form, leading to extended adhesion force before the probe retracts from  the 

surface [124]. 

Hydroxyl modified probes were used as a surrogate of carbohydrates in addition to 

carboxyl modified probes to investigate membrane fouling mechanism of carbohydrates 

like substance with hollow fiber [125]. Figure 1-15 shows that the adhesion force of the 

hydroxyl group is stronger than the carboxyl one. Based on the fact that carbohydrates 

have many hydroxyl groups in their structure, the hydrogen bond is thought to play an 

important role in irreversible organic fouling associated to carbohydrate-like substances. 

The hydrogen bond is considered as a semi-irreversible reaction [125]. From retracting 

force curve, it has been estimated that hydrogen bonds between carbohydrates and 

membranes can be significant when carbohydrates are transported to the region where 

the membrane surface is very close [125]. 

 

Figure 1-15: Adhesion forces of (a) carboxyl modified probes and (b) hydroxyl modified probes to PE 

and PVDF polymeric membrane surfaces in buffer solution (pH 6.8) [125] 

Lu et al. (2016) looked at the strength of the adsorption of oil droplet on 5 MeO coated 

wafers by measuring the adhesion force obtained from the retraction profile. As shown 

in Figure 1-16, they found that the least hydrophilic MnO2 has the highest adhesion 
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energy for oil droplets, while the most hydrophilic (i.e., Fe2O3) has the lowest adhesion 

energy for oil droplets. Adhesion energies of the MeO for oil droplets followed the order 

of Fe2O3< TiO2< CeO2< CuO < MnO2 [5]. Also, the authors stated that the mechanisms that 

control the interactions between oil-droplets and MeO are not only controlled by 

hydrophobic−hydrophilic interactions, hydrogen bonding, electrostatic interactions, but 

also by van der Waals interactions are expected [5].  

 

 

Figure 1-16: Adhesion energy between MeO and oil droplets obtained from  [5] 

 
A carboxylate modified AFM colloid probe was used as a surrogate for humic acid, to 

investigate fouling of nano-filtration membranes. Ca2+ ions were confirmed to enhance 

natural organic matter fouling by complexation and subsequent formation of 

intermolecular bridges among organic foulant molecules [64].  
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Chapter 2  

Interactions of model compounds with metal oxides 

1. Introduction  

NOM is a heterogeneous mixture of small molecules (few hundred Daltons) and moderate 

to high (more than 20 KDa) MW structures that are not well defined. General parameters 

are used to characterize this complex mixture such as, elemental analysis, acidity, charge, 

functional groups, aromatic character with fluorophores distribution (FEEM) and specific 

ultraviolet absorbance (SUVA), the ratio of UV absorbance and DOC) used as a surrogate 

parameter for aromaticity [37].  

NOM is enriched with hydroxyl and carboxyl functional groups containing molecules 

which confer its high solubility character in water. For instance, HS consists of molecules 

that form aggregate via intermolecular forces. These molecules are varying between 

mono- to hexacarboxylic acids, short-chain aliphatic mono and polycarboxylic acids, 

long-chain fatty acids, and phenolic carboxylic acids [37, 43, 48].   

 

Based on NMR analysis or FTIR investigation, researchers claimed that carboxylic and 

phenolic groups incorporated in NOM structure are important in the adsorption on MeO 

surface, [6, 93, 126, 127]. The heterogeneous composition of NOM is controlling its 

adsorption behavior and binding properties on MeO [94, 95]. Also, different MeO surface 

properties and material show significant influence in the adsorption profile of NOM [102, 

128]. Investigating the adsorption of non-well defined structures on MeO surface is not 

easy because complex structures incorporate many different reactive sites that influence 

their interaction with different surfaces of MeO [92].  

Therefore, several research groups conducted systematic investigation, where they 

correlate the adsorption properties of NOM with well-defined small organic structures 
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(identified in NOM composition) adsorption on MeO. Evanko et al. (1998) studied the 

adsorption of benzoic acids incorporating different number of carboxylic acids with the 

objective to investigate the influence of the acidity in NOM adsorption [92, 129]. Dobson 

et al. (1999, 2000) investigated the influence of different chemical structures (aliphatic 

and aromatic organic acids) in the adsorption mechanism mode on alumina oxide, 

titanium oxide, zirconium oxide, and tantalum pentoxide [102, 106]. Hwang et al. (2008) 

studied the effect of the orientation of carboxyl group in the adsorption mechanism of C4-

dicarboxylic acids on hematite [103].   

In chapter 2,  a list of small organic acids were selected as they represent low MW 

aliphatic and aromatic acid moieties incorporated into complex NOM matrix [130]. Also, 

three MeO particles were selected, alumina oxide (Al2O3), zirconium oxide (ZrO2) and 

titanium oxide (TiO2). Each MeO surface exhibits different surface area and charge 

density that are altered by calcination treatments [131] which consequently modify the 

adsorption density of small organics on the surface [9]. The benefit of conducting 

experiments with small organic acids of known composition instead of complex NOM 

isolates is the possibility to define the exact molecular structure as a function of the 

solution conditions, i.e., protonation state controlled by solution pH. Results obtained 

with well define structures will help in identifying and understanding possible reactions 

that take place in more realistic conditions, i.e., NOM/MeO interface. 

2.  Material and Methods 

2.1 Material 

2.1.1. Metal Oxides Particles 

Three MeO were investigated, aluminum oxide (Al2O3), titanium oxide (TiO2) and 

zirconium oxide (ZrO2) that were provided from Kerafol Company (Germany). The 

particle size was in the range of 125 to 250 µm in diameter. The MeO particles were 
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washed with 0.1 M NaOH (200 ml) solution then washed several times with 3 L of Milli-

Q water.  All MeO were calcinated under 900 ˚C for 8 hours under normal atmosphere. X-

ray diffraction (XRD) was done on particles to confirm MeO purity and crystal structure. 

BET measurements (Brunauer, Emmett, and Teller) were performed to obtain the 

specific surface area of the MeO particles.   

2.1.2. Model compounds 

A large range of small polar aliphatic and aromatic compounds carrying hydroxyl and 

carboxyl functional groups with varied hydrophilic properties have been tested in this 

study. Figure 2-1 provides the list of the selected model compounds with their respective 

chemical structure and acidity constants (pKa). 

The selection of model compounds was made to study:  

- The difference in reactivity between aliphatic and aromatic chemical structures 

with MeO, 

- The contribution of carboxyl and hydroxyl groups in the interaction of organic 

moieties with MeO surface,  

- The influence of the length of the aliphatic chain substituents in the affinity of 

aromatic structures with MeO.  
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Figure 2-1: List of selected model compounds 
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2.3. Experimental methods 

Batch experiments were conducted to compare the affinity (adsorption kinetics and 

adsorption isotherms) of the selected compounds with the different MeO particles at acid 

and nearly neutral pH. MeO particles were equilibrated with Milli-Q water for 24 h before 

each experiment.  

2.3.1. Adsorption kinetics 

Kinetics experiments were conducted at pH 4.2 and 7.6 in 500 ml glass bottle loaded with 

3 g/L MeO particles. Model compound solutions were prepared in 0.01 M NaClO4 at pH 

4.2 (pH adjustment with 0.1 M HCl) and pH 7.6 (adjustment with 0.1 M of NaOH). The 

initial concentration of aliphatic acids was 0.2 mM, aromatics 0.05 mM and 0.044 mM for 

aromatic acid with aliphatic chain (depending on the predetermined reactivity of the 

studied molecule). The solutions were mixed using an overhead shaker for five days at 

room temperature (21 °C). On the first day, samples were taken after 5, 10, 40 min then 

after 1, 8 and 12 hours of contact time. Samples were then collected every 8 and 12 hours 

for five days.  

2.3.2. Adsorption isotherms 

MeO particles were added (dose ranging from 0 to 5 g/L) to 15 mL of model compound 

solution prepared in 0.01 M NaClO4 at pH 4.2 (pH adjustment with 0.1 M HCl) and pH 7.6 

(adjustment with 0.1 M of NaOH). Batch adsorption experiments were conducted at 

different initial concentration (i.e., ranging from 0.05 to 0.2 mM depending on the 

predetermined reactivity of the studied molecule) in plastic centrifuge tubes. The 

suspensions were mixed for 72 hours to reach adsorption equilibrium (verified for all 

compounds) using an overhead shaker at room temperature (21 ̊C). Residual 

concentrations of organic compounds were determined by High Performance Liquid 

Chromatography (HPLC). 
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2.4. Analytical methods 

2.4.1. Metal oxide particles characterization 

2.4.1.1. Potentiometric proton titration (acid/ base titration)  

The titration of MeO were conducted in Professor Marc Benedetti Laboratory 

(Laboratory geochemistry of water) in Paris Diderot University.  

Titrations were performed in a jacketed glass beaker under a constant temperature using 

a circulating water bath (25˚C). Two electrodes connected to a computer, a Metrohm 

6.0133.100 glass and a single 6.0733.100 reference electrode, were used to record pH 

values. The pH electrodes were calibrated by performing a blank titration of the 

background electrolyte. The titration of the suspension was conducted by adding small 

volumes of titrant while recording the pH of the solution. Titration experiments were 

performed on 20 ml of Milli-Q water containing 2 g of MeO particles. The solution for each 

MeO was purged with pure nitrogen gas (N2) to avoid interference of CO2. Ionic strength 

was adjusted with a concentrated NaNO3 solution (5 M) to reach a final concentration of 

0.01, 0.1 and 1 M. The pH was controlled during titration by the addition of HCl (0.1 M) 

and NaOH (0.1 M) prepared with degassed Milli-Q water. After each addition, a drift value 

for pH was calculated (mV/min). The maximum time for acquiring each data point was 

set to 30 minutes. A similar approach was followed for the blank experiment.  

2.4.1.2. Chemisorption/temperature programmed desorption (TPD) 

The acidic and base sites of MeO particles were measured by Chemisorption test. The 

carbon dioxide temperature-programmed desorption (CO2-TPD) was conducted to 

measure the base sites using a Micromeritics AutoChem 2950 instrument equipped with 

a TPD. The process was carried out as follows: MeO sample was placed into a U-shape 

quartz tube and pre-treated at 150°C under helium flow (40 ml/min) for 60 mins. When 

the temperature was reduced to 50°C, CO2 sorption was performed by flowing 10% 
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CO2 in helium (50 ml/min) for 30 mins. Then the sample was purged under the 

helium flow (40 ml/min) for 45 mins. After that, desorption experiment was executed by 

purging helium gas (50 ml/min) and ramping the temperature from 50 to 1000 °C at a 

rate of 10 °C/min.  The NH3 TPD test was performed using the same experimental 

procedure while replacing the 10% CO2 in helium by a 10% NH3 in helium for measuring 

the acidic sites. This experiment was done with the help of Dr. Hua Tan, a research 

scientist in the analytical core lab in KAUST.  

2.4.1.3. Transmission Electron Microscopy (TEM) 

High-Resolution Bright-Field Transmission Electron Microscope (HR-BF-TEM) 

analysis was performed on a Titan CT operated at 300 kV from FEI Company equipped 

with a charge-coupled device (CCD) camera from Gatan, Inc. Multiple locations of the 

specimens were investigated. This part was done with the help of Dr. Roldan-Gutierrez 

in the imaging core lab in KAUST.  

2.4.1.4. X-Ray Diffraction (XRD) 

Bruker D8 Advance was used to identify and confirm the nature of the MeO powder 

material and their crystallinity form.  The sample was scanned from 10° to 90° (2θ) in 

steps of 0.02°. 

2.4.1.5. Model compounds analyses 

All solutions were filtered using 0.45 µm glass fiber syringe filters to remove MeO 

particles. 

2.4.1.5.1 High-performance liquid chromatography (HPLC) 

A Waters HPLC, 1525 model equipped with bridging HPLC pump and UV detector was 

used to measure the concentration of the model compounds. A calibration curve was 

prepared for each organic acid individually with concentration ranging from 0.5 to 200 

µM.   
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For citric, oxalic and malonic acids, 0.01 M of phosphate buffer (0.3 ml/min) and 

acetonitrile (0.02 ml/min) were pumped in a Polaris 3 C18-A column (Agilent, USA) with 

dimension 250 mm x 3 mm. The wavelength was 210 nm and the injection volume was 

10 µL.  

For compounds with the attached alkyl chain to the aromatic structure, Eclipse XDB-C18 

column with dimension 150 mm x 4.6 mm (5 µm particle size) was used. The pumped 

mobile phase consisted of 2 mM phosphoric acid and acetonitrile with ratio 75:25, 

respectively.  Flow rate was 1 ml/min, and UV absorbance was 215 with injection volume 

5 µl. Aromatic acids with attached carboxyl group were analyzed also using Eclipse XDB-

C18 with dimension 150 mm x 4.6 mm (5 µm particle size). The mobile phase was a 

mixture of methanol and phosphoric acid (0.01 M) at pH 3 with flow rate 0.6 and 0.4 

ml/min, respectively. The UV was set at 270 nm and the injection volume was 10 µl.  

3. Results  

3.1. Metal Oxide properties 

Table 2-1 presents the characteristics of the MeO particles according to acid/base 

titration and BET analysis.  

Table 2-1: Metal oxide characteristics 
 

pH PZC 
(charge/m2) 

BET 
(m2/g) 

Al2O3 (Corundum) 8.8 3.8 ± 0.07 

TiO2 (rutile) 8.9 5.6 ±0.10 

ZrO2 (monoclinic) 7.5 10.1 ± 0.14 

 

Figure 2-2 shows the pHPZC for MeO determined as the pH obtained at charge equal to 

zero (where the positive and negative charge is equal on MeO surface). Therefore, the 

pHPZC is 7.5 for ZrO2 that is in agreement with values mentioned in previous study [79]. 

For Al2O3, the pHPZC is observed at 8.8, and it is in agreement with the values reported in 
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the literature where it is between 8.7 and 9 [79]. For TiO2, the pHPZC was calculated as 8.9, 

a higher value than previously reported i.e., between 5 and 6 [79, 131]. This higher value 

could be explained by the cleaning and thermal treatment applied to all MeO particles.  

Studies showed that the TiO2 phase transformation depends on synthesis conditions, i.e., 

temperature [132, 133]. Yang et al. (2000) showed that synthesis conditions affect the 

crystallinity of anatase and rutile phase transition [134]. Zaban et al. (2000) noted that 

the surface structure of TiO2 is affected by the preparation conditions [135]. Ahonen et 

al. (1999) observed that anatase synthesized in air transformed to rutile at 973 K [133].  

 

Figure 2-2:  Potentiometric proton titration of Al2O3, ZrO2, and TiO2 
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Figure 2-3: XRD diffraction of ZrO2, Al2O3 and TiO2 

According to the XRD and EDAX results shown in Figure 2-3 and Figure 2-4, all MeO are 

pure. No impurities were detected.  

The crystallinity of the particles was identified from XRD results (XRD results interpreted 

using EVA and MATCH software to confirmed the crystal system and the purity) 

supported by the high-resolution TEM images in Figure 2-4. All MeO could be 

characterized by Miller indices referring to the family of lattice planes. It is an indicator 

of their crystallinity and reflects the properties of the crystal in the material, i.e., active 

sites and material reactivity [136]. ZrO2 shows a monoclinic phase structure with the 

planes (110) and (101) [137]. TiO2 is in tetragonal phase structure with (101) plane; 

corundum with hexagonal phase and (11-20) plane was identified for Al2O3. 
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Figure 2-4: High atomic resolution TEM images and EDX profile of MeO particles 

The density of active sites on the MeO particles was measured by TPD method 

(Table 2-2), where the acidic sites were measured by NH3 desorption from metal atoms 

and CO2 desorption for the base sites that adsorbed onto O-2 anion. The strength of the 

sites was determined by the desorption temperature. 
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Table 2-2: Quantity of acidic and base sites of MeO particles 

 Al2O3 

Temp. (oC) 
Acidic sites 
(µmol/m2) 

Temp. (oC) 
Basic sites 
 (µmol/m2) 

363 8.85 23.60 2.03 

576 7.22 19.25 8.14 

842.6 3.67 - - 

TiO2 

237.7 17.46 - - 

375.3 14.61 - - 

581.8 6.31 - - 

810.2 4.23 - - 

ZrO2 

291.5 2.45 17.43 0.24 

466.2 5.31 37.77 0.33 

757.4 2.45 - - 

 

According to Table 2-2, each MeO shows acidic and base sites with different strength, 

except of TiO2 that presents only acidic sites on its surface. This might be due to 

processing the particles with NaOH and [132] 900°C calcination. Jung et al. (2001) 

reported that calcination temperature has a major influence on the density of surface 

sites [138]. TiO2 surface shows four types of acidic sites with different strength. The 

higher the desorption temperature, the higher the strength of the site. Al2O3 has three 

types of acidic sites and two base sites. ZrO2 also shows three acidic sites and two types 

of basic sites. The different density and strength of the sites on MeO surface is correlated 

to the difference in the crystallographic structure, calcination temperature and the 

material [137-139].  

3.2.  Adsorption kinetics of model organic acid compounds 

3.2. Initial rate constant 

Figure 2-5 and Figure 2-6 present the adsorption kinetics of phenyl carboxylic acids and 

carboxylic acids with Al2O3, ZrO2, and TiO2 particles. Based on these preliminary 
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experiments it is clear that few days of contact time are necessary to reach adsorption 

equilibrium for all MeO at acidic and neutral pH. A contact time of 72 hours was selected 

to run the adsorption isotherms experiments.  

 

Figure 2-5: Adsorption kinetics of carboxylic acids and phenyl acetic acids with TiO2, 

Al2O3 and ZrO2 at pH 4.2 ±0.2 and 7.6 ±0.11.  
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Figure 2-6: Adsorption kinetics of phenyl carboxylic acids with TiO2, Al2O3 and ZrO2 at 
pH 4.2 ±0.2 and 7.6 ±0.11. 

 
From equation 1, the initial adsorption rate constant (Ks) was calculated from the slope 

and normalized by dividing with Co and the applied surface area of the MeO. 

Ks =
Ct − Co

t Co  m A
         (1) 
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Where Co is the initial concentration of the organic compound (µmol/L), C is the organic 

compound concentration at t (µmol/L) and t is the time to reach C (hour- h), m is the mass 

of MeO (g) and A is the specific surface area of the MeO (m2/g).  

Table 2-3 present the initial adsorption rate constant (Ks) calculated in the first hour of 

reaction. The unit for Ks is h-1m-2.  

Results obtained with all studied compounds led to the following comments: 

- For all studied compounds, increasing pH from 4.2 to 7.6 reduced Ks significantly 

with all MeO except oxalic and malonic acids with ZrO2 and Al2O3 where an 

increase in pH led to an increase in Ks (low range of values).  

- At pH 4.2, the general trend shows that Ks-TiO2 ≥ or ≤ Ks-Al2O3 > Ks ZrO2  

o Except for salicylic acid, the highest Ks value was obtained with ZrO2. 

o  For 1, 2-phenylenediacetic acid and 3-benzoylpropionic acid, Ks values 

were significantly higher with Al2O3 than with the 2 other MeO 

o For phenylpropionic acid Ks value were significantly higher with TiO2 than 

with the 2 other MeO 

- At pH 7.6, the general trend shows that: 

o  ZrO2 always provided the lowest Ks except 4-phenylbutyric acid.  

o Ks-TiO2 > Ks-Al2O3 for all compounds excepted oxalic acid, malonic acid, 3-

phenylpropionic acid and 1, 2-phenylenediacetic acid. 
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Table 2-3: Rate constant (Ks) calculated from fitting the adsorption kinetics of organic acids with Equation 1  

Ks: h-1m-2 
ZrO2 Al2O3 TiO2 

pH 4.2 R2 pH 7.6 R2 pH 4.2 R2 pH 7.6 R2 pH 4.2 R2 pH 7.6 R2 

Oxalic acid 0.2 0.9 5.9 0.91 10.5 0.97 26.4 0.91 15.0 0.94 10.0 0.95 

Malonic acid 2.2 0.9 13.8 0.91 26.9 0.91 35.5 0.99 22.0 0.91 13.0 0.92 

Citric acid 21.0 1.0 3.2 0.94 70.0 0.91 38.3 0.94 66.0 0.97 50.0 0.98 

Benzoic acid 9.5 1.0 2.8 0.90 8.0 0.90 7.4 0.92 18.0 0.96 16.0 0.98 

Salicylic acid 62.7 0.9 6.0 0.91 43.7 0.88 11.4 0.94 28.0 0.98 17.5 0.92 

Hemimellitic acid 76.4 0.9 41.4 0.93 91.3 0.89 43.1 0.99 86.0 0.98 50.7 0.97 

Phenylacetic acid 24.6 1.0 3.81 0.89 42.9 0.89 24.7 0.91 53.4 0.91 29.8 0.91 

1,2- Phenylenediacetic 
acid 

76.4 1.0 26.9 0.91 150.4 0.91 96.2 0.89 112.6 0.90 48.8 0.91 

3-Phenylpropionic 
acid 

39.4 0.9 3.4 0.98 64.0 0.91 51.3 0.89 131.6 0.89 31.4 0.92 

4-Phenylbutyric acid 78.7 0.9 66.4 0.98 72.1 0.89 25.0 0.90 168.1 0.89 50.3 0.89 

3-Benzoylpropionic 
acid 

93.9 0.9 24.4 0.92 129.8 0.96 37.1 0.89 97.8 0.91 60.4 0.96 
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3.3. Adsorption isotherms of model organic acid compounds 

The amount of adsorbed organic acid per surface area of MeO was calculated by the 

difference between the initial concentration and the concentration after equilibrium (72 

hours) with the equation below:  

q =
(C0−Ce)V

Am
          (2) 

Where q is the amount of adsorbed molecule (µmol/m2), Co is the initial concentration 

(µmol/L), Ce is the concentration at equilibrium (µmol/L), V is the solution volume (L), A 

is the specific surface area of MeO added to the working solution (m2/g) and m is the mass 

of MeO particles (g).  

The adsorption density for each organic compound was calculated by fitted adsorption 

isotherm data with Langmuir model (equation 3). The fitted data for all compounds 

showed a high correlation coefficient (R2) indicating good fitting with Langmuir equation 

(Figure 2-7 and Figure 2-8). Below is the following form of Langmuir equation:  

Langmuir isotherm:     q =  
qmax K Ce

1+(K 𝐶𝑒)
   (3) 

                   Linear form:  
1

q 
=

1

qmax K Ce
 +

1

qmax
        (4) 

In Langmuir isotherm equation, q is the mass of solute sorbed per mass of MeO (µmol/m2), 

qmax is the maximum adsorption (µmol/m2), K is the adsorption affinity constant [83, 140] 

and Ce is the equilibrium concentration (µmol/L). The data generated by equation 3 are 

listed in Table 2-4 and Table 2-5.  
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Figure 2-7: Linear form of Langmuir model of phenyl carboxylic acids adsorption isotherm 
with MeO 



69 
 

 
 

 

Figure 2-8: Linear form of Langmuir model of phenyl carboxylic acids adsorption isotherm 
with MeO 
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In Table 2-4 and Table 2-5, it is clear that the adsorption density reported as qmax is 

decreasing with increasing pH. This observation has been reported in similar studies where 

the adsorption density of trimellitic and hemimellitic acid with Al2O3 and benzoic acid 

interaction with goethite were reduced with increasing solution pH [92, 140]. Balistrieri et 

al. (1987) found that the adsorption of oxalic, phthalic, salicylic, and lactic acids on goethite 

tends to increase as the pH decreases on goethite surface [100]. 

For comparison, the ratio between qmax at pH4.2 and qmax at pH 7.6 was calculated (qmax at 

pH4/ qmax at pH 7) and presented in Figure 2-9.  
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Figure 2-9: pH influence on the qmax presented by the ratio between qmax at pH 4.2/qmax at 
pH 7.6 

Overall, the influence of pH for the studied compounds was more significant with TiO2 

comparing to Al2O3 and ZrO2 (expressed by high ratio); except with ZrO2 for citric acid and 

4-Phenylbutyric acid, the highest ratio was calculated among the three MeO (i.e., 4.64 and 

3.15, respectively).   

pH was found to have a strong influence for citric acid with ZrO2 and Al2O3 (4.64 and 1.9, 

respectively), and oxalic acid with TiO2 (2.6). Benzoic acid achieved the lower ratio with ZrO2 

(0.69), oxalic acid with Al2O3 (0.74), and 1, 2-Phenylenediacetic acid with TiO2 (1.12).  
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By looking at Figure 2-10, the highest qmax value was obtained with citric acid at pH 4.2 with 

ZrO2 and TiO2. Except with Al2O3 at pH4.2 and 7.6, 3-Benzoylpropanoic acid showed a higher 

adsorption density than citric acid (7.44 µmol/m2 and 4.45 µmol/m2, respectively).  

Table 2-4: Langmuir adsorption isotherm parameters of phenyl carboxylic acids calculated 

from equation 3 

 ZrO2   

*qmax: µmol/m2 

pH 4.2 pH 7.6   

qmax* K R2 qmax* K R2 qmax 4.2/qmax 7.6 K 4.2/K 7.6 

Phenylacetic acid 1.04 2.81 0.91 0.99 2.28 0.91 1.05 1.23 

1,2-Phenylenediacetic 
acid 

1.52 3.14 0.98 0.93 0.59 0.94 1.63 5.32 

Phenylpropanoic acid 1.63 0.21 0.91 1.55 2.61 0.96 1.06 0.08 

4-Phenylbutyric acid 3.59 0.09 0.91 1.14 2.63 0.89 3.15 0.03 

3-Benzoylpropanoic acid 1.44 0.37 0.98 0.94 0.65 0.88 1.53 0.57 

Al2O3  

Phenylacetic acid 3.16 2.94 0.99 2.66 1.32 0.92 1.19 2.22 

1,2-Phenylenediacetic 
acid 

4.02 1.36 0.94 3.24 0.26 0.93 1.24 5.16 

Phenylpropanoic acid 3.99 0.67 0.85 3.92 0.84 0.8 1.02 0.81 

4-Phenylbutyric acid 4.72 2.42 0.93 3.06 0.41 0.94 1.54 5.84 

3-Benzoylpropanoic Acid 7.24 0.12 0.94 4.45 0.81 0.93 1.63 0.15 

TiO2  

Phenylacetic acid 1.16 1.45 0.82 0.52 0.71 0.94 2.23 2.03 

1,2-Phenylenediacetic 
acid 

2.26 0.68 0.95 2.02 1.06 0.92 1.12 0.65 

Phenylpropanoic acid 1.71 0.87 0.96 1.23 0.49 0.9 1.38 1.80 

4-Phenylbutyric acid 3.87 0.30 0.92 2.02 14.18 0.83 1.91 0.02 

3-Benzoylpropanoic Acid 3.04 0.63 0.9 1.95 0.15 0.94 1.56 4.29 
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Table 2-5: Langmuir adsorption isotherm parameters of carboxylic acids and 

phenylcarboxylic acids calculated from equation 3  

  ZrO2     

*qmax: µmol/m2 

pH 4.2 pH 7.6     

qmax* k R2 qmax* k R2 qmax4.2/qmax 7.6 K4.2/K7.6 

Citric acid 6.08 0.29 0.87 1.31 0.66 0.91 4.64 0.44 

Malonic acid 1.31 0.88 0.97 0.76 0.37 0.89 1.72 2.4 

Oxalic acid 1.58 0.8 0.85 2.18 0.13 0.99 0.72 6 

Benzoic acid 0.27 3.31 0.94 0.39 15.45 0.91 0.69 0.21 

Salicylic acid 1.44 0.25 0.88 0.88 1.11 0.92 1.64 0.23 

Hemimellitic 
acid 

1.99 0.33 0.98 1.48 0.25 0.91 1.34 1.34 

  Al2O3     

Citric acid 6.64 0.25 0.87 3.49 1.59 0.87 1.9 0.16 

Malonic acid 1.08 11.56 0.85 1.19 9.9 0.9 0.91 1.17 

Oxalic acid 0.71 2.16 0.85 0.96 44.44 0.87 0.74 0.049 

Benzoic acid 0.29 3.08 0.85 0.19 13.47 0.83 1.53 0.23 

Salicylic acid 0.67 14.37 0.87 0.62 17.14 0.86 1.08 0.84 

Hemimellitic 
acid 

1.25 11.09 0.94 1.13 5.04 0.89 1.11 2.2 

  TiO2     

Citric acid 5.45 0.2 0.91 2.55 0.85 0.93 2.14 0.24 

Malonic acid 2.15 1.19 0.87 1.01 0.47 0.93 2.13 2.55 

Oxalic acid 1.95 0.28 0.97 0.75 0.04 0.97 2.6 6.45 

Benzoic acid 0.95 0.36 0.83 0.45 1.35 0.85 2.11 0.26 

Salicylic acid 1.45 1.31 0.96 1.02 1.02 0.88 1.42 1.28 

Hemimellitic 
acid 

2.51 0.19 0.98 1.45 1.93 0.89 1.73 0.1 

 

As seen in Table 4, Al2O3 is exerting the highest qmax with phenyl carboxylic acids at both pH 

conditions among all MeO. At both pH, the highest qmax was with 3-Benzoylpropanoic acid. 

At pH 4.2, low qmax was calculated for Phenylacetic acid. 1,2-phenylenediacetic showed the 

lowest qmax at pH 7.6   
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At both pH condition, 1,2-Phenylenediacetic acid qmax behaviour based on MeO surface is the 

following: Al2O3>TiO2>ZrO2. Phenylacetic acid showed the lowest affinity at both pH in the 

order of: Al2O3>TiO2>ZrO2 at pH 4.2 and Al2O3>ZrO2>TiO2 at pH 7.6. 

The highest maximum adsorption was achieved by 4-phenylbutyric acid with ZrO2 then TiO2. 

For the other compounds listed in Table 3 the comparison shows:  

- For Al2O3: 4-phenylbutyric acid > 1, 2-phenylenediacetic > phenylpropanoic acid at 

pH 4.2. And phenylpropanoic acid > 4-phenylbutyric acid > 1, 2-phenylenediacetic 

acid at pH 7.6.  

- For ZrO2:  phenylpropanoic acid > 3-benzoylpropionic acid > 1, 2-phenylenediacetic 

at pH 4.2. And phenylpropanoic acid > 3-benzoylpropionic acid > 1, 2-

phenylenediacetic at pH 7.6. 

- For TiO2: 3-benzoylpropionic acid > 1, 2-phenylenediacetic > phenylpropanoic acid 

at pH 4.2. And 1, 2-phenylenediacetic acid > phenylpropanoic acid >3-

benzoylpropionic acid at pH 7.6.  

From Table 2-5, at pH 4.2, the adsorption density was more important with ZrO2 and TiO2 

than for Al2O3, except citric acid. Citric acid is the strongest adsorbed compound, which 

showed a slightly better adsorption on Al2O3, 6.62 µmol/m2 compared to 6.08 and 5.45 

µmol/m2 for ZrO2 and TiO2, respectively. In Table 5, citric acid (aliphatic structure) and 

hemimellitic acid (aromatic structure), generally showed the highest affinity toward all MeO 

at both pH. Benzoic acid, the least adsorbed compound, was equally adsorbed on ZrO2 (0.27 

µmol/m2) and Al2O3 (0.29 µmol/m2), with better adsorption on TiO2 (0.95 µmol/m2) at acidic 

pH. The three other compounds in Table 5 are showing relatively similar affinity with MeO. 

For Al2O3 and TiO2 the adsorption density qmax for the two pH conditions follows the order 
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of, malonic acid > oxalic acid > salicylic acid. Except with TiO2 at pH 7.6, where salicylic acid 

showed higher qmax than oxalic acid (1.02 µmol/m2 and 0.75 µmol/m2, respectively). For 

ZrO2, qmax order is oxalic acid >salicylic acid > malonic acid at both pH.  

Interesting to notice that the adsorption density of oxalic acid (2.18 µmol/m2 and 1.58 

µmol/m2, respectively) and benzoic acid (0.39 µmol/m2 and 0.27 µmol/m2, respectively) 

with ZrO2 is relatively higher at pH 7.6 than at pH 4.2. Same scenario applies to Al2O3, where 

the adsorption density is slightly higher for oxalic (0.96 µmol/m2 and 0.71 µmol/m2, 

respectively) and malonic acid (1.19 µmol/m2 and 1.08 µmol/m2, respectively) at pH 7.6 

than at pH 4.2. 

 

Figure 2-10: summary of the qmax magnitude of all compounds with Al2O3, TiO2 and ZrO2 at 

pH 4.2 and 7.6 
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In addition, the pH influenced the constant K, which refers to the adsorption affinity as 

defined by many studies [83, 141]. In Table 2-4 and Table 2-5, the ratio between K at pH 4.2 

and K at pH 7.6 was calculated. Ratios <1 means that increasing pH was followed by an 

increase of the affinity of the organic acid compounds. However, ratios >1 means increasing 

pH leads to a reduction of the affin ity.  

Overall, there is no clear relationship between K and qmax. However, among the three MeO 

particles, Al2O3 exert the highest adsorption affinity (K values) with the majority of the 

compounds in Table 2-4 and Table 2-5 at both pH conditions with the exception of phenyl 

carboxylic acids at pH 7.6. The observed pH influence is more significant with compounds 

from Table 2-5 than from Table 2-4, where increasing the pH reduces adsorption affinity, 

except with malonic and hemimellitic acids, with Al2O3. ZrO2 exerts high adsorption affinity 

with benzoic acid at both pH conditions.  High K also was observed with phenylacetic acid 

with TiO2 at pH 4.2, and for 4-phenylbutyric acid at pH 7.6     

4. Discussion 

4.1. Adsorption kinetics   

Results showed that increasing pH, i.e., reducing the positive charge of the MeO, reduced Ks 

values. The decrease of Ks with increasing the pH of the suspension could be due to the 

decrease of the surface charge [92, 99, 103]. Evanko et al. (1998) and Alliot et al. (2005) 

reported a decrease in the adsorption removal of small aromatic acids and carboxylic acids 

by increasing the pH on goethite and Al2O3 surface, respectively [92, 99].  Das et al. (2005) 

stated that the difference in the adsorption kinetics of benzoic acid and phthalate on α-Al2O3 

was due to nature of the organic molecule, and the less number of surface hydroxyl group on 

the oxide surface [142]. Hwang and Lenhart (2008) reported that the adsorption mechanism 
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of malic and succinic acid on hematite was controlled by pH. At high pH, outer-sphere 

complex appears to dominate the surface, whereas the inner-sphere complex was favored at 

low pH [103]. 

ZrO2, TiO2 and Al2O3 are MeO with variable charge, and consequently, the nature of surface 

charge can impact the adsorption kinetics behavior of small organics. The pH of solution can 

affect the adsorption kinetics significantly in changing the ionization state of MeO surface 

and the adsorbed organic acids molecules [87]. As the pHZPC for ZrO2 is 7.44 and 8.9 for Al2O3 

and TiO2, all MeO are positively charged for experiments conducted at pH 4.2 understanding 

that the amount of positive charge reduces approaching pHPZC. For experiments conducted 

with ZrO2 at pH 7.6, the surface will approach the pHPZC (equal densities of positive and 

negative charges), Al2O3 and TiO2 remain positively charged at this pH condition.  

The functional groups attached to the organic acid have different pKa. If the pH of the 

solution is higher than pKa, the functional group will be deprotonated. The solution will 

exhibit species with negative charge. For pH < pKa, acid groups are protonated.  

The diversity of surface property of MeO and chemical structure and composition of organic 

acids induce a wide range of interactions and behavior that influenced the initial kinetics 

contents. This behavior was already demonstrated by many authors in investigating the 

reaction of small acids with Al2O3 and iron oxides [87, 98, 102, 103, 143]. A study stated that 

the differences in adsorption behavior of the substrates may refer to the magnitude of 

surface charge on the MeO surface [102]. 

Aromatic acids seem to exert strong interaction in a comparison to aliphatic acids, although 

they might show similar acidic characters. Results from Figures Figure 2-5 and  Figure 2-6  

indicate that the nature of attached functional groups to the aromatic ring has a major 
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influence on the kinetics [92]. In addition, this general trend could be related to the 

adsorption mechanism that controlled by the chemical structure [92, 102]. Dobson et al. 

(1999 and 2000) studied the adsorption mechanism of aliphatic and aromatic acids on TiO2, 

Al2O3, ZrO2, and Ta2O5. Authors reported different adsorption mechanism mode. For 

example, the adsorption of acetic acid on ZrO2 surface was via the formation of chelate 

structuctre on the surface [98]. Benzoic acid formed bidentate coordinated benzoate species 

on ZrO2 [102], although both acids have similar acidic character, i.e., monocarboxylic acid.  

Increasing the acidity in the benzoic ring by additional carboxyl group, a character that 

seems to influence the kinetics of small organic compounds more than the presence of OH 

group, i.e. salicylic and hemimellitic acid [92]. Results indicated that hemimellitic acid 

exerted the fastest initial adsorption rate at both pH and for all MeO. The difference is more 

important at acidic pH than at high pH. It could be suggested that the added carboxyl group 

may form additional surface complexes [92].  

Salicylic acid presented high Ks value at pH 4.2. The presence of non-charged OH group (OH 

or COOH groups) positioned on the aromatic structure seems to facilitate the adsorption 

rate. The non-charged group increases the acidity of COOH group, which makes it more 

important at acidic pH [89, 92].  

Interesting trends were observed for oxalic and malonic acids that are two small di-acids (C2 

and C3 di-acids) comparing to citric acid (C6 tri-acid), both showed fast behavior at high pH 

with ZrO2 and Al2O3. At pH 7.6, malonic and oxalic acids are fully dissociated as the other 

acids but their small size might favor their access to the remaining positive sites.  
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Aromatic structures with a single carboxyl group, i.e., salicylic and benzoic acids, seem to 

behave differently than aromatic with attached carbon chain fatty acids structure at both pH 

with all MeO.  

The conformation of the molecule appears an important factor governing the adsorption 

kinetics. Increasing the length of the fatty acid chain attached to aromatic moiety leads to a 

faster adsorption. Increasing the length of the carbon chain may enhance the interaction of 

the carboxyl group at low pH which decreases with increasing pH [92].  

4.2.  Adsorption isotherm of model compounds  

The pH effect on the adsorption isotherm of the studied organic acids showed behavior 

typical for anion adsorption, with high adsorption at low pH which decreases with increasing 

pH. Because all MeO are positively charged at acidic condition, and most of the investigated 

acids at least contained one carboxylic group (pKa value ranging from 1-5) [92, 103, 144]. 

Therefore, the adsorption of these acids is mainly controlled by electrostatic interaction and 

by the formation of surface complexation [99, 144]. Electrostatic interaction has less 

contribution to the adsorption mechanism as the free energy of ions adsorption that 

contributes to the electrostatic interactions is relatively small [92, 145]. Regarding surface 

complexation, Evanko et al. (1998) stated that at high pH, the surface of iron oxide is 

negatively charged, surface oxygen atoms are tightly bound and are less likely to interact 

with acidic functional groups in solution. As pH decreases, neutral and positively charged 

surface sites are formed, the iron-oxygen bond is weakened due to decreased electron 

density of the bond, and the oxygens are exchanged as OH- or OH2 with functional groups of 

the organic acids [92].  



80 
 

 
 

The chemical structure, number of COOH group, and carbon chain of the saturated fatty acid 

of the studied organic acids showed significant influence on the adsorption density onto 

MeO. In Figure 2-11b, the maximum adsorption (qmax) behavior of aromatic acids, e.g., (i.e., 

benzoic, salicylic and hemimellitic acids), and aliphatic acids (i.e., citric, malonic and oxalic 

acids) with three MeO are shown.  

 

Figure 2-11: Influence of chemical structure on the adsorption density of a) aliphatic 

acids and b) aromatic acids 

The addition of carboxyl group or hydroxyl group on the aromatic ring enhanced the 

adsorption affinity on Al2O3, TiO2 and ZrO2 in comparing to benzoic acid (one carboxyl 

group). Similarly observation can be made with citric acid (triprotic) and malonic acid 

(diprotic), where increasing the number of COOH increases the adsorption on MeO surface 

(Figure 2-11 a).  

The fact that adsorption increased at pH 7.6 as carboxyl groups were added, suggests that 

additional surface complexes may form on MeO [92, 142]. Non dissociated carboxyl groups 
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(pKa>pH) contribute to MeO adsorption [146]. The pKa values for these acids are presented 

in Figure 2-1. The compounds having the lowest pKa1 are considered to be overall more 

acidic. For compounds with multiple acidic functional groups (and therefore, multiple pKa), 

the acidity of additional functional groups must be assessed at both pH conditions because 

more than one functional group can be involved in adsorption [92, 142]. 

The increase in the adsorption may also result from increasing the acidity of the acid 

molecule (i.e., carboxyl group) [99]. It can be assumed that salicylic acid structure provide 

more adsorption energy on MeO surface in comparing to benzoic acid by increasing the 

acidity of COOH with the presence of the OH group in ortho position. Guan et al. (2006) stated 

that the presence of OH groups on the aromatic ring makes the interaction between 

carboxylate and aluminum hydroxide stronger. Because the phenolic groups have a strong 

electron-donating resonance effect [147]. Thus, the presence of phenolic groups near the 

carboxyl group can increase the electron density within the carboxyl group, therefore 

favoring the metal-carboxylate complexation [106].  

The acidity of organic acids has been observed to influence their adsorption behavior.  

 Das et al. (2005) stated that the high adsorption density of phthalate on α-Al2O3 surface 

comparing to benzoic acid was due to the adjacent carboxylic group that enhances the 

adsorption density [142]. Work by Vasudevan and Stone (1996) suggests that the nature of 

substituents to organic acids can have a significant effect on the adsorption properties of 

organic ligands by influencing the acidity [147]. In studying the adsorption of aromatic 

amines onto MeO, they found that the presence of electron-withdrawing substituents 

lowered the basicity of the aromatic amines at donor groups and shifted the maximum 

adsorption to more acidic pH values [147]. Edwards et al. (1995) found that organic matter 
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with very strong acid groups (groups ionized below pH 3) was adsorbed to goethite 

preferentially to organic matter with weaker acid groups, suggesting that very strong acid 

groups are important for controlling NOM sorption to MeO [148]. These findings are in 

agreement  with studies of simple organic acid adsorption in which poly-protic acids having 

at least one very strong acid group (malonic, oxalic, and hemimellitic acids) adsorbed 

strongly to MeO surfaces, whereas adsorption of mono-protic acids without very strong acid 

groups (benzoic acid) was much weaker [89, 92, 100, 149].  

Aliphatic structure seems to exert higher adsorption on MeO than aromatic structure 

(Figure 2-11 a and b) with similar acidic character i.e., citric acid versus hemimellitic acid, 

indicating that the confirmation of the molecule (access to the adsorption sites) plays an 

important role. 

This conformation effect is also observed when comparing the adsorption of oxalic acid (C2 

diprotic) and malonic acid (C3 diprotic) in Figure 2-11 a. Increasing the length of the 

molecule increases the adsorption affinity of the aliphatic compounds on Al2O3, TiO2 and 

ZrO2. Dobson et al. (1998) reported that the adsorption of aliphatic dicarboxylic acid was 

sensitive to carbon-chain length of the adsorbate. They showed that long-chain adsorbates 

(C4 and greater) can exhibit high molecular flexibility, which allowed the formation of 

tetradentate looped surface structures. Short-chain adsorbates (C2 and C3) exhibit low 

molecular flexibility, and therefore are unable to form a tetradentate surface structure that 

adsorbs strongly to MeO forming side-on coordinated species through ester linkages 

involving each of the carboxylate functional groups [98]. 

The influence of the length of the carbon chain of the saturated fatty acid attached to a phenyl 

group on the adsorption onto MeO is presented in Figure 2-12. Results showed that for all 
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MeO, the longer the fatty acid (phenylacetic, phenylpropionic and phenylbutyric acids) the 

higher the qmax value. This increased in adsorption may involve the interaction of the 

carboxyl group and also the hydrophobic part of the molecule [92]. As it is shown in 

Figure 2-12, which the pKa values of COOH are relatively similar, (i.e., 4.2, 4.31, 4.37, and 

4.76 for benzoic acid, phenylacetic acid, phenylpropanoic acid, and 4-phenylbutyric acid, 

respectively). The adsorption density increased with the length of the carbon chain carrying 

the carboxyl group. In addition, the length of the carbon chain is important in altering the 

adsorption density more than additional carboxyl group in the phenyl structure (i.e., 1, 2 

phenylenediacetic acid vs phenylpropanoic acid).  

 

Figure 2-12: The influence of the alkyl chain length on the maximum adsorption of 

phenyl carboxylic acids onto MeO 
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Studies suggested that the hydrophobic contribution to the adsorption may cause some 

organic acids to adsorb by more than one layer on the oxide surface, and surface coverage 

may therefore be increased [101, 150]. 

The effect of hydrophobic interactions on adsorption to MeO has been observed in 

experiments with surfactant molecules. Wakamatsu and Fuerstenau (1968) found that 

increasing the hydrocarbon chain length of alkyl sulfonates enhanced adsorption in alumina 

significantly and resulted in high sorption densities for the larger molecules relative to the 

smaller molecules [151].  

4.3.  Importance of the nature of the MeO in the adsorption on organic acids 

MeO properties have major influence on the adsorption of organic acids. Several parameters 

of MeO have been reported to have an influence on the adsorption density of small organic 

acids: surface area, charge density and type of hydroxyl group revealed on the surface [87, 

143, 152].  

Indeed, the density of the positive charge or charge density on the solid is more important 

than the charge of the organic acid. pH has an enormous influence on the surface charge of 

MeO. From the pHPZC curves, it can be noticed that Al2O3 and TiO2 expose more charge density 

than ZrO2 (Figure 2-2), a characteristic that explains the higher adsorption efficiency of Al2O3 

and TiO2 with some organic acids as compared to ZrO2. As an example, 3-Benzoylpropanoic 

acid showed more adsorption affinity on Al2O3 surface (45.01) more that TiO2 (2.02) and 

ZrO2 (6.25) at acidic pH. Interesting to notice that by increasing the pH, the affinity of benzoic 

acid toward MeO surface increased with all MeO, more specifically with ZrO2. Increasing the 
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affinity with increasing pH could be related to a modification of the adsorption mechanism 

[103].  

The positive charge controls the reaction mechanism and the affinity of the organic acids 

with the MeO surface by either ligand exchange or electrostatic interactions [153]. This can 

be demonstrated by the slight increase of pH in the adsorption process and it is an indicator 

of replacing of the OH+ group on the metal surface by the COOH group on the acid [87]. 

The type and nature of active sites present on MeO surface are also important factors that 

contribute to the adsorption of small organic acids as evidenced in our study. It is important 

to mention the type of reaction on the MeO from the surface perspective to have a better 

understanding of the results. As most of the studied acids are carboxylic acids, the reactions 

that control the adsorption are mainly in the form of acid-base mechanisms.   

A Brønsted acid−base formation provides a good description of the dissociative adsorption 

of this group of acids in Figure 2-1. Most MeO expose cation−anion pairs, and they are the 

active sites for this type of reaction, which proceeds through the abstraction of the acidic 

proton by a surface O2- anion to form an adsorbed hydroxyl group, with the conjugate base 

anion of the organic acids bonding to an exposed metal cation. The relative acid−base 

strengths of oxide surfaces are proportional to their ability to dissociate Brønsted acids [143, 

154, 155]. According to TPD (Table 2-2), Al2O3 and TiO2 surfaces are mainly predominant 

with strong sites per surface area in comparing to ZrO2.  Therefore, the adsorption of some 

organic acid, i.e. Phenylacetic acid and benzoic acid are tend to reduce in contact with ZrO2 

as it exerts weaker site than TiO2.  
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Plus, the local coordination environment of the cations-anions pairs is important. In many 

cases, this requirement can lead to large structural sensitivities, including dramatic 

variations in reactivity for different exposed crystal planes in a single MeO [143, 154].  

Several studies reported that the most important active sites on the surface of MeO is OH- 

group in the adsorption process [152, 156, 157]. On the surface of MeO, two types of OH- 

groups are form, one with surface oxygen and the other one on metal cation surface [137]. 

Each MeO exerts different density of OH- with various configurations on the surface of MeO 

as it shows in Figure 2-13 [158, 159].  

 

Figure 2-13: Three types of hydroxyl group possible at the surface of MeO. M corresponds 

to metal cation in MeO [158] 

Surface hydroxyl oxygen can be bonded to 1, 2 or 3 metal atoms. Therefore, the nature of the 

cation-anion pairs on the surface of Al2O3, TiO2 and ZrO2 was determined by their 

crystallinity [143]. According to the characterization of MeO with XRD, ZrO2 has monoclinic 

crystal structure with particles exert the planes (110) or (101).  The reported type of 

hydroxyl site on this structure are mono-coordinate and tri-bridge OH groups [137]. The 

presence of two different particles in ZrO2 powder might lead to different adsorption density. 

Because each plane gives the particles different surface character [158]. TiO2 is in rutile 

phase in (101) plane. Type I and II hydroxyl group should be expected [158]. Al2O3 particles 

is in the form corundum in crystallinity. In the phase (11-20), and the possible hydroxyl 



87 
 

 
 

groups are I, II and II [156]. Based on several parameters, i.e. type of MeO, crystallinity and 

processing the MeO, different density of each type exposed on the surface [9, 58, 160]. Based 

on the type of OH- on the surface, different affinity of organic acids will be seen [160].  

5. Summary  

- MeO surface charge, the pKa and the different chemistry of adsorbate can influence 

the degree and the mechanism of adsorption that occurred at MeO/water interface.  

- The adsorption of organic acids followed Langmuir isotherm model which is 

indicating of a monolayer adsorption.  

- Different pH give various densities of adsorption since the pH affecting the ionized 

state of the organic acids and the surface charge on MeO.  

- Increasing the acidity of the organic molecule, either by increasing the number of 

COOH group or by the presence of HO group increase the adsorption density on MeO 

at acidic and neutral pH.  

- Different conformation of the organic acid, i.e., aliphatic or aromatic structure, and 

the length of the aliphatic acids influence the adsorption on MeO.  

- Phenyl carboxylic acids have high adsorption affinity and removal on all MeO surface. 

And the presence of carbon chain of the saturated fatty acid is more important than 

COOH group in phenyl acids.  

- Different surface characteristic of MeO influence the maximum adsorption on organic 

acids model compounds, i.e., the density of the active site and pHPZC. 
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Chapter 3  

Interactions of Natural Organic Matter (NOM) with metal oxide particles 
 
1. Introduction  

NOM in waters are a complex mixture of compounds. Different sources and conditions 

produce NOM with different chemical structure and specific properties [29, 30]. A lot of 

attention was devoted by researchers to NOM reactivity toward MeO particles. As the 

presence of NOM causes a broad range of problems in drinking water treatment operations, 

more specifically in membrane filtration [14, 97]. NOM incorporates molecular structures 

that have significant contribution to the organic fouling of ceramic and polymeric 

membranes used in surface water treatment applications [4, 57].  

Many studies showed that high MW NOM fractions enriched in acidic functional groups and 

aromatic moieties are preferentially adsorbed on MeO surface [7, 53, 83, 90, 93, 115, 161].  

Gu et al. (1995) found from studying the adsorption of NOM that was obtained from a 

wetland pond at Clemson University’s Baruch Forest Science Institute in Georgetown on iron 

oxides that the hydrophobic fraction of NOM showed higher adsorption capacity and affinity 

than hydrophilic fraction isolated from the same sample [83]. Schlautman et al. (1994) 

studied the adsorption of standard HA and FA isolated from the Suwannee River on the 

surface of -Al2O3. They found that HA (higher MW) is more adsorbed on -Al2O3 than FA 

(lower MW) [153]. 

The high adsorption of HA on MeO surface was reported and observed in investigations 

conducting different approaches. Chen et al. (2017) studied the adsorption of soil humic acid 

onto montmorillonite and kaolinite by Attenuated Total Reflection Fourier Transform 
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Infrared (ATR FTIR) and Isothermal Titration Calorimetry (ITC) [162]. Aimin et al. (2008) 

studied at the adsorption of fulvic acid (FA) fractions onto kaolinite by batch adsorption 

experiments and characterizing the kaolinite before and after adsorption [90].  

Other studies focused on the adsorption of non-humic NOM structure, more specifically 

polysaccharides such as dextrin and corn starch on the surface of hematite [61]. Cai et al. 

(2011) investigated the adsorption of alginate as a surrogate for natural polysaccharides on 

the surface of heated Al2O3 particles called Heated Alumina Oxide Particles (HAOPs) in 

comparison to activated carbon and ion exchange resin. They found that 90 % removal of 

alginate was achieved with increase of the dose of HAOPs from 0 to 200 mg/L [22]. By 

contrast, the ion exchange resin and activated carbon adsorbed nearly no alginate.  

Studies of the adsorption of different biopolymer model molecules, i.e., guar gum and dextrin 

(low MW carbohydrates) agreed that the OH groups of polysaccharides interact with surface 

Me–OH sites on MeO surfaces (i.e., Al2O3, TiO2, goethite, and silicate minerals) to form acid-

base complexes [109, 163, 164].  

Another study investigated the adsorption of several proteins (i.e., bovine serum albumin, 

lysozyme, and trypsin) on colloidal Al2O3. Results showed that the protein/particle 

interaction was mainly governed by electrostatic forces [165]. 

Solution pH has a crucial role in NOM adsorption on MeO surface in shifting the extent of 

ionization stat of NOM and MeO functional groups. At lower pH, the surface of oxide or 

minerals can adsorb more NOM molecules than at higher pH because the overall surface 

charge becomes negative at alkaline pH inducing significant repulsion between the surface 

and NOM molecules [7, 61, 166].  Meier et al. (1999) investigated the adsorption behavior of 

Suwannee River NOM (SR NOM) and Great Dismal Swamp NOM (GDS NOM) on the surface 
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of goethite and kaolinite (Al2Si2O5(OH)4) with batch experiment at pH 4. Normalized total 

organic carbon adsorbed per unit of surface area estimated better adsorption performance 

for goethite than kaolinite. Goethite has a higher pHPZC (i.e., 7.7) than kaolinite (i.e., 5.3). The 

pKa value for the attached functional groups in NOM is 4 and 10 for carboxyl and phenol, 

respectively, as determined by Perdue (1985). Therefore, goethite has a large density of 

active hydroxyl sites spread on the entire surface enhancing the adsorption efficiency 

through ligand exchange [128]. Omoike et al. (2005) found that the adsorption of bacterial 

extracellular polymeric substances (EPS) on goethite was reduced by increasing the pH from 

3 to 9. Reason of this finding is the progressive proton dissociation of both goethite and 

ionizable EPS functional groups [109]. 

Following the above, this chapter mainly focused on the physicochemical aspect of 

adsorption by studying the adsorption isotherm of selected NOM fractions with MeO 

particles. The investigated NOM fractions were two HPO fractions extracted from Suwannee 

River (SRW HPO) and Colorado River (CRW HPO) during previous projects [167, 168]. 

Two High Molecular Weight (HMW) biopolymer (BIOP) fractions that are hydrophilic (HPI) 

in character were also studied, BIOP HYM isolated from the cell exudate of Hymenomonas sp 

algae and BIOP MEM recovered from the surface of fouled reverse osmosis desalination 

membrane. Lastly, experiments were conducted with low molecular weight, high hydrophilic 

character NOM (low aromaticity and low MW) isolated from the Ribou Reservoir water in 

France (RRW HPI)[168].  

The adsorption of the mentioned NOM was tested with Al2O3, TiO2, ZrO2 and Heated Alumina 

Oxide particles (HAOPs) under the influence of pH. Additional experiments performed with 

BIOP HYM with the presence of other competitor (i.e., SRW HPO) in the working solution. 
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Two analytical methods were used to evaluate the concentration of NOM in solution after 

adsorption with MeO, Total Organic Carbon (TOC) analysis to determine the overall organic 

carbon reduction and LC-OCD to examine the change in molecular weight distribution.  

2. Material and Methods 

2.1. Material 

2.1.1. Metal Oxides Particles  

The MeO particles used for this part of the project are the same as the ones presented in 

Chapter 2 (paragraph 2.1.1). In addition to Heated Alumina Oxide particles (HAOPs) that was 

prepared as described by Cai et al. (2007) [4]. A solution of aluminum sulfate 

octadecahydrate Al2(SO4)3, 18 H2O (1.5 M) was prepared at pH 7 using NaOH. The resulted 

suspension was heated in a closed container at 110 °C for 24 h. Then the suspension was 

cooled down until it reached room temperature and rinsed with Milli-Q water.  

2.1.2. NOM fractions  

The adsorption of 5 different NOM fractions was tested in this chapter.  

Table 3-1: List of investigated NOM 

Name Origin Characteristic 

SRW HPO Suwannee River - USA Hydrophobic fraction  (XAD-8 resin) 

CRW HPO Colorado River– USA Hydrophobic fraction (XAD-8 resin) 

RRW HPI Ribou River- France 
LMW Hydrophilic acid fraction (not 
retained on XAD-8 and XAD-4 resin) 

BIOP HYM Hymenomonas sp exudate HMW Hydrophilic fraction 

BIOP MEM 
Extracted from reverse osmosis 

membrane surface  
HMW Hydrophilic fraction  
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2.2. Experimental Methods 

2.2.1. Adsorption kinetics 

The adsorption kinetics of NOM on MeO particles was conducted using the same 

experimental protocol and conditions that was described for model compounds in Chapter 

2 (paragraph 2.3.1). Experiments were performed with 500 mL solution containing 3 g/L of 

MeO prepared in 0.01 M NaClO4 at pH 4.2 ± 0.2 (pH adjustment with 0.1 M HCl) and pH 7.6 ± 

0.2 (adjustment with 0.1 M of NaOH). The initial TOC concentration was 4.6 ± 0.35 mg/L for 

all NOM fractions. The sampling time in the first hour was at 5, 10, 20, and 40 min. Then, the 

sampling was operated every 1, 2, 6, 10, 16, 20 and finally 24 hours.   

2.2.2. Adsorption isotherm  

The adsorption isotherm of NOM isolates with MeO particles was also conducted using the 

same method and conditions as the one presented for adsorption kinetics. The solution 

volume was 25 ml and MeO dose varied from 0 to 4.5 g/L. The solutions preparation and 

conditions details were similar to part 2.2.1. The initial TOC was 4.2 ± 0.56 mg/L.  

2.2.3. Competitive adsorption  

The main goal of this part was to look at the competitive adsorption of biopolymer in the 

presence of SRW HPO fraction. Two biopolymer fractions were selected, BIOP HYM and BIOP 

MEM. SRW HPO was selected as a model for HPO fraction. The protocol of the adsorption 

competition experiments between biopolymers and SRW HPO with HAOP particles were 

conducted as explained in section 2.2.2. Two solutions with different NOM compositions 

were prepared as follows:-   

- SRW HPO = 2.2 ±0.2 mg C/L and BIOP HYM = 2.3 ± 0.3 mg C/L, 

- SRW HPO = 2.3 ±0.4 mg C/L and BIOP MEM = 2.1 ± 0.2 mg C/L 
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2.3. Analytical Methods 

All solutions were filtered through 0.45 µm syringe filter before analysis in order to remove 

the MeO particles. 

2.3.1 UV absorption 

UV absorption at 254 cm-1 is representative of the unsaturated structures in NOM, e.g., 

double bonds and aromatics. UV measurements were conducted using the UV 2550 from 

Shimadzu (Japan). Samples are placed into a 1cm quartz cell and using Milli-Q water as a 

baseline. 

2.3.2. Total organic carbon (TOC) 

Calibrated TOC-V CPH – Shimadzu was used to analyze the Dissolved Organic Carbon (DOC) 

concentration of the solutions. Inorganic carbon was previously removed from the sample 

via acidification with hydrochloric acid followed by a degasification step. DOC oxidized at 

720°C into CO2 was analysed by an infrared detector. 

2.3.3. Liquid chromatography-organic carbon detector (LC-OCD)  

LC-OCD/TN model-8 from D.O.C. Labor equipped with a Toyopearl size exclusion 

chromatography column TSK HW50S (Tosoh, Japan) (dimension: 250 mm x 20 mm, particle 

size: 20-40m) was used to look at the change in molecular weight distribution of the DOC 

components after MeO adsorption. This instrument is equipped with three detectors, 

Organic Carbon Detector (OCD), with DOC range from 1 to 5 mg/L), the UV Detector (UVD) 

with a fixed wavelength of 254 nm (low-pressure mercury lamp), the Organic Nitrogen 

Detector (OND) composed by a capillary UV-reactor (oxidation of the organic nitrogen to 

nitrate) and a UV detector operating at 220 nm (wavelength characteristic of the nitrate). 
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ChromCALC uni software was used to determine the concentration of each fraction in NOM 

samples based on the integration of the defined area as presented in Figure 3-1.  

 

Figure 3-1: Chromatographic profile of LC-OCD  [56] 

2.3.4. Zetasizer 

ZS ZEN3600 Zetasizer (Malvern, UK) equipment was used to measure the zeta potential (ZP) 

of the NOM fractions. 1 mL clear disposable zeta cells (DTS1060C, Malvern, UK) was filled 

with 1 mL NOM solution with TOC of 5 ±0.43 mg C/L. The ZP was measured in 1, 10, 100 mM 

NaClO4 ionic strength solution. Three measurements were taken at each condition allowing 

calculation of average and standard deviation values.  

2.3.5. Transmission Electron Microscopy (TEM) 

High-Resolution Bright-Field Transmission Electron Microscope (HR-BF-TEM) analysis was 

performed on a Titan CT operated at 300 kV from FEI Company equipped with a charge-

coupled device (CCD) camera from Gatan, Inc. The purity of the material was confirmed by 
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EDAX. Multiple locations of the specimens were investigated. This part was performed with 

the help of Dr. Roldan-Gutierrez in the imaging core lab in KAUST.  

3. Results  

3.1. Material characterization  

3.1.1. HAOP 

BET surface area of 26.2  m2/g was measured for HAOP, a value close to the one published 

by Liu et al. (2016), i.e.,  35.6 m2/g [169]. The pHPZC is 7.6 [169], and the particle size is 0.6 

µm measured by  Dynamic Light Scattering (DLS). Figure 3-2 a shows the HAOP captured by 

TEM. The Al2O3 nature of the HAOP was confirmed by EDAX (Figure 3-2 b). 

 

Figure 3-2: a) TEM image and b) EDAX profile of HAOP 

3.1.2. NOM fractions  

The ZP of each NOM fraction measured in NaClO4 solutions of different ionic strength at pH 

5.6 ± 0.2 are plotted in Figure 3-3. For all NOM fractions, the ZP is reduced by increasing the 

NaClO4 concentration. This behavior is similar to the results obtained by Aubry et al. (2013) 

who determined the electrophoretic mobility (EPM) of different NOM fractions in NaCl 

solution [51]. All NOM are negatively charged in all the ionic strength range. The negative 
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charge is a results of the deprotonated carboxyl groups distributed along the surface of NOM 

[52]. 

 

Figure 3-3: The ZP of the studied isolate NOM measured at pH 5.6 ± 0.2 and NaClO4 as electrolyte 

background (1, 10, 100 mM) 

The MW distribution of the selected NOM was investigated by LC-OCD. Figure 3-4 shows the 

chromatograms of the five NOM isolates. Figure 3-4 a and b are the biopolymer fractions 

characterized by the BP band showing its maximum intensity at retention time 30 min. For 

BIOP HYM (Figure 3-4 b), the BP profile presents a second band with a maximum retention 

time 40 min referred as intermediate MW BP fraction  (IMW) [170]. All the BP fractions 

showed the presence of nitrogenous moieties, i.e., protein-like structures. The LC-OCD 

profile of the HPO fractions are presented in Figure 3-4 c and d. Four important fractions can 

be distinguished, i.e., HS, BB, LMW acids, and LMW neutrals. The retention time at maximum 

intensity of HS is different for SRW HPO and CRW HPO which is an indicator of the different 

MW distribution. These two HPO NOM have high UV absorption at 254 cm-1 with different 

intensity (SRW HPO > CRW HPO). 
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The last NOM fraction (Figure 3-4e) RRW HPI consists of three main peaks that can be 

identified by BB, LMW acids, and LMW neutrals based on the MW. This fraction incorporates 

low MW moieties and shows a week UV absorption at 254 cm-1.  

 

Figure 3-4: LC-OCD profiles of the studies NOM. a) BIOP MEM, b) BIOP HYM, c) SRW HPO, d) CRW HPO and 

e) RRW HPI  
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3.2. Adsorption kinetics of NOM isolates onto MeO particles  

3.2.1. ZrO2, TiO2, and Al2O3 particles 

The adsorption kinetics of NOM with ZrO2, Al2O3, and TiO2 were studied with all fractions 

except of BIOP MEM. Initial TOC of the NOM solution was the following: SRW HPO: 3.87±0.4 

mg/L. CRW HPO: 3.29 ± 0.21 mg/L. RRW HPI: 4.02±0.6, BIOP HYM: 4.24 ± 0.32 mg/L. The 

dose of MeO particles was 3 g/L (equivalent to 11.4, 16.8, and 30.3 m2/L for Al2O3, TiO2, and 

ZrO2, respectively). The kinetics in Figure 3-5 showed that 24 h contact time is needed for all 

MeO and NOM fractions to reach equilibrium.  

These results show that different MeO surfaces have different adsorption behavior toward 

NOM. The final TOC concentration of any specific NOM solution is different for each MeO. 

ZrO2 and TiO2 particles are showing similar behavior. However, Al2O3 showed very different 

results.  

Results in Figure 3-5 showed that HPO fractions (i.e., SRW HPO and CRW HPO) can reach 

equilibrium after 10 hours as indicated by the stable NOM concentration for higher contact 

time. RRW HPI (small MW hydrophilic fraction) showing similar behavior with HPO NOM. 

However, longer contact time was needed for BIOP HYM. 

At steady state, NOM removal with Al2O3, TiO2, and ZrO2 is in the following order, regardless 

of pH: SRW HPO>CRW HPO>BIOP HYM> RRW HPI. These results highlight that NOM 

structure and character seem to have a stronger influence on the adsorption kinetics than 

the type of MeO surface. pH has an effluence on the surface charge of the MeO [89] and NOM 

[161]. Therefore, the final NOM removal i.e., 24 h contact time, was lower at high pH 

condition, i.e., 7.6 with all NOM fractions in comparing to pH 4.2.   
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The initial adsorption rate constant (ks) i.e., first hour, was calculated for all experiments 

conducted at pH 4.2 and pH 7.6 (Table 3-2) using the equation below:  

K𝑠 =
Ct−C0

t C0  m A
      (1) 

Where C0 is the initial concentration of NOM (mg/L), Ct is the NOM concentration at t 

(mg/L), and t is the time to reach C (hour,i.e., h), m is the mass of MeO (g) and A is the 

specific surface area of the MeO (m2/g). 

Table 3-2: Adsorption rate constant (Ks: h-1m-2) of 4 NOM isolates at the first hour of adsorption at pH 4.2 and 

7.6 by Al2O3, TiO2, and ZrO2.   

 ZrO2 Al2O3 TiO2 

 pH 4.2 pH 7.6 pH 4.2 pH 7.6 pH 4.2 pH 7.6 

SRW HPO 3.63 2.41 4.77 3.62 2.26 1.07 

CRW HPO 3.09 1.89 2.18 2.29 1.74 1.35 

RRW HPI 0.88 0.65 0.75 0.37 0.43 0.45 

BIOP HYM 1.2 0.94 1.17 0.85 1.13 0.73 

 

The following remarks can be addressed from Table 3-2: 

- Ks value is influenced by pH, which decreases with increasing pH.  

- Surface properties of MeO influence the kinetics rate since each MeO showed different Ks 

magnitude with each NOM. 

- HS of high average MW, i.e., SRW HPO, was adsorbed faster than HS of lower MW (CRW 

HPO) under both pH conditions. 

- HMW biopolymers are adsorbed slower than HS with all MeO particles. No significant 

difference was observed in Ks magnitude with Al2O3, TiO2, and ZrO2.   

- Low molecular weight negatively charged fraction, i.e., RRW HPI, has the lowest Ks (i.e., 

first hour reaction) value among the 4 NOM fractions regardless of MeO type.  
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Figure 3-5: Adsorption kinetics of MeO (Al2O3, TiO2, and ZrO2) with NOM isolates at pH 4.2 and 7.6. The initial 

TOC for SRW HPO: 3.27±0.4 mg/L. CRW HPO: 3.29 ± 0.21 mg/L. RRW HPI: 4.02±0.6. BIOP HYM: 4.31± 0.31 

MeO dose: 3 g/L (Al2O3: 11.4 m2.L, TiO2: 16.8 m2/L, and ZrO2: 30.3 m2/L) 
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3.2.2 HAOP 

Adsorption kinetics of 5 NOM fractions with HAOP are shown in Figure 3-6. SRW HPO and 

RRW HPI were fractions reaching plateau the fastest within 5 hours with 3 g/L of HAOP, 

which is equivalent to 79.8 m2/L (Figure 3-6). BIOP HYM, CRW HPO, and BIOP MEM have 

similar behavior in terms of kinetics, 15 h are necessary to reach a steady state 

concentration. 

 

Figure 3-6:  Adsorption kinetics of HAOP with NOM fractions at pH 4.2 and 7.6. HAOP dose is 3 g/L (79.8 

m2/L). Initial TOC for each NOM is the following: SRW HPO: 4.87±0.14 mg/L. CRW HPO: 4.51 ± 0.21 mg/L. 

RRW HPI: 4.22±0.6. BIOP MEM: 4.33±0.5 mg/L and BIOP HYM: 4.15 ± 0.21 mg/L. 

 

After 24 h of equilibrium, the amount of adsorbed on HAOP surface at low pH conditions was 

significantly higher than at high pH (with the exception of RRW HPI), suggesting the 

importance of the charge on HAOP surface and NOM as the charge is influenced by pH. As 

observed for the other MeO particles, SRW HPO and RRW HPI exert the strongest and 

poorest affinity with HAOP, respectively. Biopolymers (i.e., BIOP HYM and BIOP MEM) 
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showed higher affinity than CRW HPO with HAOP, the opposite trend was noticed with Al2O3, 

TiO2, and ZrO2.  

The initial adsorption kinetic constants (i.e., first hour) of NOM isolates with HAOP are listed 

in (Table 3-3). 

 
Table 3-3: Initial rate constant (Ks: h-1m-2) of 5 NOM isolates in the first hour of adsorption at pH 4.2 and 7.6. 

HAOPs dose is 3 g/L (79.8 m2/L) 

 
Ks: h-1m-2 

 
pH 4.2 pH 7.6 

SRW HPO 0.87 0.76 

CRW HPO 0.32 0.28 

RRW HPI 0.15 0.12 

BIOP MEM 0.37 0.32 

BIOP HYM 0.41 0.33 

 

Overall, the calculated Ks of HAOP with all NOM fractions (BIOP MEM was not studied with 

the other MeO) is lower than with ZrO2, Al2O3, and TiO2 particles. HAOP with specific surface 

area of 26.2 m2/g shows low Ks in comparison to Al2O3 which has the lowest surface area 

(3.5 m2/g).  

As previously indicated, increasing the pH reduced Ks, however the difference is small as 

compared to the comparison made with the other MeO particles.  

Results from competitive adsorption kinetics experiments (HAOP at pH 4.2 and 7.6) 

conducted with solutions made of 50% SRW HPO and 50% biopolymers (BIOP MEM or BIOP 

HYM) are given in Figure 3-7. Faster TOC removal occurred with SRW HPO/BIOP MEM as 

compared to SRW HPO/BIOP HYM solution. An observation indicating the influence of 

biopolymer chemical structure on the surface adsorption in addition to the effect pH.  
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Figure 3-7: Competitive adsorption kinetics with HAOP in two solution interfaces. HAOP dose: 3 g/L 

(79.8 m2/L). TOC0: 4.5 ±0.07 mg/L with SRW HPO/BIOP MEM and SUW HPO/BIOP HYM. 

 

Initial adsorption rate constants for SRW HPO/BIOP MEM were 0.52 and 0.42 h-1m-2 at pH 

4.2 and 7.6, respectively. Lower values were calculated for SRW HPO/BIOP HYM i.e., 0.15 

and 0.21 at pH 4.2 and 7.6, respectively. The pH and the origin of the biopolymer have a 

significant impact on the adsorption kinetics of the BIOP/HPO mixture on HAOP surface.  

3.2. Adsorption isotherm of NOM isolates with MeO particles 

For this series of experiments the initial TOC content of the NOM solutions was slightly 

different than for the adsorption kinetics work. The volume of the NOM solution was 10 

times smaller, i.e., 25 mL and the quantity of MeO varied from 0 to 4.5 g/L 

3.2.1. ZrO2, TiO2, and Al2O3 particles 

3.2.1.1. Adsorption of HPO NOM  

The adsorption of SRW HPO and CRW HPO was examined with Al2O3, TiO2, and ZrO2 at pH 

4.2 and 7.6. A contact time of 24 h was selected as the kinetics experiments showed that 24 
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h time is required to reach equilibrium. TOC0 was 4.58 ± 0.04 and 4.73 ± 0.06 mg/L for SRW 

HPO and CRW HPO, respectively.  

The TOC and the UV254 reduction for the adsorption of SRW HPO and CRW HPO are shown 

in Figure 3-8. Both HPO fractions exert higher adsorption on MeO particles at pH 4.2 than at 

pH 7.6. The effect of pH is more important with Al2O3 as compared to ZrO2 and TiO2. The 

strong adsorption of HS (i.e., HPO) fraction with MeO particles, i.e., colloidal Al2O3 and iron 

oxide, and the influence of pH was already reported in several studies [53, 87, 153]. 

Different adsorption density of each MeO toward SRW HPO and CRW HPO is also shown in 

Figure 3-8. Similar results were observed by Meier et al. (1999) who obtained higher 

adsorption efficiency on goethite more than on kaolinite for two HS isolated from different 

sources [128].  

The adsorption of SRW HPO and CRW HPO was increased with increasing the surface area 

of MeO in solution.  Janot et al. (2012), Weng et al. (2007) and Meier et al. (1999) reported 

an increase in the adsorption of commercial and extracted HS from different sources, i.e., 

river waters and swamps, with increasing the dose of MeO particles, i.e., on alpha Al2O3 (α-

Al2O3), goethite and kaolinite [53, 94, 128].  

Generally, SRW HPO exert stronger affinity with the adsorbent in comparison to CRW HPO 

independently of the type of MeO (Figure 3-8). This observation confirms that the nature of 

HPO fraction significantly influence its interaction with MeO surface. The UV adsorption 

profile is an indicator of the removal of aromatic components of NOM (Figure 3-8 c, d, g, and 

h). Overall, for both HPO fractions the per cent reduction of UV254 was higher than TOC, an 

indicator of the preferential adsorption of aromatic moieties.  
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Figure 3-8: TOC and UV254 absorbance reduction of SRW HPO (TOC: 4.58 ± 0.4 mg/L) and CRW HPO (TOC: 

4.76 ±0.08 mg/L) at pH 4.2 and 7.6 and contact time: 24 h.  
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The adsorption of SRW on MeO was fitted with Langmuir model (equation 2).  

q =  
qmax K Ce

1+(K 𝐶𝑒)
          (2) 

Linear form:  
1

q 
=

1

qmax K Ce
 +

1

qmax
        (3) 

In Langmuir isotherm equation, q is the mass of solute adsorbed per surface area of MeO 

(mg/m2), qmax is the maximum adsorption (mg/m2). K is the adsorption affinity constant, and 

Ce is the equilibrium concentration (mg/L).    

The maximum adsorption per surface area of MeO (qmax) was calculated and listed in 

Table 3-4. Langmuir model for SRW HPO is shown in Figure 3-9.  

 

Figure 3-9: Langmuir isotherms of SRW HPO with Al2O3, TiO2, and ZrO2 

 
As observed with model compounds, higher qmax were determined at pH 4.2 than at pH 7.6. 

For SRW HPO at pH 4.2, qmax values ranged as follows: ZrO2> Al2O3>TiO2.  At pH 7.6 results 

are TiO2> ZrO2 > Al2O3.  

In Table 3-4, the ratio between qmax at pH 4.2 and 7.6 showed that pH have an influence on 

the maximum removal. And it is more important for ZrO2. The magnitude of the pH influence 

based on MeO is in the following order: ZrO2>Al2O3>TiO2.  
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In addition, the magnitude of K is altered by pH. Increasing the pH lead to decrease the 

affinity constant in Al2O3 and TiO2 (i.e., ration of 4.64 and 10.01, respectively). Opposite 

scenario with ZrO2, higher K was calculated at pH 7.6 that at pH 4.2. Al2O3 exert the highest 

adsorption affinity at pH 4.2. However, at pH 7.6, the highest K was observed for ZrO2.  

Table 3-4: Maximum adsorption (qmax) extracted from Langmuir model for SRW HPO adsorption on MeO 

 pH 4.2 pH 7.6   
 

qmax 

(mg/m2) 
K R2 qmax 

(mg/m2) 
K R2 KpH 4.2/ 

KpH 7.6 
qmax pH4.2/ 
qmaxpH 7.6 

Al2O3 0.51 2.48 0.95 0.18 0.53 0.93 4.64 2.75 

ZrO2 1.45 0.34 0.93 0.23 1.17 0.97 0.29 6.21 

TiO2 0.47 1.54 0.97 0.39 0.15 0.95 10.01 0.83 

 

As showed in Figure 3-10, CRW HPO was also fitted with the same model. However, the 

model was not applied for TiO2 at pH 4.2. Because of the negative value of intercept, that lead 

to negative qmax. In addition, because of its weak adsorption, the adsorption isotherm curve 

was not developed for all conditions at pH 7.6.   

 

Figure 3-10:  Langmuir isotherms of CRW HPO with Al2O3, TiO2, and ZrO2 at pH 4.2  

 
At pH 4.2, ZrO2 showed qmax magnitude with CRW HPO lower than with SRW HPO with higher 

affinity (i.e., qmax:0.17 mg/m2 and k: 1.19). Howevr, higher qmax was calculated for Al2O3 with 

CRW HPO more than SRW HPO  with lower affinity (i.e., 2.24 mg/m2, K: 0.067).  
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The MW distribution of the HPO fractions before and after MeO adsorption are presented in 

Figure 3-11 for SRW HPO and Figure 3-12 CRW HPO, respectively. Increasing the applied 

MeO surface area leads to reduced intensity of all peaks in the HPO solutions. As expected, 

the removal decreased with increasing pH from 4.2 to 7.6. 

Table 3-5 provides the removals in per cent of the HS, BB, LMW acids fractions of SRW HPO 

and CRW HPO following 24 h mixing with 0.5 g/L of MeO.  

ZrO2 exerts the highest removal of HS (i.e., 71.9 % removal), comparing to Al2O3 and TiO2, 

27% and 37.26 %, respectively. ZrO2 showed removal of low MW fraction, i.e., BB and LMW 

acids, in comparing to Al2O3 and TiO2. HS fraction is the most of SRW HPO that has been 

reduced from the solution by all MeO (Table 3-5).  

 
Table 3-5: Percentage removal of HS, BB, and LMW acids in SRW HPO after adsorption on 0.5 g/L of MeO 

(equivalent to 1.9 m2/L for Al2O3, 2.5 and 5.5 m2/L for TiO2 and ZrO2, respectively) obtained from LC-OCD 

 

  HS  BB  LMW acids  

  pH 4.2 pH 7.6 pH 4.2 pH 7.6 pH 4.2 pH 7.6 

  SWR HPO 

  3.4 mg/L 0.4 mg/L 0.1 mg/L 

Al2O3 27.3 11.84 25.17 7.47 21.09 14.11 

TiO2 37.26 24.45 10.38 8.96 4.55 4.84 

ZrO2 71.9 32.98 55.71 30.59 13.64 10.18 

  CRW HPO 

  2.8 mg/L 0.93 mg/L 0.13 mg/L 

Al2O3 6.1 6.5 0.6 -17.7 -19.4 -10.7 

TiO2 26.3 38.6 37.4 26.5 9.5 6.7 

ZrO2 47.7 13.4 -7.1 -9.6 -16.2 -19.1 
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Figure 3-11: LC-OCD chromatogram of the bulk SRW HPO and residual SRW HPO after adsorption on MeO 

surface (ZrO2, Al2O3 and TiO2). The pH was 4.2 and 7.6. TOC0: 4.58 ± 0.04 mg C/L. The difference in the 

chromatogram resolution of TiO2 was due to fail in system’s pressure 
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Figure 3-12:  LC-OCD chromatogram of the bulk CRW HPO and residual CRW HPO after adsorption on MeO 

surface (ZrO2, Al2O3 and TiO2) at pH was 4.2 and 7.6. TOC0: 4.73 ± 0.06 mg/L. Contact time: 24 h 
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The reduction of the HS peak at retention time of 45 min in CRW HPO (Figure 3-12) is not as 

strong as that shown with SRW HPO, except with ZrO2 at pH 4.2. This result suggests that the 

chemical structure of NOM and pH influence the adsorption behavior.  

It is interesting to notice in CRW HPO chromatograms (Figure 3-12 a, b, c, and d) that the 

reduction of HS content is followed by an increase in the BB and LMW acids content, 

however, this is not observed for TiO2, only for Al2O3 and ZrO2 (Table 3-5).  

This observation indicates that another interaction beside adsorption could be involved in 

producing low MW fractions. 

Blank solution was prepared for each MeO particle (i.e., background water – pH 4.2 and 7.6 

in contact with MeO particles for 24 hours following by filtration) and analyzed by LC-OCD. 

All MeO profiles  showed a peak at 55 min elution time with very low intensity (Figure 3-13) 

and considered not significant compared to the peak observed in Figure 3-13 a, b, c, and d. 

These results confirmed that the adsorption of CRW HPO led to the transformation of the 

organic matrix from high to lower MW structures. 
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Figure 3-13: LC-OCD profile of background solution in contact MeO particles at pH 4.2. (Solution volume: 25 

mL, contact time: 24 hours). Applied surface area of Al2O3: 7.6 m2/L, TiO2: 11.2 m2/L, and ZrO2: 20.2 m2/L 

3.2.1.2. Adsorption of low MW hydrophilic NOM fraction  

RRW HPI adsorption (contact time: 24 hours) on MeO particles at pH 4.2 and 7.6 is shown in 

Figure 3-14. This particular fraction did not show significant adsorption on the surface of all 

MeO (max 20% removal) with the exception of ZrO2 at pH 7.6. Total TOC removal was 40 % 

at the highest dosage of ZrO2. Also, the results show that the pH has moderate impact 

(slightly better at low pH for Al2O3 and TiO2, opposite trend for ZrO2) on the adsorption 

capacity of all MeO with this hydrophilic NOM fraction.  

 

Figure 3-14: Adsorption of RRW HPI on MeO (Al2O3, TiO2 and ZrO2) at pH 4.2 and 7.6. TOC0: 5.12 ± 0.4 mg/L. 
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The LC-OCD analysis conducted on the RRW HPI before and after adsorption onto ZrO2 

(Figure 3-15) demonstrated again the preferential removal of the higher MW moieties of the 

DOM fraction (peak at retention time 45 min).  

 

Figure 3-15: The size exclusion chromatography (OCD) of the bulk RRW HPO (TOC0:5.12 mg/L) and the 

residual after adsorption on ZrO2 at pH 7.6 

3.2.1.3. Adsorption isotherm of Biopolymer HPI fractions 

The adsorption of BIOP MEM and BIOP HYM in contact with MeO particles (Al2O3, TiO2 and 

ZrO2) was investigated at pH 4.2 and 7.6 with a 24h equilibrium time (Figure 3-16 and 

Figure 3-18). BIOP MEM exerted minor affinity with all MeO particles. As shown in 

Figure 3-16, maximum removal of 20% was reached at both pH conditions.  
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Figure 3-16: TOC reduction following the adsorption of BIOP MEM by MeO at pH 

4.2 and 7.6. TOC0: 4.32 ± 0.2 mg/L 

 

The LC-OCD profiles recorded for BIOP MEM (Figure 3-17) confirmed the low adsorption of 

this NOM fraction on MeO surface at both pH conditions.  

 

 

Figure 3-17: LC-OCD chromatogram of residual TOC after adsorption of BIOP MEM on MeO at pH 4.2 

and 7.6. Contact time: 24 h.   

BIOP HYM in Figure 3-18 showed better adsorption on MeO surface comparing to BIOP MEM, 

with maximum TOC removal ranged from 40 to 55%. Al2O3 showing the highest adsorption 

yield at low pH and low applied surface area. The pH effect is not as clear as previously 
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observed with other NOM fractions, i.e., SRW HPO and CRW HPO. Meder et al. (2012) found 

that in a defined solution condition at pH 6.9 ± 0.3, several types of biopolymer (more 

specifically  proteins), i.e., bovine serum albumin (BSA), lysozyme (LSZ) and trypsin (TRY) 

adsorbed on α-Alumina with particle size of 179 ± 8 nm [165]. Omoike et al. (2006) tested 

the adsorption of extracellular polymeric substances (EPS) (heterogeneous biopolymers 

produced by Gram-negative and Gram-positive bacterial cells) on goethite surface (44.4 

m2/g). They found that the adsorption of EPS decreased with increasing pH of the solution 

[109]. A number of studies also reported the observation of different model natural 

polysaccharides, i.e., dextrin, starch or guar gum, adsorbed on MeO surface. These includes 

the study of Subramanian and Laskowski (1993) on graphite [171] and Raju et al. (1997) on 

magnetite, galena in addition to different salt-type minerals  [172].  

 

 

Figure 3-18: TOC adsorption profile of BIOP HYM with MeO particles at pH 4.2 and 7.6. TOC0: 4.5 ±0.07 mg/L 

 

The LC-OCD chromatograms of BIOP HYM in equilibrated solutions obtained with various 

MeO doses are shown in Figure 3-19. The specificity of BIOP HYM is the presence of two 

biopolymer bands in the chromatogram, the first one showing a peak with a maximum 
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intensity at 30 min, the second one referring to the shoulder developing a maximum at 40 

minutes.  Results obtained with Al2O3 and ZrO2 showed that the first biopolymer band (Rt=30 

min) is preferentially reduced at pH 4.2, on the contrary the second band (Rt=40 min) is 

more significantly eliminated at pH 7.6. The pH condition does not seem to influence the 

adsorption of BIOP HYM on TiO2.  

The interaction of BIOP HYM with MeO induces the formation of lower MW organic moieties 

observed at retention time 55 min. Where increasing the adsorption of the IMW on MeO 

surface decrease the intensity of the LMW fraction (Table 3-6). The intensity or the 

concentration of the LMW fraction is more significant at pH 4.2 than high pH. 
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Figure 3-19: LC-OCD profile of the bulk HYM HPI and residual HYM HPI after adsorption on MeO surface 

(ZrO2, Al2O3 and TiO2). The pH was 4.2 and 7.6. TOC0: 4.5 ± 0.35 mg C/L, contact time: 24 hours 
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Table 3-6: Per cent removal of BP and IMW fractions and the concentration of LMW acids in BIOP HYM solution 

after adsorption on MeO. (nq: not quantifiable) 

    BP IMW   LMW acids    

    pH 4.2 pH 7.6 pH 4.2 pH 7.6 pH 4.2 pH 7.6 

  Surface area (m2/L) 3.1 mg/L 0.95 mg/L (nq) mg/L 

Al2O3 
1.9 9.7 2.6 13.7 24.2 0.20 nq 

1.75 41.9 0.7 23.2 64.2 0.15 nq 

TiO2 
2.8 9.7 1.3 72.6 52.6 0.26 0.21 

25.2 19.4 12.9 85.3 79.0 0.02 0.06 

ZrO2 
5 2.3 9.7 45.3 46.3 0.11 0.12 

45 29.0 12.9 73.7 80.0 0.03 0.06 

 

3.2.2. Adsorption of isolated NOM on HAOP  

The adsorption of 6 NOM fractions was tested with HAOP. In addition, adsorption 

competition between biopolymers and SRW HPO on HAOP surface was examined. All these 

experiments were done at pH 4.2 and 7.6.  

3.2.2.1. Adsorption of HPO NOM 

TOC and UV reduction of SRW HPO and CRW HPO during the adsorption on HAOP at pH 4.2 

and 7.6 are shown in Figure 3-20. The equilibrium time was 24 h for both fractions as 

previously determined by adsorption kinetics.   
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Figure 3-20:  UV adsorption profile of SRW HPO (UV0: 0.215 ± 0.012) and CRW HPO (UV0:0.093 ±0.001) on 

HAOP at a) pH 4.2 and b) 7.6. TOC adsorption profile of SRW HPO (TOC0: 4.2 ±0.2 mg/L) and CRW HPO (TOC0: 

4.52 ±0.31 mg/L) with HAOP. 

 

The UV adsorption of SRW HPO and CRW HPO (Figure 3-20 a and b) reached a plateau at pH 

4.2 with 40 m2/L of HAOP surface area. This behavior is similar to the result obtained by Cai 

et al. (2008). They reported a stable removal of NOM in Lake Washington Water (around 40 

%) after 20 mg/L of HAOP[4]. In TOC removal profile (Figure 3-20 b and c), the removed TOC 

reached a plateau starting from 40 m2/L and 80 m2/L at pH 4.2 and 7.6, respectively.  

The reduction profile of UV and TOC in SRW HPO are almost similar. However, higher UV 

removal comparing to the TOC profile in CRW HPO. Therefore, the adsorption of SRW HPO 
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is stronger than CRW HPO on HAOP surface, which is similar to the results with ZrO2, Al2O3 

and TiO2.  

 

Figure 3-21: Carbon distribution of residual FA HPO after mixing with  HAOPs with a) SRW HPO pH 4.2 and 

b) SRW HPO pH 7.6, c) CRW HPO pH 4.2 and d) CRW HPO at pH 7.6. Contact time: 24 h.  

 

The MW distribution of SRW HPO and CRW HPO before and after adsorption are shown in 

Figure 3-21. With 13.1 m2/L, almost 91.2 % reduction for HS at pH 4.2 in SRW HPO 

(Figure 3-21 a). With increasing the surface area, the maximum retention time of HS shifted 

to higher extend. This behavior is similar to Al2O3, TiO2 and ZrO2/SRW HPO interaction. In 
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CRW HPO (Figure 3-21 c and 19d), the removal of NOM fractions was not strong as showed 

in SRW HPO.  

The concentration of each fraction in SRW HPO and CRW HPO after adsorption on 13.1 m2/L 

of HAOP are in Table 7. HA is the most removed fraction in SRW HPO in comparing to CRW 

HPO (91.2 % and 50 %, respectively). The small MW fractions, i.e., BB and LMW acids, are 

the least removed fraction, especially with CRW HPO as indicated in Table 3-7.  

Table 3-7: Concentration of HS, BB, and LMW acids in SRW HPO and CRW HPO before and after adsorption 

on 0.5 g/L of HAOP (equivalent to 13.1 m2/L) obtained from LC-OCD 

 

HS  BB  LMW acids  

pH 4.2 
pH 
7.6 

pH 4.2 pH 7.6 pH 4.2 pH 7.6 

SWR HPO 

4.1 mg/L 0.51 mg/L 0.16 mg/L 

85 27 53 35 17 38 

CRW HPO 

3.10 mg/L 0.92 mg/L 0.13 mg/L 

33 28 15 18 6 8 

 

 

3.2.2.2. Adsorption of small hydrophilic NOM by HAOP 

RRW HPI fraction adsorption on HAOP was investigated (shown in Figure 3-22). The 

experiment was done at pH 4.2 and 7.6 with 24 h of contact time. This particular fraction did 

not show strong adsorption on HAOP even with high HAOP dosage. Although the surface area 

of HAOP is much higher than Al2O3, TiO2 and ZrO2, the results are almost similar.  
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Figure 3-22: TOC adsorption profile of RRW HPI (TOC0: 4.87 mg/L) on HAOPs at pH 4.2 and 7.6. Contact 

time: 24 h.  

3.2.2.3. Adsorption with biopolymer HPI NOM with HAOP 

The adsorption of 2 biopolymers fractions with HAOP particles was tested (Figure 3-23). The 

initial TOC for this part was 4.56 ±0.41 and 4.72 ±0.2 mg C/L for BIOP MEM and BIOP HYM, 

respectively. Based on the TOC profile, BIOP HYM showed relatively higher adsorption that 

BIOP MEM.  

 

Figure 3-23: Adsorption of biopolymer on HAOPs at pH 4.2 and 7.6 and contact time 24 h. 

BIOP MEM TOC0: 4.56 ±0.41 mg C/L, BIOP HYM TOC0: 4.72 ±0.2 mg C/L 
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The carbon distribution of the bulk and residual DOC of the two biopolymers after 

adsorption on HAOP is presented in Figure 3-24. For BIOP MEM (Figure 3-24 a and b), the 

removal of the BP peak (retention time of 30 min) is more significant at pH 4.2 than that at 

pH 7.6. And the reduction increased with increasing the surface area of HAOP, regardless of 

the pH.  

Figure 3-24 c and b show the profile of BIOP HYM adsorption on HAOP. The adsorption 

behavior shows pH dependence. At pH 4.2, the removal of the BP is efficient at high surface 

area with IMW fraction having been removed. At pH 7.6, the removal of BP was reduced in 

comparing with that at acidic pH. However, IMW fraction was reduced more than that at pH 

4.2.  

At retention time 55 min, a new peak belonging to the LMW compounds was generated. And 

the intensity of the peak increased with increasing the surface area of HAOP in solution for 

BIOP MEM (Figure 3-24 a and b). However, increasing the surface area reduced the intensity 

of the LMW compounds for the adsorption of BIOP HYM. In addition, the generation of LMW 

compounds also seems pH dependent, as their intensity observed at pH 4.2 is more than at 

neutral pH for both biopolymer fractions (Table 3-8).  A blank solution of HAOP was 

prepared and mixed for 24 h then analyzed by LC-OCD (Figure 3-25). Similar with Al2O3, 

TiO2, and ZrO2, a peak showed at retention time 55 min with low intensity. Which is not 

significant to the peak showed in Figure 3-24.  
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Figure 3-24: LC-OCD profile of  bulk and residual biopolymer in solution after adsorption with 

HAOP at pH 4.2 and 7.6. a) For BIOP MEM, b) for BIOP MEM TOC0: 4.56 ±0.41, c) for BIOP HYM, 

and d) for BIOP HYM TOC0:  4.72 ±0.2 mg C/L. 
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Table 3-8: Removal per cent in BIOP MEM and BIOP HYM in solution after adsorption on HAOP. Data obtained 
from LC-OCD.  

BIOP HYM 
 BP  (µg/L) IMW  (µg/L) LMW acids   (µg/L) 

 pH 
4.2 

pH 
7.6 

pH 4.2 pH 7.6 pH 4.2 pH 7.6 

surface area (m2/L) 3.9 mg/L 0.85 mg/L (nq) mg/L 

13.1 13 21 11 65 0.16 0.024 

104.8 62 30 75 86 0.01 0.011 

BIOP MEM 
 BP  (µg/L) LMW acids   (µg/L)   

 pH 
4.2 

pH 
7.6 

pH 4.2 pH 7.6   

surface area (m2/L) 4.2 mg/L (nq) mg/L   

13.1 28 46 0.1 0.15   

104.8 62 54 0.3 0.24   

 

 

Figure 3-25: LC-OCD profile of the background solution of HAOP after 24 h contact time (solution volume: 25 
ml, HAOP dose: 2 g/L, i.e., 52.4 m2/L surface area) 

 

3.2.2.4. Competitive adsorption between biopolymers and SRW HPO 

The competitive adsorption of SRW HPO/BIOP HYM solution (SRW HPO = 2.2 ±0.2 mg/L and 

BIOP HYM = 2.3 ± 0.3 mg/L) and SRW HPO/BIOP MEM solution (SRW HPO = 2.3 ±0.4 mg /L 

and BIOP MEM = 2.1 ± 0.2 mg/L) on HAOP was tested at pH 4.2 and 7.6. The TOC reduction 

in 24 h contact time is shown in Figure 3-26.   
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It is clear that the mixture of SRW HPO and BIOP MEM was adsorbed more than the other 

solution mix at both pHs. And almost there is no difference in the remaining TOC for the BIOP 

MEM/SRW HPO mixture at the two pHs. It is opposite for BIOP HYM/SRW HPO, where 

increasing pH reduced TOC removal.  

 

 

Figure 3-26: TOC profile of adsorption for the mixture of BIOP MEM and SRW HPO (TOC0: 4.4 ±0.4 mg/L) and 

the mixture of BIOP HYM and SRW HPO (TOC0: 4.5 mg/L) at pH 4.2 and b) pH 7.6. 

 

Figure 3-27 shows the MW distribution of residual carbon after adsorption on HAOP. Overall, 

low dosage of HAOP induce high removal of SRW HPO at both pH conditions resulting in total 

adsorption of HS.  Increasing the dose favour the adsorption of high MW biopolymers. Also, 

high dosage relatively enhance the removal of IMW biopolymer, BB, and LMW acids in BIOP 

HYM/SRW HPO solution. In Figure 3-27 a, a small percentage of BP was left in solution in 

addition to BB and LMW acids in BIOP MEM/ SRW HPO solution. However at pH 7.6 

(Figure 3-27 b), the BB and LMW acids intensity was slightly higher. In Figure 25c and d, the 

peak retained at 40 min corresponds to IMW fraction of BIOP HYM. IMW fraction does not 

have strong UV absorbance in comparing to HS of SRW HPO. And from the UVD profile, all 

HS was removed as there was no UV response after adsorption (Figure 3-28). 



127 
 

 
 

 

Figure 3-27: LC-OCD chromatogram of residual DOC after adsorption for SRW HPO/BIOP MEM solution 

(SRW HPO = 2.2 ±0.2 mg C/L and BIOP HYM = 2.3 ± 0.3 mg C/L).  And SRW HPO/BIOP HYM solution at pH 4.2 

and 7.6 (SRW HPO = 2.3 ±0.4 mg C/L and BIOP MEM = 2.1 ± 0.2 mg C/L). Contact time was 24 h. 
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Figure 3-28: UVD signal of SRW HPO/HYM HPI after mixing with HAOPs at pH 4.2 and 7.6. Contact 

time was 24 h. Obtained from LC-OCD.  

 

4. Discussion  

4.1. Adsorption kinetics 

In the adsorption kinetics results, pH influenced the Ks magnitude. Because increasing the 

pH leads to reduce Ks [92]. Al2O3, TiO2, ZrO2 and HAOP are MeO with adjustable charge, and 

consequently, the nature of surface charge can impact the adsorption kinetics of NOM on 

MeO surface. Solution pH can affect the adsorption kinetics significantly in changing the 

ionization state of  MeO surface and the adsorbed NOM molecules [87]. All MeO surfaces are 

reveling positive charge at pH 4.2 based on the pHPZC (i.e., 8.9 for Al2O3 and TiO2, 7.44 for 

ZrO2, and 7.6 for HAOP [88]). By increasing the pH to 7.6, the density of the positive charge 

reduced on the surface. The adsorption of all NOM fractions favor the adsorption of a 

positively charged surface. As they loaded with negative charge that originated from 

deprotonated carboxyl groups in their structure [51]. As both MeO and NOM are showing 

negative charge, an electrostatic barrier slows down the attachment process, and the 

adsorption becomes attachment-limited at high pH [173].  
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As it showed before with the adsorption kinetics of model compounds, different MeO 

surfaces assist the adsorption kinetics of NOM fractions. As each MeO shows specific charge 

character based on the pHPZC and TPD results. Apparently, Al2O3 surface showed fast 

adsorption of SRW HPO (i.e., Ks: 4.77 h-1m-2 and 3.62  h-1m-2at pH 4.2 and 7.6, respectively) in 

comparing to the other surface. Al2O3 is the most hydrophilic surface as it exert high density 

of hydroxyl group. Marcelo et al. (1999) found that the attachment of purified Aldrich humic 

acid (PAHA) is fast on hydrophilic surfaces if electrostatic repulsion is absent [173]. As PAHA 

has a high number of carboxylic and phenolic groups exposed to the outside of the molecules, 

the attachment with the surface hydroxyl groups on iron oxide (Fe2O3) and Al2O3 surfaces is 

a quick process [173]. 

NOM fractions loaded with aromatic content and highly negative (i.e., SRW HPO and CRW 

HPO) appears to have a fast interaction comparing to small MW fraction with small acids 

(i.e., RRW HPI). Although both fractions are negatively charged.  

And high MW fraction with low charge (i.e., BIOP HYM and BIOP MEM) showed fast 

adsorption reactions with MeO comparing to RRW HPI. The MW of NOM is an important 

factor in the adsorption kinetics. As high MW and neativly charged NOM have faster 

interaction with MeO surface.  

4.2. Adsorption of NOM on MeO 

Two methods were used to look at NOM in solution before and after mixing with MeO. In 

Figure 3-29, a plot produced from the TOC obtained from both Shimadzu TOC analyzer and 

LC-OCD. Although different approaches were applied by the two instruments in measuring 

the solution DOC, the readings from them are in agreement even with different fractions of 
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NOM by showing a linear regression. Meaning that both methods are reliable regarding 

evaluating the DOC content of NOM solution. 

 

Figure 3-29: Correlation of DOC obtained by TOC analyzer and LC-OCD for all studied NOM 

 

4.3. Adsorption isotherm  

The adsorption of isolated NOM on MeO is strongly influenced by pH. Changing the pH of the 

solution impacts the ionization state of functional groups of NOM and MeO surface (Al2O3, 

TiO2, ZrO2 and HAOP). According to ZP reading in Figure 3-3, all NOM fractions are negatively 

charged at ionic strength 0.001, 0.01, and 0.1 M of NaClO2. This net negative charge of the 

NOM molecule is due to ionization of carboxylic groups presented in their structures [51, 

61]. These carboxylic groups have pKa ranging from 3 to 6 [174]. The proportion of the 

protonated species decreases and deprotonated species predominates when the pH is 

increased to 7.6.  

Proton adsorption/desorption on the surface of Al2O3, TiO2 and ZrO2 also strongly depends 

on pH as have been explained in chapter 2 (paragraph 4.1). Surface charge of HAOP is also 

pH dependent [169]. At experiments with pH 4.2, the surface is positively charged, and this 

positive charge is reduced at pH 7.6. NOM has high affinity toward the positive charge on 
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MeO surface [83], and the affinity was reduced as the positive charge decreases by increasing 

the pH to 7.6. In addition, not all protonated species in NOM contribute in the surface 

interaction with MeO surface. The extra negative charges would likely to repel each other. 

Thus, the repulsion would increase as more adsorption takes place, and the affinity of the 

surface for NOM molecules would also decrease gradually [83].  

A slight increase in the solution’s pH was recorded after one day of equilibrium. Similar 

findings were reported for HS adsorbed on iron oxide [87], magnetite [88] and alumina oxide 

[175]. This is due to the release of hydroxyl groups initially present on the MeO surface by 

the substitution with carboxyl and hydroxyl groups of NOMs (proposed reaction below).  

Me − OH + R − COO−  ⇔  Me − OOC − R +  OH− [88] 

Based on the above, the predominant interaction mechanism between NOM and MeO is via 

inner sphere complexion through ligand exchange [83], which has been intensively reported 

in the literature [6, 87, 88]. Murphy et al. (1992) concluded that the adsorption of HS on 

kaolinite and hematite was consistent with ligand exchange between carboxylic acid groups 

of the HS and hydroxylated surface sites on the solids[176]. Parfit et al. (1997) showed that 

the adsorption of fulvic acid onto goethite mainly controlled by the interaction between 

COOH group and OH group on the surface of goethite via ligand exchange [177]. 

4.3.1. The adsorption of HS HPO on MeO 

The different adsorption density of SRW HPO and CRW HPO on MeO is a result of the 

different surface properties of MeO surface. ZrO2 surface is less hydrophilic (less basic site 

than Al2O3 and lower pHPZC), a character that favour the adsorption of SRW HPO (observed 

with high qmax 1.45 mg/m2). In addition, each MeO shows different crystal plane, and each 
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plane consists of different matrix of active sites on the surface, all of which could lead to 

different adsorption capacity [178]. 

Results showed that SRW HPO adsorbed significantly more than CRW HPO on all MeO 

regardless of the pH condition, especially with ZrO2 (1.45 mg/m2 and 0.23 mg/m2 at pH 4.2 

and 7.6, respectively). Except with Al2O3, where high adsorption recorded with CRW HPO 

more than SRW HPO (qmax: 2.24 mg/m2).  This observation is related to the chemistry of SRW 

HPO and CRW HPO which is related to their origin. Structural characterization showed that 

SRW HPO incorporates fulvic acid structures derived from lignins and tannins, identified 

from their high aromatic/phenolic carbon and carboxyl group contents. CRW HPO shows the 

predominance of fulvic acid structures derived from terpenoids (lower aromatic carbon and 

phenolic content and higher methyl group content) incorporating abundant polysaccharides 

moieties [37]. LC-OCD analysis (Figure 3-4 d and f) indicates higher average MW for SRW 

HPO compared to CRW HPO (CRW HPO profile shows higher retention time), a result that 

agrees with the strong humic character. Previous studies showed that NOM fractions with 

stronger aromatic character adsorbed more on MeO surfaces [54, 93], observation in 

agreement with our results that are supported by high retention time of HS. In addition, the 

acidity and the distribution of the functional groups over the HS structure play an important 

factor in adsorption [88, 179]. Leenheer et al. (2003) suggested that carboxyl groups present 

in aliphatic ring structures in terpenoid-derived fulvic acid are less likely to form strong 

metal complexes, a major difference with carboxylic acids in fulvic acid derived from tannins 

and lignin [179].  

Figure 3-30 shows SUVA reduction profile after contacting with MeO surface. Its shows the 

removal in SRW HPO and CRW HPO with similar character (i.e., aromatic moieties). And the 
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Figure below demonstrates that high aromatic content (high SUVA) in SRW HPO with value 

of 4.73 L/ (mg*m) (Figure 3-30 a and b) leads to high affinity toward the MeO surface at both 

pH condition. And it shows the opposite with CRW HPO (Figure 3-30 c and d) as the SUVA is 

much lower, i.e., 2.85 L/ (mg*m).  

 
Figure 3-30: SUVA reduction of SRW HPO (SUVA0: 4.74 ± 0.19 L/ (mg*m)) and CRW HPO (SUVA0: 2.5 ± 0.28 

L/ (mg*m)) on MeO.  

 

The retention time of the HS peak in both SRW HPO and CRW HPO (demonstrated in the LD-

OCD profiles) was shifted to higher retention time as the MW was reduced after adsorption 

on the MeO surface.  

Fractions that loaded with high aromatic moieties are preferentially adsorb on MeO surface, 

which lead to fractionation of NOM [93, 128]. And it is demonstrated that high proportion of 

HS was removed with all MeO with different intensity. In addition, the UV adsorption 
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reduction was greater than TOC removal, especially with SRW HPO. This also explains the 

preferential adsorption of certain fractions, i.e., aromatic content [180].  

The least removed fractions in SRW HPO and CRW HPO even with high surface area applied 

are the fractions with MW lower than HS, i.e., BB and LMW acids. As their removal by 

adsorption are competed with the HS fractions [83, 87, 94]. Molecules loaded with high 

aromatic moieties are more favorably adsorbed on MeO surface comparing to the smaller 

ones (i.e., aliphatic structure with low UV absorbance). Gue et al. (1996) observed that 

Suwannee river NOM is more competitive with phathalic acid on iron oxide surface [180]. 

The removal per cent of BB and LMW acids with 4 g/L of MeO is presented in Figure 3-31.  

 

 

Figure 3-31: Removal of BB and LMW acids in SRW HPO after adsorption on MeO. Building blocks: 0.483 
±0.167mg/L. LMW acids: 0.116±0.024 mg/L 

 

 

Also, with all MeO, the removal of BB is much higher than LMW acids on all surfaces. As BB 

consists of HMW structures of highly polar short-chain carboxylic acids that can react with 

MeO through ligand exchange [54, 181]. And the LMW acids consists mainly of small aliphatic 
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acids with low UV absorbent [37] that have week adsorption toward the MeO surface. Similar 

phenomenon has been demonstrated by the adsorption of model compounds, where small 

acids that exert more charges, higher MW, i.e., citric acid, showed higher affinity with the 

surface than small acids with less charges (e.g., oxalic and benzoic acids)[92].  

Interestingly, the concentration of BB and LMW acids in CRW HPO was increased instead of 

decreasing with adding more Al2O3 and ZrO2 (Figure 3-12 a, b, c, and d and Table 3-5). 

CRW HPO is a fraction that consist of mainly aromatic structure that loaded with acidic 

groups. However, based on the origin, it incorporates abundance in polysaccharide moieties. 

Studies stated that carbohydrates turned to small MW compounds (small sugars) in contact 

with MeO. As MeO induce the hydrolysis of biopolymer, i.e., carbohydrates [182, 183]. 

Therefore, it can be estimated that CRW HPO interacted with MeO through two pathways, 

compounds with aromatic structures adsorbed on MeO surface, which reduces UV 

absorbance. Second, structures that consist of polysaccharides in HS hydrolyzed to smaller 

structures compounds with weak UV signal. As a result, these produced compounds eluted 

at the retention time of low MW structures, thus increased the intensity of the signals of BB 

and LMW acids.   

RRW HPI has similar characteristics with BB and LMW acids fractions. This fraction has been 

described as a mixture of hydroxyl carboxylates (strong acid character), N-

acetylaminosugars and neutral carbohydrates. Comparing to the previously studied fraction, 

RRW HPIA has non-aromatic (very low UV absorbance), low molecular weight carboxylic 

and neutral carbohydrate structure [37, 184]. 

Results show that the RRW HPIA exerts low adsorption with all MeO as compared to the SRW 

HPO and CRW HPO, especially at pH 4.2. As demonstrated by ZP, RRW HPI shows low 
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negative charge (-18.3 mv) comparing to SRW HPO (-28.2 mv) and CRW HPO (-22.3 mv) at 

0.01 m of NaClO4. It can be assumed that the less negatively charge fractions with low MW 

excreting less affinity toward MeO. Surprisingly, the highest removal rate was obtained at 

pH 7.6 in the presence of large dose (>10 m2/L) of ZrO2. It is interesting to note that only 

oxalic acid exerted higher adsorption rate at pH 7.6 than at acidic pH on ZrO2. The presence 

of such low molecular weight acids in RRW HPI may explain this finding. 

One can also postulate that large MeO dose may also favour the adsorption of neutral 

carbohydrates that were identified as major constituents of RRW HPI. However, HAOP has 

much higher surface area than ZrO2 (26.2 m2/g) and showed low adsorption rate. It could be 

related to the surface structure of HAOP. Specific hydroxyl group structure and density 

influence the adsorption of NOM as different OH groups present on MeO surface[61]. As the 

complex formation between NOM and MeO is depending on the strength of attached OH 

group in terms of acidity on MeO[61].  

4.3.2. Adsorption of biopolymer on MeO 

Biopolymers are fractions that have higher MW than HS (i.e., SRW HPO and CRW HPO 

fraction). It’s consists of aliphatic structures with predominant in hydroxyl groups and low 

presence of carboxyl groups, a major character in biopolymers [57, 185]. Although the MW 

is higher than HPO fraction, yet the adsorption profile is weaker.  

The adsorption of BIOP MEM and BIOP HYM were influenced by pH, NOM character and MeO 

surface. The pH influence is similar with HPO NOM/MeO where adsorption decreases with 

increasing pH [61]. Regarding MeO, applying high surface area leads to high adsorption of 

biopolymers on each MeO. Similarly was observed with Grządka (2013), he reported an 

increase in the adsorption of guar gum (i.e., non-ionic polysaccharide) on manganese oxide 
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surface (MnO2) in NaCl and CaCl2 solution [186]. As high surface area provides more active 

sites to adsorb biopolymers molecules (i.e. hydroxyl group[61]).  

However, more than 50% of biopolymer adsorption could not be achieved in this study, 

because the influence of biopolymer properties is much stronger than MeO surface. The 

comparison of MeO (Al2O3, ZrO2, TiO2 and HAOP) for biopolymer adsorption will be based 

on the removal rate at around 19.87 ±0.93  m2/L surface area.  

Al2O3 and TiO2 particles showed high removal of BIOP HYM and BIOP MEM at pH 7.6 more 

than at acidic pH. This observation is related to the pHPZC of the MeO surface as demonstrated 

in Figure 3-32. A linear relationship between the pHPZC of the surface and removal rate was 

observed. The pHPZC of Al2O3 and TiO2 is higher than ZrO2 and HAOP, meaning that MeO with 

high pHPZC exert more basic surface and the less basic on MeO with low pHPZC (i.e., ZrO2 and 

HAOP). The adsorption of biopolymers is favoured by basic surface more than acidic surface.  

 

Figure 3-32: Removal of biopolymer at pH 7.6 based on pHPZC of MeO. Initial TOC: 4.5 mg/L Applied surface 

area: 19.87 ±0.9 m2/L 

 

Liu et al (2000) stated that polysaccharides adsorption was favored on iron oxide surface 

more than quartiz, because quartiz has an isoelectric point of 2 and that of iron oxide is 
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between 6-7 [61]. Also, they compared the adsorption density of 50 mg/L of dextrin (small 

MW sugars) on different MeO surface. A linear relationship was obtained between the 

adsorption density and the isoelectric point of the MeO [61].  

High removal of both biopolymers was also affected by surface hydroxyl groups. At both pHs, 

the removal was higher by Al2O3 and TiO2 than that by ZrO2, except at pH 4.2, where ZrO2 

showed higher removal than TiO2 with BIOP HYM (Table 3-9). Based on TPD, the density of 

the acidic sites is 3.67 and 4.22 µmol/m2 for Al2O3 and TiO2, respectively. ZrO2 has low-

density compared to the other two MeO (2.57.4 µmol/m2 ). And low site density leads to low 

removal of biopolymers [61].  

Table 3-9: the removal of BIOP HYM and BIOP HYM  based on the active site density, applied surface area are 

19.87 ± 0.93 m2/L 

 

 BIOP MEM 
(Removal %) 

BIOP HYM 
(Removal %) 

 pH 4.2 pH 7.6 pH 4.2 pH 7.6 

Al2O3 14.60 20.70 49.11 64.65 

ZrO2 20.47 18.60 42.00 44.65 

TiO2 23.72 20.70 35.56 59.77 

 

Kideok et al. (2006) showed that the adsorption of specific polysaccharide, i.e., dextrin, can 

reacts differently with Al2O3 and silica surface based on the surface structure and properties 

[187]. Weissenborn et al. (1995) stated that the preferential adsorption of a wheat starch on 

hematite compared to kaolinite was due to the high number of hydroxylated metal (iron) 

adsorption sites on hematite. While the hydroxylated aluminum atoms only appear at the 

edges of kaolinite which account for only about 10–20% of the kaolinite surface area [188].  

On the other hand, biopolymer characteristics has a strong influence on the adsorption on 

MeO surface. BIOP HYM is more negatively charged NOM compared to BIOP MEM. 
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Apparently, biopolymers with higher negative charge can be better removed through 

adsorption (shown in Figure 3-33). 

 

Figure 3-33: Removal of BIOP HYM and BIOP MEM by MeO at a) pH 4.2 and b) pH 7.6.  Applied surface area: 

19.87 ±0.9. TOC0: 4.3 mg/L. 

 

The nature of biopolymer species that adsorbed on MeO surface are in the form of molecular 

or aggregate [163]. Usually, the aggregate form of NOM is influencing the reactivity by 

compressing the structure and making the active sites less reachable. As BIOP MEM is 

relatively less charged than BIOP HYM, the chances of the formation of aggregate fraction is 

highe, which makes them less absorbable on the surface of MeO [163].  

The protein content also influences the adsorption of biopolymer on MeO surface. Less 

removal of biopolymer was observed when the biopolymer fraction consists of high protein 

content in the structure. As demostrated in Figure 3-33, biopolymer that incorporates more 

protein in their structure (i.e., BIOP MEM), was less removed in comparing to HYM HPI. The 

characters of different proteins influence the surface reactivity of the biopolymer molecule, 



140 
 

 
 

i.e., hydrophilicity. The charge and the distribution of charge in the protein structures of 

biopolymers can strongly alter protein adsorption [189]. 

The adsorption of BIOP HYM with all MeO and BIOP MEM with HAOP resulted in producing 

a small fraction with LMW as demonstrated in Table 3-6 and Table 3-8.  

We assume that this is due to biopolymer hydrolysis. Degradation of polysaccharide to 

smaller sugars through hydrolysis pathway were observed in several investigations [182]. 

The biomass material is exposed to harsh conditions to enhance the hydrolysis. MeO are used 

as a catalyst in cellulose hydrolysis as mentioned in ref. [190]. A work done by Blair et al. 

(2013), showed that after 24 h of mixing with a clay mineral under simple agitation, they 

achieved hydrolysis of cellulose to small sugars. As these type of particles consist of 

acid/base sites on the surface [191]. The more acidic site on MeO, i.e. Lowis site, the ability 

of hydrolyzing could be increased[191]. This explains the generating of the LMW compounds 

in BIOP MEM/HAOPs and MeO/CRW HPO, where increasing the dose of applied MeO 

increase the production of the LMW compounds.  

However, the degradation process is influenced by the adsorption of IMW in the case of the 

adsorption of HYM HPI on Al2O3, TiO2, ZrO2 and HAOP. The more IMW fraction retained on 

the surface of oxides, the less small fractions were produced. Relatively, the concentration of 

LMWA increased at 0.5 g/L of MeO and then decreased with increasing dosage of MeO (4.5 

g/L). As IMW fraction is adsorbed strongly and competes for the active sites of MeO more 

than BP. Therefore, the active sites responsible for inducing hydrolysis were already 

occupied, leading to less biopolymer degradation.  
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4.3.3. Competitive adsorption between SRW HPO and biopolymers on HAOPs 

The presence of SRW HPO fraction enhanced the adsorption of BIOP HYM and BIOP MEM 

comparing to the previous experiment (Figure 3-23). The total TOC removal of the mixed 

NOM solution showed better reduction than the individual adsorption of SRW HPO, BIOP 

HYM and BIOP MEM. Even by looking at the removal of all specific fractions in the NOM 

solution, a better removal of BB and LMW acids was achieved (Figure 3-27).  

According to the Ks in the adsorption kinetics, SRW HPO with HAOP (i.e., 0.87 and 0.76  h-1m-

1 at pH 4.2 and 7.6, respectively) is faster than those of BIOP HYM (0.41 and 0.33 h-1m-1 at 

pH 4.2 and 7.6, respectively ) and BIOP MEM (i.e., 0.37 and 0.32 h-1m-1 at pH 4.2 and 7.6, 

respectively). Meaning that SRW HPO could reach the surface of HAOP before both HPI 

fraction. By the time BIOP MEM and BIOP HYM approach the surface of HAOP, the surface 

properties of the oxides modified by the adsorbed SRW HPO. Making the surface more 

favorable for biopolymers adsorptions. A summary of the BP removal in the two experiments 

is presented in Figure 3-34.  

In addition, in the LC-OCD profile, just by applying 0.5 g/L of HAOP, more than 50% of HS 

was removed, meaning that most of the surface is occupied by HS. And the BP fraction was 

still significantly reduced.  
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Figure 3-34: Comparing the removal of BP fraction with HAOP in case of individual solution and in the 
presence of other competitor 

Changing the surface reactivity of MeO particles could alter the adsorption density of 

biopolymer HPI. The presence of SRW HPO layer on HAOP leads to changing the surface 

properties, i.e., surface area, hydrophobicity and pHPZC [165]. The pHPZC of HAOP assumed to 

be shifted to a value that is close to the dissociation constant of the attached functional group 

which is around 4 to 6 [165]. 

In addition, it could be because of the carbon fraction proportion in solution. As in both 

experiments, in the adsorption of individual compounds on HAOP, the TOC value was around 

4 mg C/L of one NOM type in the solution, i.e., SRW HPO or BIOP HYM. However, in the mixed 

solution (i.e., competition experiment), the TOC was also around 4 mg/L.  However, it was 

consist around 2 mg/L of SRW HPO and 2 mg/L biopolymer. Therefore, the concentration of 

each fraction in the individual NOM solution was significantly higher than that in the mixed 

solution, and this leads to available adsorption sites for each component in the solution. 

Gu et al. (1996) studies the adsorption competition between two model compounds (i.e., 

phathalic and salicylic acid) with Suwannee River natural organic matter (SR-NOM) on iron 
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oxide-coated quartz. They found that the adsorption of high concentration model compound 

was essentially low in the presence of SRW HPO at pH >5 [192].  

5. Summary   

- The adsorption kinetics of NOM is strongly influenced by pH, NOM character and MeO 

surface. Biopolymers adsorption kinetics is slower than that of HS HPO.  

- pH influences the adsorption capacity of small MW organic acids and high MW NOM 

fraction on MeO, as it changes the ionization state of NOM and metal oxide surface. 

- Surface properties of MeO surface, i.e. surface area and charge density also influence 

NOM adsorption.  

- Depending on NOM structure, different fractions on NOM show quite different affinity 

to MeO. NOM with high MW together with high acidity and aromatic structure are 

highly adsorb on MeO surface in comparing to fractions with small MW structures 

(non humic fraction) at low pH conditions.  

- High MW structures, i.e., biopolymers, with low protein content is less adsorbed than 

biopolymers with high protein content.   

- The removal of biopolymer increased in the presence of SRW HPO. SRW HPO was 

adsorbed much faster toward the active site of MeO than biopolymers. And this 

changed the surface and make it favoring adsorption of biopolymer. 
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Table 3-10 highlights some of the important observation in the adsorption of NOM with MeO. 

Table 3-10: Summary of important finding from investigating the adsorption of different NOM fraction with 

Al2O3, TiO2, ZrO2, and HAOPs 

 

 

Al2O3 ZrO2 TiO2 HAOPs 

SRW HPO 

Significantly high adsorption because of the high MW, aromacity, and acidity, not 
depending on the surface are of MeO.  
Mainly favour the adsorption on ZrO2  

 

CRW HPO 
Lower adsorption on MeO comparing to SRW HPO. Because of less SUVA and the high 

content of polysaccharides like structures. Favour the adsorption on Al2O3  

HYM HPI 
Higher adsorption than BIOP MEM (less protein content), however 

less than HPO fractions 

Better adsorption 

at pH 4.2 

BIOP MEM No significant adsorption because of the high protein content 

50 % can be 
adsorbed because 

of the high 
surface area 

RRW HPI Low adsorption affinity because of the small chemical structure 
 

 

  

 
 
 
 
 
 
 
 
 
 
 

Adsorption affinity increased  
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Chapter 4  

Investigate the interaction mechanism between metal oxide/NOM interfaces 
 

1. Introduction 

In recent years, there has been growing concern about the presence of Natural Organic 

Matter (NOM) in aquatic environment due to their wide distribution and potential impact on 

ultra-filtration membrane process, i.e., ceramic and polymeric membrane, during water 

treatment by the formation of organic fouling [193, 194]. Therefore, extensive research 

conducted in ultra-membrane (ceramic membrane) biofouling by different NOM, i.e., HS and 

biopolymers in bench scale filtration setups [3, 195]. More special attention also was 

dedicated to biofouling profile in ceramic membrane with a coating layer of MeO particles 

(i.e., manganic oxide and iron oxide) [196, 197]. The main goal of all these studies was to 

investigate the biofouling behavior on the ultrafiltration ceramic membrane by looking at 

the impact of different NOM fractions (HS and algal organic matter) on ceramic membrane 

material (TiO2 and ZrO2 particles). Therefore, better understanding of the affinity between 

NOM and MeO is needed. As there are several reactions mechanism that control the affinity 

of NOM on hydrophilic surfaces (i.e., MeO and polymeric membrane): 1) ligand exchange or 

chemical complexation by direct bond formation (i.e., formation of an inner-sphere complex) 

between carboxylate groups and MeO holding inorganic hydroxyl groups [83, 198]; (2) 

hydrophobic force between the hydrophobic fractions of NOM that leads to the adsorption 

of multiple molecules on MeO surface [83]; (3) formation of hydrogen bonding involving 

hydroxyl functional groups [199]; (4) Electrostatic interaction which is enhanced by the 
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attraction between negatively/positively charged MeO and positively/negatively charged 

NOM [90].  

For instance, the force interactions between iron oxide surfaces with NOM of both seawater 

and freshwater origin was identified using Atomic Force Microscopy (AFM)[122]. The forces 

were dominated by electrostatic repulsion at low ionic strengths while at higher ionic 

strengths steric repulsive forces, arising from confinement of organic molecules between the 

surfaces were found[122]. Electrostatic forces also observed as the main force between MeO 

(i.e., Fe2O3, TiO2, CeO2, CuO, and MnO2) and oil droplets [5]. Another study investigated the 

adhesion forces between probes functionalized with COOH and CH3 with goethite surface 

and found diminished of the electrostatic interactions and enhanced hydrophobic 

interactions by modifying goethite surface [200]. Strong interactions forces suggested 

between organic matter that mainly consist of carbohydrates and metal oxides coated wafer 

surface (i.e., Al2O3 and ZrO2) [201]. Ferretti et al. (2015) showed significant aggregation of 

hematite particles by schizophyllan (i.e., a large, hydrophobic extracellular 

polysaccharide)[202] as polysaccharides tends to form hydrogen bonding with MeO surface 

[61]. In the interface of TiO2 Nanoparticles (NP) and HS, Van der Waals interactions and 

steric effects playing an important role in NP stability in solution [203]. Several aggregation 

studies have shown the stabilizing impact of HS upon their adsorption on MeO surfaces, 

mainly through repulsive interactions due to the net negative surface charge development 

of the MeO surface [204-206].  

It was well reported that the interface mechanisms between NOM and metal oxides surface 

(i.e., particles or flat surface) can be changed and influenced by pH, ionic strength, NOM 

composition and MeO surface [51, 201, 207, 208]. Sander et al. (2004) found that at pH 6.1 
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(around the pHPZC of iron oxide), the forces between the iron oxide -coated surfaces and HA 

are attractive forces with short range distance (0-15 nm). This study suggests that the net 

charge on the particles is very small and that attractive van der Waals forces dominate. 

However, repulsive forces was observed at pH higher and lower than the pHPZC as the surface 

hydroxyl groups are protonated and deprotonated, respectively. In the interface of iron 

oxide with freshwater humic acid, the forces were dominated by electrostatic repulsion at 

low ionic strengths while at higher ionic strengths steric repulsive forces, arising from 

confinement of organic molecules between the surfaces were found. Large adhesive forces 

also observed under certain solution conditions (high ionic strength, low pH), and these 

would prevent particle separation [122].  

Study indicated that the MW distribution and chemical properties of NOM significantly affect 

the aggregation of iron oxide and Al2O3 NPs [54, 207]. Many studies focused on NOM 

adsorption onto the MeO NPs’ surface and the effects on the stability of MeO NPs under 

different ionic strength and pH [209-211].  

Regard AFM investigations, to the best to our knowledge, not a lot of studies was conducted 

in the MeO/NOM interface. And most of these investigations utilized standard organic 

matter, i.e., alginate and Suwannee River HA or FA, but not isolated NOM from different 

sources. Although, it have shown before that different mechanisms are expected when 

changing the chemical structure of a NOM fraction[54].  

The development of colloid probes for the AFM has enabled the measurement of very small 

forces [212], and since that time the AFM has been used widely to examine interactions 

between isolate NOM adsorbed to surfaces [5, 51, 201, 213]. The advantage of AFM 

techniques is that they provide fundamental information on the forces existing between 
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surfaces in solution and that the solution composition can be readily changed to elucidate 

the properties of the surface or an adsorbed material.  

Therefore, it is important to conduct AFM investigation using probes coated with different 

isolated NOM. And study the NOM reaction with MeO surface with looking at the influence of 

ionic strength and cation type. Based on that, this chapter will focus on the interaction 

mechanism between five NOM isolated with three MeO coated surfaces. The NOM fractions 

are three hydrophobic HS isolated from Suwannee River, Colorado River, and Jeddah waste 

water plant. In addition to two high MW hydrophilic biopolymer fractions isolated from a 

membrane surface. The behavior of three different MeO (Al2O3, TiO2, and ZrO2) that coated 

on a smooth silicon wafer surface were investigated with the previous 5 NOM fraction. The 

aggregation kinetics of the same MeO but in a nanoparticle form also investigated in different 

electrolyte solutions in the presence and absence of NOM with dynamic light scattering 

instrument (DLS).  
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2. Materials and methods 

2.1. Material 

2.1.1. Natural organic matter  

5 different NOM fractions was investigated in this chapter.  

Table 4-1: List of investigated NOM 

Name Origin 
SUVA 

(L mg-C−1 m−1 ) 
Characteristic 

SRW HPO Suwannee River - USA 5.8 Hydrophobic fraction  (XAD-8 resin) 

CRW HPO Colorado River– USA 2.01 Hydrophobic fraction (XAD-8 resin) 

JWW HPO 
Secondary effluent at Jeddah 

waste water plant [52] 
1.9 Hydrophobic fraction (XAD-8 resin) 

  Protein %  

BIOP MEM 
Extracted from reverse osmosis 

membrane surface 
20 HMW Hydrophilic fraction 

BIOP 1 MEM 
Extracted from reverse osmosis 

membrane surface 
28 HMW Hydrophilic fraction 

 
2.1.2. NOM-coated AFM colloidal probes  

SICON silicon nitride cantilevers (i.e., spring constant K: 0.1-0.6 N/m, AppNano) were used.  

A micron-sized silica sphere was glued to the tip of the cantilever and then exposed to UV for 

20 min to allow the glue to dry. The attachment of the silica colloids to the probes were 

checked with an optical microscope. The AFM probes were first rinsed with ethanol and then 

with Milli-Q water before NOM coating process. The AFM probes were coated with NOM 

following the layer-by-layer method [51]. Briefly, iron oxide solution was prepared by the 

addition of NaOH to a 10 mM ferric chloride (FeCl3) solution until reaching pH 6. A probe 

was immersed in this iron oxide solution for an hour. Next, the colloidal probe was removed 

from the iron oxide solution and then immersed in a NOM solution with concentration of 50 

mg C/L for an hour. The NOM-coated AFM probe was finally rinsed with Milli-Q.  
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 2.1.3. Metal oxide nano particles (MeO NP) 

α Al2O3, TiO2 (anatase), or ZrO2 NP solutions (Inframat Advanced Material, USA) were 

prepared by adding 25 mg MeO NP in 25 ml MQ water. NP solutions were sonicated for an 

hour.  

2.1.4. Metal oxides wafers  

Al2O3, TiO2, and ZrO2 thin films were coated on smooth silicon wafers (diameter: 60 mm, 

thickness: 381 µm, 3 prime grade silicon of P-type and <100> orientation, Bonda 

Technology). MeO targets of Al2O3, ZrO2, and TiO2 were provided by Praxair Surface 

Technology, USA. The MeO wafers were prepared by Pulsed Laser Deposition (Pioneer 240, 

Neocera PLD, USA) using a pulsed excimer laser of 248 nm in wavelength,  10 mTorr oxygen 

pressure,  600 mJ pulse energy, 4000 pulse count, and at room temperature. The wafer 

surface was characterized by Scanning Electron Microscopy (SEM) and AFM at non-contact 

mode using Agilent PPP-NCH cantilevers (k: 42 n/m and F: 330 kHz).  

2.2. Analytical method  

2.1.3. Zeta potential of MeO wafers, MeO NP, and NOM isolates  

The zeta potential of the MeO-coated wafers (samples of 0.5 mm2) was measured by a ZS 

ZEN3600 Zetasizer (Malvern, UK) using Smoluchowski classic model at the following 

solution conditions: 1, 3, 5, 10, 30, 50, and 100 mM NaCl; and 0.33, 1, 1.66, 3.33, 10, 16.6, and 

33.3 mM CaCl2. A minimum of three measurements was collected for each solution condition. 

The ZP on NOM isolates and MeO NP was measured as mentioned in chapter 3.  
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2.1.4. Contact angel  

The static sessile drop method was performed on the MeO wafers to characterize their 

hydrophobicity by measuring contact angles with 4 µL of water. 

2.1.5. SEM images 

Micro-images of MeO wafer surface was acquired by a Nova Nano SEM instrument. The wafer 

was coated with Platinum before imaging.  

 2.2. Experimental methods  

2.2.1. Interaction forces measurement  

Force vs. distance curves were obtained with a Bruker AFM instrument equipped with an 

Icon head in contact mode under a wide range of solution conditions: 1, 10, and 100 mM 

NaCl, and 0.33, 3.33, and 33.3 mM CaCl2, and at a pH of 5.7 ± 0.2. Prior experiments, the spring 

constant of the cantilever was measured by the thermal tuning method [214]. Approaching 

and retracting force vs. distance curves were obtained at forward and reverse velocity of 501 

nm/s. The starting distance during approaching was set to 2 µm. A minimum of 30 force 

curves were recorded at different locations of the MeO-coated wafer sample for every 

solution condition. NanoScope Analysis 1.5 software was used to convert the deflection (v) 

to force (nN) based on Hooke’s law [214].   

2.2.2. Aggregation kinetics of MeO NP in NOM-containing electrolyte solution  

Time-resolved dynamic light scattering (TR-DLS) was conducted to study the aggregation 

kinetics of Al2O3, TiO2, and ZrO2 NP in electrolyte background (i.e., 1, 3, 5, 10, 30, 50, and 100 

mM NaCl, and 0.33, 1, 1.16, 3.33, 10, 16.6 and 33.3 mM CaCl2) and in the presence (1 mg C/L) 

and absence of SRW HPO or BIOP MEM. The concentration of NP in solution (1 ppm) 

provided an optimal signal of count rate of 200 kcps and attenuator of 8. Disposable plastic 
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cuvette (ZENO112) were used. The measurements of hydrodynamic diameter of MeO NP 

were collected every 10 seconds for a total of an hour. The experimental aggregation kinetics 

rate constant (k11, nm.min−1) of MeO NP in electrolyte solution is defined as the initial rate 

of increase in the NP hydrodynamic diameter (Dh) as a function of time (dDh (t)/dt t→0), 

measured up to a relative hydrodynamic diameter of 1.38×Dh, and considering N0 as a 

constant in all experiments. The inverse stability ratio was calculated by normalizing the 

experimental aggregation rate constant (k11) to the diffusion limited aggregation rate 

constant (kfast). Further details will be provided in the results section.   

3. Results 

3.1. Material characterization  

3.1.1. Surface topography and contact angel of MeO coated wafers 

Figure 4-1 and Figure 4-2 show the surface topography of MeO-coated wafers and SiO2 

wafers by AFM and SEM. All MeO-coated wafers show granular structures on their surfaces 

which indicates the deposition of MeO thin film. From the AFM images, the MeO coating is 

efficient at a nano-scale resolution, were no significant gaps are detected. 

This granular structure was also confirmed by SEM. Based on AFM images, the roughness 

(RRMS) of each MeO wafers was 2.1, 15.5, and 8.68 nm for Al2O3, ZrO2, and TiO2, respectively. 

Phase imaging (Figure 4-3) provided important information on the MeO coating layer of the 

silicon wafers (i.e., phase imaging allows chemical mapping of surfaces based on material 

differences). Specifically, regions of different compositions (i.e., phase shifts registered as 

areas of high and low contrast) were observed for Al2O3-coated wafer, ZrO2-coated wafer, 

and TiO2-coated wafer, supporting the presence of deposited films. Conversely, silicon wafer 
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surface did not show phase signal changes, indicating the presence of a surface of 

homogeneous properties. The contact angle (Figure 4-2 B) of the MeO surfaces followed this 

order 57.1°˂ 77.9°˂ 80.1° for Al2O3, TiO2, and ZrO2, respectively, indicating their level of 

hydrophobicity.  

 

 

Figure 4-1: AFM images of ZrO2-coated, Al2O3-coated, TiO2-coated wafers and SiO2 wafers   
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Surface ZP of Al2O3, TiO2, and ZrO2 coated wafers (Figure 4-3) showed a negatively charge at 

the entire range of ionic strength tested (i.e., both NaCl and CaCl2). This negative charge 

would originated from the hydroxyl group generated on the surface of the MeO [152]. 

Different MeO materials lead to dissimilar charge densities on their surfaces [152, 215] (e.g., 

Al2O3 displayed a more negative charge than TiO2 and ZrO2). TiO2 and ZrO2 coated wafers 

have similar charge character and as demonstrated by ZP and contact angle   (Figure 4-2 a & 

B). The decrease in negative charge on all MeO surfaces would be caused by charge screening 

by Na+ and Ca2+ cations [216]. 
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Figure 4-2:  (a) SEM images and (capital character) contact angle (small character) of MeO wafers  
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Figure 4-3:  Surface zeta potential of a) Al2O3-coated wafer, b) TiO2-coated wafer and c) ZrO2-coated wafer in 

NaCl and CaCl2 solutions  

 

3.1.2. ZP of NOM fractions  

All NOM isolates showed a negative charge in all solution conditions tested (Figure 4-4). SRW 

HPO is the more negatively charge fraction and BIOP 1 MEM is the lowest one. This negative 

surface charge would be the result of the ionization of the carboxylic groups on their 

structure. The decrease of the negative charge with increasing ionic strength is caused by the 

compression of the diffuse double layer associated with higher concentration of Na+ ions. 

Na+ cations are suggested to only weakly interact with NOM via outer-sphere complexation 

[217]. Similar observations have been reported for similar HPO fractions (e.g., SRW HPO and 

CRW HPO) [51] and HMW biopolymers extracted from algae[114]. In CaCl2 solution, the 

negative charge was significantly reduced for all NOM fractions. This might be caused by 

inner sphere complexation of Ca2+ with ionized carboxylic groups [217].  
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Figure 4-4: ZP of NOM isolates in a) NaCl and b) CaCl2 solution and pH 5.6 ±0.4 

 

3.1.3. ZP of MeO nanoparticles 

The ZP of the MeO NP was measured under the influence of Na+ and Ca+2 in solution, at room 

temperature, and pH 5.9 (Figure 4-5). Al2O3 NP and ZrO2 NP showed a positive charge on 

their surfaces, with more density on Al2O3. 

 

Figure 4-5:  Zeta potential of a) Al2O3 NP, b) TiO2 NP, and c) ZrO2 NP measured by DLS 
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Several investigations have reported a positive ZP of MeO NP when the pH of the solution is 

below the pHPZC, e.g., Al2O3 [210] and iron oxide [207]. Conversely, TiO2 NP is negatively 

charged (Figure 4-4 b). At pH 5.9, Bouhaik et al. (2013)reported negative ZP of TiO2 NP in 

KCl solution [218]. The charge of all MeO NP decreased with increasing concentration of 

cation in solution. The influence of Ca+2 cation in terms of charge reduction was more 

pronounced with TiO2 NP.  

3.2. Aggregation of MeO NP 

The aggregation of α Al2O3, TiO2, and ZrO2 NP under a wide range of ionic strength, in mono 

and divalent cations (i.e. Na+ or Ca+2), and pH 5.8 ± 0.1 was investigated. In this specific range 

of ionic strength for both cations (i.e., 1, 3, 5, 10, 30, 50, and 100 mM), Al2O3 and ZrO2 NP 

remained stable against aggregation within one hour reaction time (Figure 4-6). A study   

have reported the stabilization of different commercially Al2O3 and TiO2 in solutions of ionic 

strength below 100 mM of NaCl or CaCl2 by TL-DLS method [210]. Also, by evaluating the 

concentration of TiO2 in a  NP suspension in contour plots after 24h of aggregation, 

Ottofuelling et al. (2011) observed stable TiO2 NP of ∼300 nm diameter (P25, Evonic, USA) 

in solution conditions below 5 mM NaCl. [211].  
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Figure 4-6: The aggregation kinetics of Al2O3 NP and ZrO2 NP under the influence of Na+ and Ca2+ cations and 
pH 5.7 ±0.2 

 

 

Even with the addition of NOM (i.e., SRW HPO and BIOP MEM) Al2O3 and ZrO2 NP remained 

stable in solution (results are not shown). It has been extensively reported that NOM usually 

assists in the stabilizations of MeO NP in solution [54, 211, 219]. Several types of NOM have 

been previously investigated for stabilizing MeO NP in solution, e.g., alginate [219] and HA 

[220] with copper oxide, different HA with Al2O3 NP [54], and alginate with hematite NP 

[221]. In the case of the current study, Al2O3, and ZrO2 NP did not aggregate in the absence 

of NOM. Therefore, additional experiments were conducted at 1000 mM of NaCl and 333.3 

mM of CaCl2. Interestingly, both Al2O3 and ZrO2 Dh increased compared to the initial 

hydrodynamic diameter (Dho) (Figure 4-6). This increase in Dh in the presence of Ca2+ was 

more significant than in Na+ solution as shown in Figure 4-6 (i.e., 380 nm and 500 nm for 
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Al2O3 NP at Ca2+ and Na+, 309 nm and 570 nm for ZrO2 NP in Ca2+ and Na+). The influence of 

high ionic strength (above 100 mM Ca2+ or Na+) in enhancing the aggregation of Al2O3, CuO, 

and TiO2 under different pH has been already reported in several investigations [219, 222, 

223].  

 

Figure 4-7: Aggregation of TiO2 NP with time in the presence of Na+ and Ca+2 cations and 2 NOMs (i.e., SRW 

HPO in c and d, BIOP MEM in e and f)  
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In the case of TiO2 NP (Figure 4-7), the increase in Ca+2 concentration (starting from 3.33 

mM) lead to an increase in Dh as a function of time, which was the opposite case for Na+. Ca2+ 

cation was more efficient in breaking the stability of TiO2 NP than Na+ ions. Even with the 

addition of SRW HPO, Dh increased but in lower magnitude compared to the TiO2/CaCl2 

interface (Figure 4-7 b) and it was stable in Na+ solution. Likewise, BIOP MEM suppressed 

the aggregation of TiO2 NP in Ca2+ solutions in comparison to SRW HPO (i.e., even at high 

Ca+2 concentration). Interestingly, this latter aggregation profile was not similar to that of 

TiO2 NP baseline. There was a slight increase in the baseline of CaCl2 and BIOP MEM as shown 

in Figure 4-7b (Dh increased from, 138 →200 nm).  Since the increase in the Dh with the 

addition of Ca+2 and SRW HPO was more than 30% of the initial hydrodynamic size of TiO2 

(138 ± 23 nm), the inverse stability ratio (1/W) was calculated (Figure 4-8). According to 

this inverse stability ratio, the addition of SRW HPO increase the stability of TiO2 NP. Similar 

results have been obtained for TiO2 NP and Al2O3 NP with the addition of HS [54, 210].   
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Figure 4-8: Inverse stability ratio (1/W) of TiO2 in the presence of CaCl2 in SRW HPO-containing solutions. 

The critical coagulation concentration (CCC, crossover point from reaction limited aggregation region to 

diffusion limited aggregation regime) were 3.33 mM and 10 mM in the presence and absence of SRW HPO, 

respectively. 

The critical coagulation concentration (CCC) is one of the most significant parameters 

describing NP aggregation in solution. It is defined as the minimum electrolyte concentration 

to induce the fast aggregation of NPs. The CCC can be extracted by the cross point of 

unfavorable and favorable aggregation regions. Starting from 0.33→1.16 mM Ca+2, the 

aggregation rate of TiO2 NP increased indicating of unfavorable aggregation region. At a 

concentration of 3.3 mM and above, the aggregation rate remained constant indicating a 

favorable aggregation region. Therefore, the CCC of TiO2 NP in Ca+2 is 1.16 mM and 3.33 mM 

in the absence and presence of SRW HPO in solution, respectively. 

3.3. Interacting forces between NOM and MeO-coated wafers  

The force vs distance curve of Al2O3, TiO2, and ZrO2-coated wafers with 5 NOMs fractions was 

rigorously investigated in NaCl (1, 10, and 100 mM) and CaCl2 (0.33, 3.33, and 33.33 mM) 

solutions at pH 5.8. Figure 4-9 shows possible scenarios during the approaching and 

retraction of NOM-coated AFM probes to and from MeO-coated wafers. In summary, two 

possible profiles during approaching have been observed in the current study: repulsive 
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forces that follow an exponential decay (Figure 4-9 a) or jump into contact event (Figure 4-9 

b and c).  During retraction, the maximum adhesion force between either one detachment 

point (Figure 4-9 a and c) or in multiple detachments points (Figure 4-9 b) was calculated. 

Each curve was individually analyzed to calculate the following:   

 Interaction force decay length by following the equation: F=F0 exp (-kh), where h is 

the separation distance, F is the interaction force, F0 is a pre-exponential constant 

described as force at a contact, and k-1 is the interaction force decay length. In 

addition, the maximum attractive force leading to jump into contact was calculating.  

 Maximum adhesion force and maximum adhesion distance were calculated as the 

maximum force and the maximum separation distance recorded before total NOM-

coated probe detachment from the MeO coated wafers, respectively. The adhesion 

forces were normalized to the radius of the colloidal probe (Figure 4-10). 

Then, a statistical approach was necessary to obtain an overview of NOM/MeO coated wafers 

interactions (Figure 4-11), where mean and standard deviation was extracted. 
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Figure 4-9: Representative of force vs distance curve showing attractive forces causing jump-to-contact 

event during approaching, and adhesion forces during retraction 

 

 

 

Figure 4-10: SEM image of JWW HPO coated probes 
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Figure 4-11: Probability density function showing: a) the magnitude (mN/m) of Jump to contact event 

between BIOP 1 MEM and TiO2 surface in 1, 10, 100 mM NaCl, and b) maximum adhesion forces between 

BIOP 1 MEM and TiO2 surface in 0.33, 3.33, and 33.3 mM CaCl2 

3.3.1. Analysis of Approaching regime  

The approching profile obetween humic and non humic NOM-coated AFM probes and Al2O3, 

TiO2, and ZrO2 coated wafers was investigated. The study was conducted in NaCl (1, 10, and 

100 mM) and CaCl2 solutions (0.33, 3.33, and 33.3 mM) at pH 5.9. The approach curve of 

BIOP MEM and BIOP1 MEM to all MeO showed two interesting features. First, jump into 

contact events were recorded regardless of cation type and ionic strength (Figure 4-12). This 

type of events occur when the gradient of the attractive forces between BIOP MEM and BIOP 

1 MEM and MeO coated wafer exceed the limit of the spring constant of the cantilever [214].  
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Figure 4-12: Representative jump into contact event during biopolymers approach (i.e., BIOP MEM and 

BIOP1 MEM) tow ZrO2 coated wafer.  

 

Several AFM investigation have reported strong interaction forces that leads to jump in to 

contact events with different organics and surfaces, i.e., biopolymer coated AFM probe with 

polymeric membranes, hydroxyl-modified microsphere to Polyvinylidene difluoride (PVDF) 

membrane and to polyethylene (PE) membrane, rotavirus to hydrophilic OM-coated silica 

surface, bovine serum albumin (BSA) to lysozyme-coated glass, hydrophilic NOM to mica 

surface [51, 52, 125, 214, 224, 225], and biopolymer extracted from algae to ZrO2 and Al2O3 

wafers [201]. All these studies have suggested a direct correlation between the jump into 

contact events and the characteristics of both NOM and surfaces.  Afterwards, repulsive 

forces were observed and they increased with decreasing separation distance (Figure 4-12). 

Additionally, these repulsive forces also decreased with increasing the ionic strength, 

regardless of salt type. This observation is in agreement with several studies where 

increasing the ionic strength leads to reduce the repulsive forces between biopolymer coated 

colloid with polymeric membrane, mica, and MeO coated wafers [51, 201, 226]. 
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Figure 4-13: The mean magnitude of the jump into contact attractive forces between BIOP MEM and BIOP1 

MEM with Al2O3, TiO2 and ZrO2 coated wafers in NaCl and CaCl2 solutions calculated by probability density 

functions  

 

The magnitude of the jump into contact for BIOP MEM and BIOP1 MEM are presented in 

Figure 4-13. Overall, the magnitude of the attractive forces of BIOP MEM is higher than BIOP1 

MEM with all MeO coated wafers. At low ionic strength, regardless of cation type, Al2O3 

coated wafer showed the highest forces, except for BIOP MEM in NaCl and BIOP1 MEM in 

CaCl2, where Al2O3 and TiO2 are almost similar. Similarly was observed in previous 

investigation, were different magnitude of jump into contact was recorded during the 

retraction of  algal organic matter of ZrO2 and Al2O3 coated wafers [201] in the presence of 

Ca+2 and Na+. The forces obtained from ZrO2 coated wafer were much higher than Al2O3 

coated wafer. Generally, as shown in Figure 4-13, increasing ionic strength leads to an 

increase in the attractive force of the jump into contact. However, the attractive forces 

between TiO2-coated wafer and BIOP1 MEM in CaCl2 and ZrO2-coated wafer with BIOP MEM 

in NaCl was decreased. Also, even low concentrations of CaCl2 (i.e., 0.33 mM) significantly 
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increased the magnitude of jump into contact between both biopolymers and Al2O3, TiO2, 

and ZrO2 coated wafers.  

During SRW HPO-coated approach to Al2O3-coated wafers, repulsion forces following an 

exponential decay length of 8±0.98 nm was observed at 1 mM NaCl (Figure 4-14). Similar 

observation was reported during SRW HPO-coated probe to mica surface (i.e., negatively 

charged surface) [51].  

 

Figure 4-14: Representative of SRW HPO probe approach profile toward Al2O3 coated wafer in NaCl solution   

 
A higher concentration of Na+ and the presence of Ca+2 led to attractive forces and thus the 

occurrence of jump into contact events (Figure 4-14). TiO2 and ZrO2-coated wafers showed 

consistence jump into contact event with SRW HPO, even at low ionic strength.  

 Likewise, jump into contact event were generated during the approach of JWW HPO and 

CRW HPO to all MeO coated wafers in NaCl and CaCl2 solutions at all concentration tested, 

and were similar to the one presented in Figure 4-14.  

The statistically calculated mean values of jump in to contact event between SRW HPO, CRW 

HPO, and JWW HPO and MeO coated wafers are presented in Figure 4-15. Generally, the 

magnitude of the attractive forces of the three NOM coated probe isolate to the Al2O3, TiO2, 
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and ZrO2 coated wafers were different. These results indicate the influence of the surface 

characteristics and NOM during interactions. In addtion, Ca+2 excerted an influence in the 

interacting forces between NOM and MeO coated wafer, where the presence of Ca+2 

increased the attractive force compared to Na+.  

In Figure 4-15 a and b, ZrO2 coated wafer showed strong attractive forces to SRW HPO 

compared to TiO2 and Al2O3. At 1 mM ionic strength, TiO2 force was higher than Al2O3 coated 

wafers. However, it become lower with Al2O3-coated wafer when increasing the ionic 

strength, regardless of the salt type.  

The order of forces of MeO coated wafer at 1 mM NaCl in JWW HPO was ZrO2>TiO2>Al2O3  

and TiO2>ZrO2>Al2O3 in CaCl2. As shown in Figure 4-15 c and d, the forces of ZrO2 deacresed 

with increasin Na+ and Ca+2 in solution. In Al2O3 coated wafer, increasing NaCl leads to an 

increase in the magnitude of forces. However, increasing Ca+2 had almost no influence. TiO2 

coated wafer is almost stable in case of ionic strength influence regardless of cation type. 

However, Ca+2 had a sigificant impact in increasing the attractive forces from 0.2 nN/m to 

0.95 nN/m.  

With CRW HPO and 1 mM NaCl, the magnitude of the force is similar with JWW HPO in NaCl. 

However, in CaCl2, Al2O3 is higher than TiO2 and ZrO2 coated wafers. No significant increas 

in the force with increas the ionic strength. Except in Al2O3 with Ca+2, where the force slightly 

increased from 1.2 to 1.9 nN/m and stabilized. Intrestingly, the surfaces with less hydrophilic 

surface (i.e., TiO2 and ZrO2 coated wafers) showed strong interactions at low ionic strength 

except Al2O3 (1.2 nN/m) with CRW HPO in CaCl2, comparing to 0.6 and 0.25 nN/m for TiO2 

and ZrO2 respectivly.  
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Figure 4-15: Jump into contact of a) SRW HPO NaCl, b) SRW HPO CaCl2, c) JWW HPO NaCl, d) JWW HPO CaCl2, 

e) CRW HPO NaCl, f) CRW HPO CaCl2  with Al2O3, TiO2, and ZrO2 coated wafers 
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3.3.2. Retracting profiles between NOM-coatd probes and MeO-coated surface  

The retraction force profile of BIOP MEM and BIOP1 MEM with Al2O3, TiO2 and ZrO2 coated 

wafers mainly showed one detachment even (Figure 4-9 c). The statistically calculated 

adhesion force and adhesion distance are presented in Figure 4-16. Generally, at 1 mM ionic 

strength, higher adhesion forces were recorded for BIOP MEM with all MeO coated wafers 

than BIOP1 MEM, regardless of the cation type. Except for BIOP HPI with TiO2 and ZrO2 

coated wafers in 0.33 mM CaCl2. The magnitude of the forces between BIOP MEM and BIOP1 

MEM and MeO-coated wafers in both cations was Al2O3>TiO2>ZrO2. Ca+2 caused an increase 

in the maximum adhesion force at low concentration compared to 1mM Na+.  

Maximum adhesion force between BIOP MEM or BIOP1 MEM and MeO coated wafers 

increased with increasing ionic strength from 1→100 mM with (Figure 4-16). However, 

Al2O3 coated wafer showed a decrease in the maximum adhesion forces with increasing CaCl2 

from 10 →100 mM (10.6 and 6.9 nN/m, respectively). 

 ZrO2 coated wafer did not show a significant influence with ionic strength. However, with 

BIOP MEM and Ca+2, the forces increased from 1.39 → 10.65 nN/m. TiO2 coated wafer also 

remained stable in BIOP MEM with increasing the NaCl from 1→100 mM (1.24, 0.94, and 0.8 

nN/m).  

The adhesion distance between BIOP MEM and BIOP1 MEM during the retraction of Al2O3, 

TiO2 and ZrO2 coated wafers is presented in Figure 4-16 c, d, g, and h. The adhesion distance 

of BIOP1 MEM with MeO coated wafers followed this order: ZrO2>Al2O3>TiO2, regardless of 

cation type. This adhesion distance almost remained stable with increasing Ca+2 

concentration. Slight affection by changing the concentration of Na+, where the distance 
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decreased in ZrO2 after 10 mM and increased with Al2O3 after 1 mM. The retraction distance 

with TiO2 slightly increased after 1 mM Na+.  

In BIOP MEM, the highest adhesion distance was recorded for Al2O3 coated wafer in Na+ at 

all concentration. From 1→100 mM the distance was decreased in Al2O3, however, TiO2 and 

ZrO2 coated wafer remained at similar magnitude. The longest adhesion distance was 

recorded with ZrO2 coated wafers in Ca+2 (no significant influence with Ca+2 concentration). 

Slight increase was observed in the retraction distance in Al2O3 and TiO2.  

 

Figure 4-16: Maximim  adhesion force and adhesion distance of BIOP MEM and BIOP1 MEM with Al2O3, TiO2, 

and ZrO2 coated wafers in NaCl and CaCl2 and ambent pH 
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The majority of the retraction force profiles for humic NOM (SRW HPO, JWW HPO, and CRW 

HPO) also showed one detatchment point for Al2O3, TiO2 and ZrO2-coated wafers. However, 

multible dettachment points was recorded for TiO2 coated wafer with SRW HPO in NaCl and 

CaCl2 solution (Figure 4-17). 

 

 

Figure 4-17: Representative retraction profiles of SRO HPO coated wafer from TiO2 coated wafer 

Overall, the recorded maximium adhesion force and the retraction distances between humic 

NOM coated probes and MeO coated wafers are lower than the hydophilic fractions (i.e., BIOP 

MEM and BIOP1 MEM). (Figure 4-18). When analyzing the magnitude of the maximum 

adhesion force for all MeO coated wafer with the humic fractions, the forces increased 

starting from SRW HPO →CRW HPO in 1 mM NaCl and CaCl2. Howevr, the miximum adhesion 

force of ZrO2 coated wafer (Figure 4-18 e) followed this trend:  JWW HPO>SRW HPO>CRW 

HPO. The statistical analysis in Figure 4-18 clearly shows that at 1 mM of Ca+2 has a strong 

influnce in increasing the maximum adhesion force and maximum adhesion distance in 

comparing to Na+. A prononunced influence of increasing the salt concentartion in increasing 

the maximim adhesion force with Al2O3, TiO2 and ZrO2 coated wafer. However, a deacrease 
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was recorded for Al2O3 with SRW and CRW HPO in CaCl2, also in ZrO2 coated wafr with CRW 

HPO in NaCl. Generally, JWW HPO coated colloid maximim adhesion force increased with 

increasing the ionic strength with all surfaces, except of ZrO2 coated wafers as it remained 

stable. TiO2 coated wafer also remaind stable with CRW HPO coated wafer. However, Al2O3 

coated wafer increased and ZrO2 deacresed in NaCl, the oppiste trend is observed in CaCl2 

solution.  
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Figure 4-18: Adhesion force and adhesion distance between SRW HPO, JWW HPO or CRW HPO and Al2O3, 

TiO2 or ZrO2 coated wafers in NaCl and CaCl2 

 
The magnitude of the adhesion destance in 1 mM NaCl with SRW HPO, JWW HPO and CRW 

HPO followed the trend: TiO2>ZrO2>Al2O3 (Figure 4-18 c, g, and k). Similar trend was 

observed in CaCl2 with SRW HPO and CRW HPO. However, JWW HPO followed this order: 

TiO2>Al2O3>ZrO2. 
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4. Discussion  

4.1. MeO coated wafer characterizations  

Al2O3, TiO2, and ZrO2 coated wafers are all hydrophilic in character (showing negative charge 

originated from the hydroxyl groups on the surface of the wafer). Increasing the charge 

density (i.e., Al2O3 as demonstrated by ZP) leads to a surface with extremely hydrophilic 

charter (low contact angel as shown in Figure 4-2 b). Surfaces with low negative charge 

density, i.e., TiO2 and ZrO2, showing less hydrophilic surface, meaning low concentration of 

hydroxyl group present on the surface. Based on an XPS study of various MeO thin film (i.e., 

ZrO2, TiO2, and CrOx,), it has been found that the surface OH group density depends on the 

film material [152]. With XPS, the O was observed at low binding energy on MeO film that 

has high density of OH. Meaning that the density of the negative charge of the oxygen atom 

is different among MeO material films. Therefore, the formation ability of OH surface is 

depending on the charge density of the oxygen atom [227, 228]. Generally, the binding 

energy of the electrons in certain atoms is highly influenced by the electronegativity of the 

atoms directly bound to that particular atom. Therefore, this difference is considered to be 

related to the electronegativity of metal elements directly bonded to the oxygen [152].   

 Granule structures formed on the wafers surface with different roughness that is related to 

the MeO type. Park et al. (2009) characterized the surface topography of monoclinic ZrO2 

thin film on SiO2 and found similar surface topography [120]. It have been reported that the  

morphology of MeO thin layers is form from small nanocrystallites [229]. 
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4.2. MeO NP aggregation 

It is generally recognized that the stability of MeO NP against aggregation is govern by both 

attractive and repulsive electrostatic forces. These two forces are controlled by the charge 

profile that surrounding the MeO NP. It is therefore expected that an increase in the surface 

charge (i.e., ZP) would enhance the electrostatic repulsive force, suppress aggregation and 

subsequently stabilization in the hydrodynamic diameter of MeO NP [210].  

The results of this study showed that Al2O3 and ZrO2 NP in solution condition of pH 5.7 ± and 

ionic strength that controlled by Na+ and Ca+2 (i.e. 1→100 mM) are stable against 

aggregation. Al2O3 and ZrO2 NP are highly charged MeO NP as the pH was lower than the 

pHPZC (i.e., 8 and 7.8, as calculated in chapter 2). Indicating the presence of large repulsive 

double layer interactions between MeO NPs as demonstrated by the ZP, aggregation was 

minimized because of the high repulsive forces. Since the pH in this study is constant, 

increasing the ionic strength caused reduction in the double layer between NPs. Therefore, 

the ionic strength should be high enough to reduce  the ZP  [220] (i.e., up to 1000 mM). It was 

proposed that NaCl and CaCl2 could cover the MeO NP surface and form a countr-ion shield 

that can boost MeO NP aggregation as it shown in Figure 4-6 [230, 231]. The influence of 

NOM (i.e., SRW HPO and BIOP MEM) was not noticeable with Al2O3 and ZrO2 NP as it is 

required high ionic strength in order for the particles to aggregate. However, it is well known 

that NOM helps in the stabilization of MeO NP in solution as NOM adsorb on the surface of 

MeO and provide electrostatic mechanisms [54, 221]. More detailed discussion will be 

conducted in the next section regard NOM influence.  
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When the pH is approaching the pHPZC, the repulsive forces are reduced as the charge around 

the MeO NP is reduced (equal to zero) [232]. Guzman et al. (2006) stated that MeO NP would 

aggregate over wild range of surface potential, with a trend of increasing NP aggregate as the 

pH approaches the pHPZC. This is consistent with decreasing the repulsive forces leading to 

increase aggregation near the pHPZC. Several investigations showed high aggregation of 

copper oxide NP in Ca+2 and Na+ [219], TiO2 [211] and with commercially different Al2O3 

NP[210] in NaCl, CaCl2 and NaSO4 at a pH around the pHPZC of the NP.  

In contrast, TiO2 NP at pH 5.8 ±0.4 ( pHPPZC ∽ 6.2 [79]) have little or no charge as the pH 

approaching the pHPZC [232]. That leads to a substantial weakening in the repulsive forces, 

which implies that each collision causes particle adhesion[220]. TiO2 NP displayed high 

stability in the presence of NaCl solution (ionic strength from 1-100 mM). As the recorded 

ZP showed that Na+ was not sufficient in reducing the charge to eliminate the repulsive 

forces, even with 100 mM concentration (-40 ± 0.65 and -30 ±0.87 mv in 1 and 100 mM, 

respectively).  

On the other hand, high concentrations of Ca+2 helped in inducing the aggregation rate, 

because of the ability in the compression of the double layer and reducing the distance 

between the NP, this cation is more efficient in screening charge, also, depending on the 

functional group, cation bridging can occur, causing charge reversal[52].  

As previously suggested, Na+ ions acts as indifferent cations, while Ca+2 cations forms an 

inner sphere  complex, thus more sufficient screening and decreasing the energy barrier[52]. 

Previous investigations have similarly reported that high concentration of ions or divalent 

cations is needed to break the stability of MeO NP in solution[221].  When the CCC was 
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reached, i.e., 3.3 mM, the increase in the ionic strength has no more influence on aggregation. 

As the electrolyte concentration is sufficiently high to completely eliminate the energy 

barrier [220, 221]. 

The presence of SRW HPO enhance the stability of TiO2 NP with CaCl2, which demonstrated 

by shifting the CCC to the right as shown in Figure 4-8. Ottofuuelling et al. (2009) found that 

NOM adsorbed on MeO surface reduce or neutralize the positive charge, or at a sufficient 

concentration induce a reversal of charge from positive to negative [211]. Studies showed 

that the adsorption of different HS isolates to Al2O3 NP induce the stability in solution by 

increase the negative charge magnitude of NP and providing repulsive steric forces [54]. The 

right shift in CCC is a strong indication of the steric hindrance combined with electrostatic 

effect was predominant mechanism affecting the stability TiO2 NP in solution of SRW 

HPO/CaCl2 [219]. The stabilization of HA on magnetite NP was attributed to the combined 

electrostatic and steric effect [209].  NOM adsorb on the surface of MeO, leading to change 

their surface properties. By increasing the thickness on the surface of MeO NP. This surface 

coating increases the effect of steric stabilization[220].  

BIOP MEM stabilized the TiO2 NP significantly in solution. The strong affinity between TiO2 

NP and BIOP MEM leads to changes in the surface charge and thickness. This indicates that 

cation bridging is not as efficient as compared to the case of HPO fractions. Because carboxyl 

groups are more dominant functional groups in comparing to HPI fractions.  

According to the result of CuO ZP, the surface charged changed from positive to negative in 

alginate/NaNO3 interface indicating the adsorption of carboxyl group on the surface. These 

results suggest the relative importance of electrostatic repulsive interactions[219].  
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The slight increase in the hydrodynamic diameter in the increase Ca2+ and BIOP MEM suggest 

that steric effect were not the predominant mechanism for the TiO2 NP. It can be assumed 

that there is another mechanism that involved in the aggregation of TiO2 NP in Ca+2 solutions.  

The influence of biopolymer (i.e., alginate) was already observed in the increase of Ca+2 for 

CuO [222].  

4.3. Analysis of force vs distance curves  

4.3.1. Analysis of NOM interaction with MeO during approach  

The mechanisms that control the interactions of MeO coated wafers with NOM coated 

colloids are mainly altered by NOM type and origin, in addition to MeO coated wafer surface 

characteristic. Hydrogen bonding was suggested as the main mechanism between NOM of 

strong hydrophilic character (i.e., biopolymers) with Al2O3, TiO2 and ZrO2 coated wafers.  As 

biopolymers (i.e., BIOP MEM and BIOP1 MEM) mainly loaded with hydroxyl group 

(carbohydrate rich structure), the formation of hydrogen bonding is the main mechanism 

that control the reaction with hydroxyl group on MeO surface [61]. These type of reaction is 

stronger than electrostatic repulsion forces because of the short distance between NOM and 

the surface [51], as a result, jump into contact event appears [51]. The energy of hydrogen 

bonding has been described as stronger than Van der Waals forces. However, this energy is 

weaker than ionic or covalent bonding, however, numerous hydrogen bonds could overcome 

electrostatic repulsion  [233]. Repulsion forces can also be involved along with hydrogen 

bonding as shown in Figure 4-14. As suggested in several studies, this repulsive forces are 

originated from the compression of polymeric brush toward the surface [51, 226]. The 

polymeric brush identified as a dense concentrated polymer chain attached by one end to a 

surface [122]. These repulsive forces decreases with increasing the ionic strength regardless 
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of salt type, suggesting the influence of the ionic strength by charge screening. As screening 

the negative charge between MeO coated wafers and NOM coated colloid (i.e., BIOP MEM and 

BIOP1 MEM) leads to decrease the thickness of the double layer. Therefore, reduction of the 

repulsive forces between the NOM and MeO coated wafer surface [51, 114].  

HS coated AFM colloids that has high SUVA and loaded with negative charge originated from 

the distribution of carboxyl group (i.e., SRW HPO) mainly react via repulsions forces 

(exponential decay of 8 ± 0.56 nm) that are electrostatic in nature with highly negatively 

MeO surface, i.e., Al2O3 coated wafers in 1 mM NaCl. Ionized carboxyl groups present in SRW 

HPO would predominantly contribute to the negative charge and therefore to the 

electrostatic repulsion displayed [51].  

Most reported mechanism of SRW HPO or with similar humic fraction with different surfaces 

is repulsive forces that is mainly electrostatic in nature and follow an exponential decay with 

increasing salt [51, 226]. However, by increasing Na+ concentration, strong attractive forces 

that leads to jump into contact becoming the most predominant mechanism during 

approach, not reducing the repulsive forces. This observation indicates the strong influence 

of the approached surface character. It is well documented that HS HPO fraction has high 

affinity to MeO surface and the most predominant mechanism is acid–base type interactions 

(i.e., hydrogen bonding and ligand exchange) [83]. It is a result of the interaction of the 

carboxyl group that distributed along the structure of HS molecule with OH on MeO surface 

[83]. In order to develop this type of reactions, HS molecules should be enclose to the 

ion/cation pair on MeO surface [94]. Which is an implication of the effect of double layer 

thickness in MeO coated wafer/NOM interface [94]. Therefore, the appearance of the 
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repulsive forces with Al2O3 at 1 mM Na+ was because of the large double layer, as Al2O3 wafer 

showed high ZP comparing to ZrO2 and TiO2 (i.e., -49 ± 0.45, -36 ± 0.33, and -35 ± 0.21 mv for 

Al2O3, TiO2 and ZrO2, respectively). With the increase of negative charge screening, HS 

become closer to the Al2O3 surface and leads to high interactions forces. Consequently, the 

ZP is lower for TiO2 and ZrO2, meaning weaker double layer interaction. Resulting in the 

display of jump in to contact in all recorded approaching curves with NaCl and CaCl2.  

CRW and JWW HPO are less hydrophobic and rich with carbohydrate structures and lower 

negative charge. As a result, strong interaction with all MeO coated wafers because of the 

electrostatic repulsion overload by Van der Waal gradient forces and acid–base gradient 

interaction (hydrogen bonding) between hydroxyl group in CRW and JWW HPO and the 

negative charge MeO coated wafers. This behavior is similar to BIOP MEM and BIOP1 MEM. 

Indicating the importance of acid–base reaction that originated from hydroxyl group present 

in the NOM fraction toward MeO surface [51, 234].  

The magnitude of the forces during the approach to MeO coated wafer also affected by the 

NOM type. As the surface character of the colloids that attached to the probes reflected by 

the properties of coated NOM [51].  BIOP MEM is showing greater jump into contact 

magnitude comparing to BIOP1 MEM, suggesting the influence of the NOM structure. In 

theory, the jump into contact would be higher and stronger when the distance between the 

NOM coated probe is close to the MeO wafer [125]. As high value of ZP indicating larger 

double layer (i.e., high distance) and vice versa [51]. Although the double layer in BIOP 

MEM/MeO interface is thicker than BIOP1 MEM/MeO as indicated by ZP, the only different 

is the composition of the two fractions. It can be assumed that molecule with high protein 
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content (28 % content in BIOP1 MEM) is less favored to all MeO surfaces comparting to BIOP 

MEM (20% protein content). In addition, different protein content in biopolymer has an 

influence on the charge distribution and conformation of the molecule [235]. Therefore, it 

can be assumed that the conformation of molecule with high protein content is, i.e., BIOP1 

MEM, is less favored by MeO wafers.  

The presences of the sulfonic group in the NOM fraction (i.e., JWW HPO) seems to increase 

the interaction toward Al2O3 coated wafer more than in TiO2 and ZrO2 coated wafers. It might 

be indicator of the contribution of sulfonic group in the surface interactions along with the 

carboxylic group with Al2O3 surface[52], which might favor the Al2O3 surface more than the 

others. As the other surfaces exert different character as explained before.  

Less charged HS NOM fractions with less SUVA and predominance in carbohydrates and 

nitrogenous moieties (i.e. CRW HPO) interact strongly with all MeO coated wafers more than 

SRW HPO. It can be assumed that because this fraction is similar to BIOP MEM and BIOP1 

MEM, where the dominant mechanism is hydrogen bonding that is controlled by the high 

presence of hydroxyl group in NOM fraction [61]. In addition, as this NOM fraction is more 

hydrophilic, then is could be because favorable polar interactions.  

The influence of different MeO coated wafer surface is underlined by the different magnitude 

statistically calculated for Al2O3, TiO2, and ZrO2 coated wafers toward both biopolymers. 

Al2O3 coated wafer showing the strongest affinity toward both biopolymers. A key parameter 

that influence the interaction between the MeO surface and NOM with polysaccharides 

structures is the density of hydroxyl group on MeO surface [61].  Al2O3 coated wafer (57.1°) 

displayed the most hydrophilic surface compared to TiO2 (77.9°) and ZrO2 (80.1°) as showed 
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by contact angle (high OH population). It is already reported that polysaccharides like 

structures favor the adsorption on MeO surface that exert high population of hydroxyl group 

[61]. In contrast, more hydrophobic surface (i.e., TiO2 and ZrO2 as indicated by contact angel) 

exert strong affinity toward humic NOM.  As the hydrophobicity contribute in the thickness 

of double layer interactions as explained before.  

It has been previously proposed that the OH group density on MeO thin films facilitates in 

the adsorption of small organics, and that the OH group structure (i.e., controlled by the MeO 

crystallinity) is highly dependent on the type of MeO [61, 137, 152, 160]. Furthermore, these 

studies suggested that the associations between polysaccharide-like compounds and MeO 

surfaces would be influenced by hydroxyl group structure and density, where hydrogen 

bonding was proposed as the dominant interacting mechanism. Similarly, the OH group 

densities and structures on Al2O3, TiO2, and ZrO2 surfaces would have different impacts on 

the interactions with BIOP MEM and BIOP1 MEM. The crystal structures of Al2O3, TiO2, and  

ZrO2  (i.e., monoclinic and trigonal, respectively) display different tendencies to develop 

specific types of hydroxyl groups at various densities, based on the distance between the 

metal atom and the oxygen anion [137, 156]. Therefore, the specific structure and density of 

hydroxyl groups on Al2O3 would exert stronger interactions to both biopolymers fractions 

(i.e., polysaccharide-like compound) than those of TiO2 and ZrO2, by means of hydrogen 

bonding as the dominant mechanism. 

Increasing the ionic strength influences the interfacial interactions of all the previous NOM 

with MeO coated wafer. The presence of Na+ cations in solution promote NOM screening (i.e., 

weak outer-sphere complexation [217]), resulting in electrostatic interactions reduction 

(i.e., electrostatic forces are long-ranged forces sensitive to solution chemistry [236]). And 
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increasing concentration of Na+ influence the conformation of the polymeric structure of 

NOM, as stated in previous investigations [51, 237]. Chen et al. (2007) combined AFM with 

SEM to investigated macromolecular structures of HS. They reported that, depending on the 

pH and ionic strength of the initial solutions, HS deposited on mica and silica, adopted 

different spherical and large-area island conformations [238]. 

In addition, these results clearly indicate the impact of divalent cations during NOM (HPI and 

HPO) interactions with Al2O3, TiO2 and ZrO2 surfaces. Ca2+ cation had an important effect on 

the structural conformation of NOM by forming strong inner-complexes with deprotonated 

carboxyl groups, thus reducing electrostatic interactions more efficiently than with 

Na+ cations. Also, this increased charge screening and cation complexation would affect NOM 

intermolecular and intramolecular interactions [239, 240]. NOM would be expected to 

structurally rearrange to interact with the surrounding solution (i.e., increasing 

concentration of divalent cations. 

In SRW HPO/MeO interface, the magnitude of the interacting forces increased with 

increasing concentration of CaCl2 from 0.33 to 3.33 mM. Due to the expanded structure of 

the SRW HPO at 0.33 mM CaCl2, small fractions can approach the locations of the active sited 

on MeO coated wafers than at high ionic strength, as the HS structure is more compact [94].  

4.3.2. Retraction regime of NOM coated probes with MeO coated wafers 

The maximum adhesion forces of hydrophilic OM (i.e, BIOP MEM and BIOP1 MEM) is higher 

in magnitude compared to that of humic HPO fraction (i.e, SRW, JWW and CRW HPO) with 

all MeO wafers as shown in Figure 4-16 and Figure 4-18. 
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BIOP MEM and BIOP1 MEM are heterogeneous mixture of polysaccharides structure 

predominate with hydroxyls group. In addition to low extend of proteins moieties, carboxyl 

group also incorporated in the structure in low concentration. The surface of both 

biopolymers is governed by negative charge (as shown by ZP). Therefore, the main 

mechanism that control the interaction in BIOP/MeO wafers is as proposed in several works 

is acid/base interaction with hydrogen bonding [51, 61]. OH- presents incorporated in BIOP 

MEM and BIOP1 MEM reacted with hydroxyl group initially present in Al2O3, TiO2 and ZrO2 

coated wafer surface and lead to the formation of hydrogen bonding.  

Interestingly, the adhesion force of BIOP MEM is higher in magnitude from BIOP1 MEM with 

all MeO wafers regardless of cation type (i.e., except of TiO2 and ZrO2 where the adhesion 

forces are higher with BIOP1 MEM in CaCl2). This can be justified by the chemical structure 

of both biopolymers as already explained in the approach part. This statement is in 

agreement with the result obtained with MeO adsorption isotherm with 2 biopolymer (BIOP 

HYM and BIOP MEM). Where high percentage removal of BIOP HYM (low protein content) 

with all Al2O3, TiO2 and ZrO2 particles than BIOP MEM (high protein content).  

The adhesion forces recorded between HS HPO fractions (SRW, CRW and JWW) is lower in 

magnitude compared to BIOP MEM and BIOP1 MEM regardless of cation and MeO wafer 

type.  These NOM fraction are known by their strong humic character. In addition to high 

presence of carboxyl group in their structure. The adhesion forces of the HPO fraction 

followed this order: CRW HPO > JWW HPO > SRW HPO. Apparently, increasing the 

hydrophobic character of the HPO NOM influences the adhesion forces. As SRW HPO (SUVA: 

5.8) has the lowest adhesion force in comparing to CRW HPO and JWW HPO (SUVA: 2.01 and 
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1.9, respectively). The SUVA of CRW HPO and JWW HPO are almost similar. However, CRW 

HPO adhesion force is much higher than JWW HPO. The JWW HPO effluent usually has high 

nitrogen content. It can be assumed that it is much higher than in CRW HPO, suggesting that 

nitrogenous content has low affinity with all studies MeO surface, and it is similar with the 

BIOP MEM.  

The cation type exerted a high influence on the adhesion forces. CaCl2 always increasing the 

adhesion forces regardless of the NOM Type. The cation type has an impact on the surface 

charge of MeO wafers and NOM. The conformation of the NOM polymer is influenced and 

changed by the salt concentration and type. As previously suggested, Ca2+ influence is 

different as Na+ influence. Simple charge screening affect by Na+ which is basically 

influencing electrostatic field. Ca2+ form inner-sphere complexes with deprotonated 

carboxyl groups, thus more efficiently screening charges and decreasing energy barriers. 

These results evidence for the high interactions occurring between Ca2+ ions and ionized 

carboxyl groups on NOM and OH group in MeO surface [52, 208]. Changing the conformation 

of the NOM molecules influence the reaction strength between NOM and MeO as previously 

reported [201]. Overall, increasing the ionic strength of the solution with Na+ and Ca2+ 

increased the adhesion forces between NOM and MeO wafers. It might be a result of the 

compression of the electrostatic layer [239], or compression of the polymeric structure, 

which decreases steric interactions [51].  

On the other hand, MeO coated wafers have shown a big influence on the adhesion forces. 

Each MeO wafers exerts specific character. Generally, the following trend of the result was 

base in the hydrophobicity of the surface. Regarding BIOP MEM and BIOP1 MEM, the 
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adhesion increased with MeO wafers that exert strong hydrophilic character. Based on that, 

the order is Al2O3>TiO2 >ZrO2. As Al2O3 surface is the most hydroxylated and negatively 

charged. Polysaccharides favor the adsorption on hydroxylated metal surface with high 

extent of hydroxyls group.[61]. A study reported that biopolymer coated probe showed high 

adhesion forces with polysulfone membrane as it more negatively charged (more 

hydrophilic) that polyamide membrane (less negative ) in NaCl solution [226].  

In the case of the hydrophobic NOM, ZrO2 showed strong adhesion with SRW HPO. Because 

ZrO2 is the least hydroxylated surface, so it is more in the hydrophobic sites. Thus, CRW and 

JWW HPO incorporate carbohydrase aliphatic structure that again favored the adhesion with 

more negatively charged surface (Al2O3 and TiO2). And it is more significant with Al2O3 (more 

hydrophilic) than TiO2 (less hydrophilic), this observation is in agreement with the 

biopolymers adhesion forces with Al2O3 and TiO2. 
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5. Summary   

- Different types of MeO (i.e., wafers and nanoparticles) displayed different charge 

profile. As different forms of MeO material (coated on silicon wafer surface or in a NP 

powder) influence the crystallinity character of MeO resulting in different charge with 

the same MeO material.  

- MeO NP are relatively stable in solution at pH higher or lower than the pHPZC, as they 

are highly charged (i.e., Al2O3 and ZrO2). A high salt concentration is required (up to 

1000 mM) concentration to disrupt their stability. However, utilizing low 

concentration of salt can easily break the stability of MeO NP at solution condition 

around the pHPZC (TiO2 NP) as the charge of the MeO is low or around zero. 

- The presence of hydrophilic NOM has high influence in enhancing the stability of TiO2 

NP solution more than the hydrophobic organics.  

- Based on surface hydrophobicity, increasing the hydrophilic character leads to high  

interactions forces of biopolymers (i.e., BIOP MEM and BIOP1 MEM) in both salt 

conditions (i.e. Al2O3>TiO2>ZrO2). As the hydrophobicity contribute in the thickness 

of double layer interactions as above explained and the opposite for HS.    

- NOM composition has a strong influence in defining the reaction mechanism during 

the approach to MeO surface.  Hydrogen bonding is the main mechanism that control 

the affinity of biopolymers and humic substances that mainly predominant with 

polysaccharides with MeO surfaces that has high population of OH- group. HS that are 

mainly consisting of aromatic moieties and carboxyl group (i.e., SRW HPO), repulsive 

forces is the mechanism that lead the reaction in low concentration of salt.   
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- The increase in the electrolyte solution concentration influence the conformation of 

the NOM molecule and surface charge screening. In a way that might increase or 

reduce the interactions on the MeO coated wafers with increasing the concentration 

[51, 226].  

- Ca2+ form inner-sphere complexes with deprotonated carboxyl groups, thus more 

efficiently screening charges and decreasing energy barriers and increase the forces 

in NOM/MeO coated wafer interface. 
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Chapter 5  

Interaction forces between Natural Organic Matter isolates 
 

1. Introduction  

NOM fractions play an important role in both natural environments and engineered systems 

(i.e., water treatment facilities). NOM fractions are highly reactive between each other. For 

instance, specific interactions between NOMs influence the availability of the hydrophobic 

contaminant enzymes in the environment [241, 242]. Also, in membrane desalination, NOM 

interactions has a role in biofouling of reverse osmosis membrane [124]. 

In addition, interactions between NOMs of different physicochemical characteristics lead to 

modification on their structure and, consequently, to a change in their reactivity and 

availability in the environments. For instance, humic substances (HS) have a high affinity to 

biopolymers [243-245]. Rillig et al. (2007) suggested that most enzymes (i.e., having weak 

acidic and basic groups and positively charged at environmentally relevant pH) and proteins 

in solution are conserved by encapsulation in HS. Tan et al. (2008, 2009) and Tomaszewski 

et al. (2011) found that proteins encapsulation by HS driven by electrostatic attraction and 

hydrophobic effect from a molecular level [243-245]. Tan et al. (2008) stated that 

hydrophobic interaction most likely play a role in HA/protein complexation [245]. Through 

NMR spectroscopy investigations, most studies showed that contaminant covalently bonded 

to humic material, i.e., hydrophobic interactions, and hydrogen bonding [246, 247].  

The extent to which this occurs depends on the solution conditions, i.e., pH and ionic 

strength, salt type [241, 248, 249]. Voets et al. (2009) indicated that the electrostatic 

interactions between HW and proteins is altered by pH and ionic strength [245]. Also, Nanny 

https://link.springer.com/chapter/10.1007/978-94-007-5634-2_148#CR3
https://link.springer.com/chapter/10.1007/978-94-007-5634-2_148#CR4
https://link.springer.com/chapter/10.1007/978-94-007-5634-2_148#CR5
https://link.springer.com/chapter/10.1007/978-94-007-5634-2_148#CR6
https://link.springer.com/chapter/10.1007/978-94-007-5634-2_148#CR7
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et al. (1997) showed that the ability of  Fulvic acid to form hydrophobic regions with mono 

aromatic compounds was dependent upon the identity of the fulvic acid counter-cation and 

upon pH [250] 

Yet, little or no literature is available in the specific interactions that are involved between 

HS and isolate biopolymers that manly consist of carbohydrates or with a mix of isolate small 

hydrophilic compounds. Most studies focused on the role of HS in the environment with 

special attention to HS interface with enzymes of well know structure or alginate[207, 251] 

and small organic acids model compounds such as naphthalene, 1-naphthol, and phenol 

[247, 250] that are mainly aromatic in character. In addition, to the best of our knowledge, 

there is no studies that focus in the interactions between biopolymers and small MW 

compounds.  

The objective of this chapter was to look at the interactions between three important NOM 

fractions, i.e., large hydrophilic biopolymer fraction (BIOP MEM), high MW hydrophobic 

aromatic fraction (SRW HPO), and small MW hydrophilic fractions (RRW HPI) in NaCl and 

CaCl2 solutions. AFM was used to measure the interactions between the three fractions.  

2. Material and method  

2.1. Natural organic matter  

The NOM isolates investigated in this chapter are listed in Table 5-1. Zeta potential (ZP) 

was measured by ZS ZEN3600 Zetasizer (Malvern, UK) in Figure 5-1. Carbon distribution 

was obtained from LC-OCD are illustrated in Figure 5-2. 
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Table 5-1: List of NOM used in this study with their characteristic  

NOM Character 

Ribou Reservoir water (RRW HPI) 

Mixture of small MW hydroxyl acids, N-acetylaminosugars and neutral 

short chain carbohydrates. Strongly acidic and negatively charged as 

indicated by ZP (Figure 5-1) 

Suwannee River water (SRW HPO) 
High MW fulvic acid structures derived from lignins and tannins, high 

aromatic/phenolic carbon and carboxyl group contents 

BIOP MEM 
Biopolymer fraction that riche in carbohydrate structures with 20% 

proteins incorporated in the structure as indicated by LC-OCD 

 

 

Figure 5-1: The ZP of SRW HPO, BIOP MEM and RRW HPI in a) NaCl and b) CaCl2 and ambient pH 

 
The magnitude of the charge of the NOM fractions followed this trend: SRW HPO>RRW 

HPI>BIOP MEM. SRW HPO is highly negatively charged due to high concentration of carboxyl 

groups incorporated in it structure with pKa ranging from 4-5 [55]. BIOP MEM also contains 

carboxyl groups at lower concentrations. RRW HPI can be identified as a non-aromatic (very 

low UV absorbing compounds), low molecular weight acids and neutral carbohydrate 

structure [168]. 
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Figure 5-2:  Carbon MW distribution of SRW HPO, BIOP MEM and RRW HPI. Increasing the retention time of 

the peck indicates the MW of the fractions, the higher the MW the lower the retention time 

The carbon distribution based on the MW of the studied NOM fractions is shown in 

Figure 5-2. As BIOP MEM mainly consists of polysaccharide structure, large molecule that 

consists of long chain aliphatic carbon. This fraction has a predominant of hydroxyl group in 

the structure and low extend of carboxyl group. A possible presences of protein moieties in 

the BIOP MEM composition as indicated by the nitrogen signal.   SRW HPO fraction has high 

MW less than BIOP MEM (retention time 40 and 30 min, respectively). Small molecular 

structure NOM, i.e.,   the RRW HPI fraction, retained at 50 min as it contains a majority small 

aliphatic structures (i.e., mono and di acids). 

2.2. AFM colloid and mica coated with NOM  

The colloidal AFM probe and mica surface where coated with NOM following the protocol 

explained in chapter 4 (i.e., the layer by layer method). 

2.3. Interaction forces measurement 

The Force vs distance curves were recorded and processed as mentioned in chapter 4. First, 

AFM contact mode experiments were performed between NOM-coated mica surface and 
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NOM-coated probe using the same NOM fraction in both surfaces, then using different 

fractions on mica and silica colloid to prevent cross contamination between NOM fractions 

as showed in Figure 5-3.   

 

Figure 5-3:  Illustration Figure for the approach protocol in NOM/NOM interface 

 
The following solution conditions were tested: 1. 10, 100 mM NaCl and 0.33, 3.33, and 33.3 

mM CaCl2 at unadjusted pH. The first name of the NOM in the formula NOM1/NOM2, is the 

NOM coated on the silica colloid. The second NOM after the slash is the one coated the mica 

surface. 

 3. Results 

3.1. Interactions during approach regime 

The interactions that control the affinity of the following fractions during approach, i.e., SRW 

HPO/BIOP MEM, SRW HPO/RRW HPI, and BIOP MEM/RRW HPI, were investigated at pH 5.8 

± 0.2 under the influence of Na+ and Ca+2 cations. In addition, the opposite interface was also 

investigated at the same previous conditions, i.e., BIOP MEM/ SRW HPO, RRW HPI/SRW 

HPO, RRW HPI/BIOP MEM. As a control, SRW HPO/SRW HPO, BIOP MEM/BIOP MEM, and 

RRW HPI/RRW HPI interfaces were also tested.  
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Figure 5-4: Representative of force vs distance profile at approaching regime in case of a): repulsive forces 

and b) jump into contact. 

As illustrated in Figure 5-4, long range repulsive forces following a pseudo-exponential 

decay, described by the concept of decay length were recorded in SRW HPO/BIOP MEM and 

RRW HPI/ BIOP MEM and in the opposite interfaces regardless of the cation concentration 

and type. The calculated decay length was processed by calculating the average and standard 

deviation as presented in Figure 5-5.  
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Figure 5-5: Calculated decay length of NOM/NOM interface as a function of ionic strength (Na+ and Ca+2) at 

ambient pH 

The magnitude of the decay length of SRW HPO/BIOP MEM is higher than RRW HPI/BIOP 

MEM at 1 mM Na+ (8.62 ± 1.45 and 6.87 ± 0.87 nm, respectively). However, there was a small 

decrease in the decay length in BIOP MEM/SRW HPO to 7.65 ± 1.23 nm in, and increased to 

8.43 ± 0.65 nm in BIOP MEM/RRW HPI interface in 1 mM NaCl. Increasing the ionic strength 

from 1→100 mM Na+ reduced the decay length in the approaching between SRW HPO and 

BIOP MEM HPI and BIOP MEM/ RRW HPI as shown in Figure 5-5. However, it is almost stable 

in RRW HPI/BIOP MEM (i.e., 6.78 ± 0.87, 5.98 ± 0.23, and 6.45 ± 0.87 nm in 1, 10, and 100 

mM, respectively). The influence of Ca+2 cation was observed by decreasing the decay length 

in all interfaces as shown in Figure 5-5. 



198 
 

 
 

In the approach of SRW HPO towards RRW HPI, jump into contact event was recorded in all 

concentration of Na+ and Ca+2 as demonstrated in Figure 5-4b. 

 

Figure 5-6: The calculated mean of jump into contact magnitude in RRW/SRW HPO 

 
The magnitude of the force that cause the jump into contact was calculated and processed 

with probability functions for the mean and standard deviation (Figure 5-6). In 1 mM of Na+, 

the recorded force was 0.056 ± 0.032 mN/m, and almost stabilized by increasing the 

concentration (i.e., 0.118 ± 0.017 and 0.085 ± 0.042 mN/m at 10 and 100 mM, respectively). 

Ca2+ enhanced the magnitude of the force compare to Na+ from 0.056 ± 0.032 mN/m to 0.116 

± 0.033 mN/m. As shown in Figure 5-6 b, switching the coating between mica and silica 

colloid surfaces increase the magnitude of the jump into contact force. The influence of 

increasing the ionic strength and Ca+2 cation is similar to RRW HPI/SRW HPO interface.  
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3.2. Interactions during retraction regime  

The retraction force profile in the control experiments showed multiple detachments points 

in BIOP MEM/BIOP MEM interface as demonstrated in Figure 5-7 a. And one detachment 

point as demonstrated in Figure 5-7 b recorded in all salt concentration and both cations in 

SRW HPO/SRW HPO and RRW HPI/RRW HPI interfaces. 

 

Figure 5-7: Illustration of AFM NOM coated probe during retraction of NOM coated mica surface in case of a) 

multiple detachments point and b) one attachment point  

 
The mean value of the maximum adhesion force and distance of the control interface was 

calculated by the probability function as presented in Figure 5-8.  
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Figure 5-8: Maximum adhesion force (a, b and c) and retraction distance (d, e, and f) of NOM control 

experiment in NaCl and CaCl2 

At 1 mM Na+, the adhesion force for RRW HPI/RRW HPI is higher than in SRW HPO/SRW 

HPO and BIOP MEM/BIOP MEM (i.e., 0.25 ± 0.03, 0.10 ±0.013, and 0.088 ±0.06 mN/m, 

respectively). Increasing Na+ concentration from 1→10 mM increased the adhesion force in 

all NOMs fractions, and remained stable by reaching 100 mM in SRW HPO and BIOP MEM 

(Figure 5-8 a and b). However in RRW HPI, the magnitude of the force was reduced from 0.52 

± 0.1 to 0.33 ±0.22 mN/M, in 10 and 100 mM, respectively. The influence of Ca+2 in increasing 

the maximum force was more pronounced in SRW HPO/SRW HPO and BIOP MEM/BIOP 

MEM, and relatively no influence in RRW/RRW interface.  

In Figure 5-8 d, e, and f, the adhesion distance for RRW HPI/RRW HPO is the lowest 

comparing to SRW HPO/SRW HPO and BIOP MEM/BIOP MEM, regard of cations type and 

concentrations. The distances are relatively similar in magnitude for SRW HPO and BIOP 

MEM at 1 mM Na+. Increasing the cation concentration did not affect the distance in RRW 

HPI and SRW HPO. However, the distance was increased in BIOP MEM and then remind 
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stable. Ca+2 have no influence RRW HPI, however, in SRW HPO and BIOP MEM, the distance 

was increased (Figure 5-8 d and e). 

Multiple detachments points were recorded in SRW HPO/BIOP MEM and BIOP MEM/SRW 

HPO interfaces as illustrated in Figure 5-7 a. Similarly was observed in the retractions of HA 

and biopolymer from negatively charged polymeric membrane surface, i.e., polyamide and 

polysulfone membranes [226]. The distances of these multiple detachments events were 

increasing in one salt condition as shown in Figure 5-7 a. Switching the NOM coating between 

the two surfaces (i.e., silica sphere and mica flat surface) drastically changed the magnitude 

of the adhesion force and distance in all NOM fraction interface (Figure 5-9)  

 

Figure 5-9: Maximum adhesion force (a, b and c) and retraction distance (d, e, and f) of the interface of two 

different NOM in NaCl and CaCl2 

 

In Figure 5-9, the adhesion force for SRW HPO/BIOP MEM and BIOP MEM/SRW HPO 

interface are almost equal (i.e., 0.32 ± 0.23 and 0.44 ±0.2 mN/m, respectively) at low Na+ 

concentration. However, increasing the Na+ to 100 mM caused a slight increase in SRW 
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HPO/BIOP MEM interface from 0.33 ±0.23 to 0.55 ± 0.3 mN/m. The opposite was observed 

in BIOP MEM/SRW HPO, were the adhesion force decreased from 0.44 ± 0.2 to 0.201 ± 0.09 

mN/m. The influence of Ca+2 cation was more obvious in SRW HPO/BIOP MEM interface at 

0.33 mM, were no change was reported in the opposite interface (Figure 5-9 a). Generally, 

the maximum adhesion distance for SRW HPO/BIOP MEM higher than in BIOP MEM/SRW 

HPO at 1 mM Na+ (i.e., 243.76 ± 67.8 and 196.95 ±50.68 nm, respectively). The magnitude of 

the maximum adhesion distance did not show any influence by increasing the concentration 

of Na+ and Ca+2 cations. Except SRW HPO/BIOP MEM in the presence of Ca+2, were the 

distance reduced from 233.3±63.4 to 165.5 ±33 nm.  

The adhesion forces for interfaces that involved RRW HPI NOM showed one detachment 

point as illustrated in Figure 5-7 b. In Figure 5-9 b and c, the adhesion forces of colloid coated 

RRW HPI with SRW HPO and BIOP MEM are lower than when RRW HPI coated mica surface. 

The adhesion forces are not following a specific trend when both cation concentration 

increased as recorded in RRW HPI/SRW HPO and BIOP MEM/RRW HPI. The forces 

magnitude remain stable as with SRW HPO/RRW HPI with both cations and RRW HPI/BIOP 

MEM in NaCl, in addition to BIOP MEM /RRW HPI in CaCl2. However, in RRW HPI/SRW HPO 

interface, the maximum adhesion force was reduced from 1.94±0.45 to 0.53 ±0.07 mN/m 

when Ca+2 increased from 0.33→33.3 mM.  

At 1 mM Na+, the adhesion distance of colloid coated RRW HPI is lower with SRW HPO than 

with BIOP MEM. However, by switching to RRW HPI coating to mica surface, the distance 

was increased from 89.14 ±17 to 251 ±18.9 nm with SRW HPO, and relatively stable with 

BIOP MEM (i.e., 179.32 ±60.5 to 189.56 ±52.36 nm). The influence of Ca+2 was more obvious 

in increasing the distance in RRW HPI/SRW HPO, SRW HPO/RRW HPI and BIOP MEM/RRW 



203 
 

 
 

HPI. In RRW HPI/BIOP MEM, the distance almost remained stable in Ca+2 presence. Changing 

the concentration of both cations. 

4.  Discussion 

4.1. Analysis of NOM interactions during approach regime 

In the interface of two identical NOM, i.e., RRW HPI/RRW HPI, SRW HPO/SRW HPO, and BIOP 

MEM/BIOP MEM, repulsive forces mainly control these interfaces. RRW HPI is a fraction that 

is mainly negatively charge, and electrostatic repulsion is mainly controlling the affinity as 

shown in Figure 5-4 a. Several studies reported electrostatic repulsive force that were mainly 

originated from the approach of negatively charged coated NOM (AFM probe) toward highly 

negative charge surface, i.e., mica [51, 114] and polymeric membrane [226]. This type of 

interaction is highly influence by ionic strength, as screening the negative charge on RRW 

HPI increased with increasing cation concentration. The influence of the ionic strength is 

clear by looking at the reduction of the decay length in RRW HPI/RRW HPI interface from 

9.02±2.45 → 5.81 nm by going from 1→ 100 mM of Na+. This highlight the importance of the 

negative charge originated from the carboxyl groups presence in this fraction. In addition, 

Ca+2 is more sufficient in charge screening in comparing to Na+ as indicated by ZP, therefore 

significant decrees in the decay length from 9.02 ± 3.76 to 6.54 ± 1.65 nm in 1mM of Na+ and 

Ca+2, respectively. Ca+2 cation also reduces the intramolecular and intermolecular forces in 

the polymeric structures of the organic molecule, by compressing the molecule and results 

in a reduced decay length [226]. 

The chemical structure (i.e., polymeric length) of the NOM has a significant influence in the 

repulsive forces in high MW NOM fractions. SRW HPO and BIOP MEM are fractions that 

display negative charge on their structures, with high magnitude in SRW HPO (i.e., -20.36 ± 
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0.46 mv) more than BIOP MEM (i.e., -14.26 ±1.5 mv). Estimating that the decay length of SRW 

HPO/SRW HPO interface will be higher than in BIOP MEM/BIOP MEM interface. However, at 

1 mM Na+, BIOP MEM decay length is 9.76 ±3.45 nm and 7.65 ±1.23 nm in SRW HPO. BIOP 

MEM is consist mainly of carbohydrates that consist of long aliphatic chain, and it have been 

reported previously that NOM with similar character consists of long polymeric brush, 

longer than NOM with strong humic character (high aromatic structure)[37]. Gutierrez et al. 

(2016) calculated the length of the polymeric brush of the intracellure NOM of Skeletonima 

Costatum by Alexander-de Gennes model with following bi-exponential approach. The 

polymer lengths obtained for region 1 were 99.6, 66.6, 26.1, and 7.0 nm in 1, 3, 10, and 30 

mM NaCl, respectively; while the polymer lengths obtained for region 2 were 17.6, 15.1, 9.7, 

and 1.3 in 1, 3, 10, and 30 mM NaCl, respectively [114]. And as indicated by LC-OCD, long 

polymeric brushes are expected in BIOP MEM because of the large MW size of this fraction, 

as the retention time of the peak is low (i.e., 30-35 min). Therefore, the high magnitude of 

the decay length in BIOP MEM/BIOP MEM in comparing to SRW HPO/SRW HPO(i.e.,9 78 ± 

3.45 and 8.39 ± 1.65nm, respectively ) was attributed to the compression of the long 

polymeric brush coated mica and silica colloid in addition to the electrostatic repulsion as 

illustrated in Figure 5-10 [51]. And by increasing the ionic strength, the screening of the 

negatively charge functional group increased and therefore decrease intramolecular 

repulsion [240, 252]. Conformation changes occurring in the NOM layer structure would lead 

to more compact structure and reducing the length of the polymeric brush, therefore 

reducing the repulsive forces. Electrostatic repulsion also might be involved in repulsive 

forces because of the ionic strength influence in reducing the decay length in BIOP 
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MEM/BIOP MEM and SRW HPO/SRW HPO interface by reducing the duple layer with 

increase charge screening as explained before.  

 

Figure 5-10:  An illustration of the forces that might be contributed in the repulsive profile during the 

approach of high MW NOM fraction 

The interface system, like that of HS (i.e., SRW HPO) and biopolymer (i.e., BIOP MEM) is 

mainly controlled by repulsive forces that are electrostatic in nature as well. As these forces 

are controlled by ionic strength, where increasing the charge screening reduce the repulsive 

forces. Similarly was observed in Chen et al. (2007) work, where repulsive forces was found 

in the approach of alginate coted AFM probe toward alginate coated hematite surface [207]. 

The presence of ionized carboxyl group in both NOMs contribute in the repulsive forces by 

their negative charge and therefore to generate electrostatic repulsion. The reduction in 

duple layer repulsive forces have been previously reported in different investigations and it 

might be the result of charge screening as the cation concentration in solution increased [51, 

253].  
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Repulsive forces were recorded between high MW NOM (i.e., BIOP MEM) and small MW 

fraction as in the case of RRW HPI. Most probably also generated from the electrostatic 

repulsion between the negative charges display on both NOM fractions. As the decay length 

relatively reduced from 6.78 ± 0.87 to 5.45 ±1.65 nm in low concentration of Na+ and Ca+2 , 

respectively. In previous adsorption investigation between proteins (i.e., lysozyme and 

trypsin) and Al2O3 nanoparticle coated with carboxyl group, it have been reported that 

electrostatic repulsion was the main mechanism for attaching the protein in the coted Al2O3  

with carboxyl group surface [165]. However, BIOP MEM/RRW HPI interface did show 

independent of solution condition in term in changing both cation concentration. Similarly 

was reported with approaching AFM colloid coated with HS to polymeric membrane. Where 

the average decay length almost showed no difference with increasing Na+ and Ca+2 

concentration [226]. They assumed that these decay length might indicate of the presence of 

another dominant interaction force, i.e., steric nature beside electrostatics [226]  

On the other hand, strong interaction that generated the jump into contact events as showed 

in SRW HPO /RRW HPI interface (Figure 5-4 b). These kind of events happen when the 

gradient of the force exceed the spring constant of the probe [253]. Several studies reported 

high attraction forces in various interfaces, i.e., negatively charged algal biopolymer with 

negatively charged Al2O3 surface [201] and HS with mica [51]. Through several studies, it 

have been reported that NOM fraction with strong humic character interact strongly with 

aliphatic and carboxylic acids. Haworth (197I) proposed that polypeptides (small MW 

proteins consists of one or more of amino acids chains)  are linked to HS  by hydrogen-

bonding [254]. In addition, it have been reported in several NMR studies that small aromatic 

carboxylic acid becomes covalently bonded to HS material [250, 255]. Piccolo et al. (2003) 
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found that humic molecule become into contact with dicarboxylic acids (i.e., Malonic and 

succinic acid) with the inner hydrophobic reaction of humic associations and form mixed 

hydrogen bonding between their carboxyl groups and the complementary humic functional 

groups [256]. Changing the cation type has an influence in increasing the forces between 

SRW HPO/RRW HPI and RRW HPI/SRW HPO interfaces. Because Ca+2 works indifferent than 

Na+ in term of sufficient charge screening, Ca+2 has the ability of compression the double 

layer, resulting in shorting the distance in the SRW HPO/RRW HPI and RRW HPI/SRW HPO 

interface [226]. Increasing the ionic strength increases the forces in both interface by 

reaching 10 mM, and 3.33 mM of Na+ and Ca+2, respectively. However, increasing the cations 

concentration to 100 and 33.3 mM for Na+ and Ca+2 did not show an increase in the forces. 

Meaning that the charge screening is not sufficient to increase the forces.  

Based on the amphiphilic character of SRW HPO and BIOP MEM, a non-uniform distribution 

of polar (e.g., keto and alcohol groups), inorganic (i.e., carboxylic group and phenolic), and 

non-polar moieties (i.e., aliphatic and aromatic group) on mica and silica colloid sphere is 

expected. Mica and silica colloid are different surface structure in term of hydrophobicity 

and the distribution of hydroxyl group (both surfaces are hydrophilic). Different hydrophilic 

surfaces control the NOM distribution by hydroxyl sites distribution on the surface, which 

may determine the interfacial configuration of SRW HPO and BIOP MEM layer by binding 

with the carboxyl groups, and thus change the accessibility to the active sites [242, 257, 258]. 

Wang and Xing (2005) indicated that HS arrangement adsorbed on kaolinite are more 

aliphatic than those adsorbed on montmorillonite surface, resulting in a more hydrophobic 

and less polar NOM coating 
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[259]. Otherwise, it could be because of the different geometry of the coated NOM surface. It 

can be assumed that the adsorption of NOM on different geometry resulting in altering the 

orientation of the exposed NOM.  

Therefore, switching the coated surface between mica and silica sphere might alter the 

interface between the two NOM during approach leading to increase or reduce the decay 

length (i.e., 7.65 ±1.23 and 8.62 ±1.45 nm in BIOP MEM/SRW HPO and SRW HPO/BIOP MEM 

interface, respectively). Even with increasing the cation concentration, the reduction in the 

repulsive forces is more significant in BIOP MEM/SRW HPO (7.65±1.23→4.76±2.11 nm, 1 

and 100 mM Na+) interface in comparing to SRW HPO/BIOP MEM interface 

(8.62±1.45→7.5±1.4 nm in 1 and 100 mM Na+). Meaning that the distribution of NOM on the 

surface influence the intensity of the repulsive forces or other forces were incorporated, .i.e., 

steric repulsive forces [226].  

Similarly can be applied on SRW HPO/RRW HPI and RRW HPI/SRW HPO interfaces. 

Switching the SRW HPO coating from Mica surface to silica colloid surface increased the 

forces with RRW HPI as showed in Figure 5-6. HS can conduct different confirmation on flat 

mica surface, i.e., ring shaped assemblies, chain of particles, or particles depending on the 

ionic strength [117, 260]. Expecting different confirmation of HS when coating on other 

surface, i.e., silica sphere, based on HS fractionation upon different surface [83, 93]. 

Therefore, it can be assumed that the confirmation that formed on silica sphere has more 

active sites that are preferred by the RRW HPI fraction, leading to stronger forces.  
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4.2. Retraction regime  

As it showed before in Figure 5-8, the adhesion forces between NOM in the control 

experiments, i.e., SRW HPO/SRW HPO, BIOP MEM/BIOP MEM, and RRW HPI/RRW HPI are 

almost similar at 1 mM Na+. However the retracting profile and distance are different. In SRW 

HPO/SRW HPO and RRW HPI/RRW HPI, the distance are almost similar in all cation 

concentration and type, showing almost no difference. However, SRW HPO/SRW HPO 

distances is higher than RRW HPI/RRW HPI. It would be because of the chemical structure 

of both NOM, as SRW HPO consists of longer polymeric brush than RRW HPI (consist of small 

aliphatic acids and amino sugars) [51]. 

In BIOP MEM/BIOP MEM, multiple detachments point were observed during retraction. And 

the detachment distance increased with increasing the ionic strength and in the presence of 

Ca+2 cation. In NOM/NOM investigation, Mi et al. (2010) and Chen et al. (2007) found that in 

the presence of Ca+2 , cross-linking of several alginate polymers at multiple sites along the 

polymer backbone results in alginate gel formation [124, 207]. In contrast, as illustrated in 

Figure 5-11, the high detachment distance is observed between BIOP MEM/BIOP MEM might 

be an indication of an extensive long-range attraction. Such long-range attraction indicates 

that physical contact is maintained over distances exceeding the thickness of the attached 

BIOP MEM layer on mica. A possible mechanism leading to the long-range attraction is the 

formation of bridged long-chain of BIOP MEM molecules between the silica probe and mica 

surface via the gel formation.  
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Figure 5-11: An illustration of the retraction profile of BOIP MEM/BIOP MEM in the presence of Ca+2 

(represented by red dots) [124] 

 

Following the previous point, the adhesion forces and distance in BIOP MEM/SRW HPO are 

relatively similar in magnitude. Except in 100 mM Na+ as the forces was reduced. That might 

be because of the influence of the ionic strength. As increasing cation concentration leads to 

change the confirmation of the NOM polymers, resulting in more compact structure and 

reduces the availability of the active sites on both SRW HPO and BIOP MEM [201].  

On the other hand, the adhesion forces in SRW HPO/BIOP MEM in Ca+2 is significantly higher 

than with Na+ and BIOP MEM/SRW HPO interface. In addition to the multiple detachment 

points during retraction. It was well documented that HS react strongly and surround the 

biopolymers (i.e., proteins and carbohydrates) via electrostatic and hydrophobic forces 

[243-245]. And as illustrated in Figure 5-12, during the first approaches events, we assume 

that few polymers might be detached off the BIOP MEM layer on mica and attached to the 
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SRW HPO coated probe. This can be justified by the long ripping distance as BIOP MEM 

consists of long polymer brushes. Then, approaching the SRW HPO probe that has attached 

BIOP MEM polymer might resulted in BIOP MEM reacting with BIOP MEM on mica leading 

to the long retraction distance. As shown by the probe retraction steps in Figure 5-12, when 

the probe retracts from a site with adsorbed BIOP MEM molecules, the strong calcium 

binding between nearby BIOP MEM molecules could keep the bridged molecules in the form 

of long-chain, resulting in an extended adhesion force before the probe finally breaks free.  

And reducing the distances with increasing the adhesion force increasing Ca+2 might be 

because of changing the confirmation of the NOM molecules. 

 

Figure 5-12: An illustration of the retraction of SRW HPO/BIOP MEM in Ca+2 

 

The Adhesion force of RRW HPO (small MW fraction) with SRW HPO and BIOP MEM is 

generally influence by the geometry of the coated surface. High adhesion forces were found 

when the RRW HPI fraction that was coated on flat mica surface and the high MW fractions 

were coated silica colloids. This might be attributed to the structure that NOM fractions 

conducted on the surface of mica and silica sphere. As it have been showed before that NOM 

with complex polymeric structure can conduct different structure on surface, i.e., ring of lose 
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polymer structure [117, 260]. Also, as demonstrated in several studies, NOM fractionation 

can accrue upon the adsorbed surface resulting in different structure as well [53, 93]. 

Therefore, it can be said that the resulted structures is more favored when the HMW fraction 

attached to the silica sphere. 
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5. Summary  

- In the interface of identical NOM fractions, repulsive forces that are electrostatic in nature 

are controlling these kind of interfaces. More specifically with low MW, highly hydrophilic 

fraction (i.e., RRW HPI). The compression of the polymeric brush (main structure in the high 

MW NOM fraction) contribute in the repulsive forces in addition to the electrostatic forces 

in high MW NOM. Long polymeric brushes resulting in high magnitude repulsive force (i.e., 

BIOP MEM).  

-Small MW NOM fraction such in the case of RRW HPI strongly interact with SRW HPO as the 

approach profile showed jump into contact event. These strong interactions might be 

attributed to the formation of covalent bonding (i.e., hydrogen bonding). And the opposite 

with BIOP MEM, where the interaction are less than with SRW HPO.  

- Gel formation is an important mechanism in the interaction between BIOP MEM/BIOP MEM 

and SRW HPO/BIOP MEM interface. Because it increasing the maximum adhesion forces and 

the retraction distance during pulling off the AFM probe. Because of the bridging between 

the BIOP MEM molecules coated silica sphere with BIOP MEM on mica surface. 

- The geometry of the surface that will be coated with NOM has a role in changing the 

magnitude of the forces in the interface of two different NOM. As NOM could conduct 

different structure based on the structure and properties of the coted surface.  

- The ionic strength has a strong influence in controlling the interaction in NOM/NOM 

interface in term of screening the negative charge. In addition, ionic strength could change 

the confirmation of the NOM molecule and make it more in compact structure. Ca+2 is more 

sufficient in charge screening because it has the ability to form strong inner-complexes with 

deprotonated carboxyl groups in NOM fractions 
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Chapter 6  

Conclusions 

 

In this research work, the interfaces of NOM and MeO with various characteristics were 

investigated. A systematic study was conducted to identify the major parameters that control 

the interaction of NOM with MeO. The investigation on the adsorption isotherm of NOM on 

MeO particles was started by looking at the adsorption of model compounds that exert 

similar characteristics with NOM isolates, in order to have an overview about the adsorption 

affinity.  Then, the adsorption of selected NOM fractions was investigated. The characteristic 

of MeO surface was considered as the main parameter in this study because of their 

influences on the adsorption density. Therefore, several methods were used to characterize 

the surface of MeO, i.e., XRD, BET, TPD, TEM, and potentiometric proton titration.  

In addition, AFM measurement was conducted to identify and evaluate the forces that 

control the interaction in NOM/MeO and NOM/NOM interfaces with the influence of ionic 

strength.  

1. The characteristics of metal oxides  

Metal oxides have surface with various charge. The charge properties can be characterized 

either by measuring the point zero charge (pHPZC) of the oxide, or by measuring the zeta 

potential at different ionic strength. Different MeO nature might alter the charge 

characteristics. MeO that deposited on silicon waver showed different zeta potential 

profiles than MeO NP. Additionally, high temperature calcination could change the surface 

properties of MeO by altering the crystallinity of the material.   
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2. Adsorption of model compounds and NOM isolates on MeO particles  

The adsorptions of small MW acids on Al2O3, TiO2, and ZrO2 surface are influenced by the 

chemical characteristics of acids, MeO surface, and the pH of the solution. Increasing the pH 

of the solution reduces the maximum adsorption removal (qmax) of the organic acids on MeO 

surface. The predominated adsorption mechanism of the carboxylate acid on MeO surface is 

ligand exchange. Ligands exchange involves the interactions between –COOH group and 

surface OH group. Increasing the pH to 7.6 not only makes the surface of MeO negatively 

charged, but also makes the deprotonated species of the organic acid predominated in the 

solution, which reduces the occurrence of ligand exchange on MeO surface. Hydrophobic 

interactions might be involved in the adsorption of organic acids on MeO surface due to the 

presence of carbon chain of the saturated fatty acid that are attached to a phenyl group. 

Increasing the acidity of the organic acid by increasing the number of -COOH group or by the 

presence of –OH group increases the maximum adsorption removal. In addition, the 

structures of the organic acids were also demonstrated to affect the adsorption of organic 

acids on MeO surface, as the adsorption complex structure is controlled by the 

conformations of the organic acids.  

The adsorption of humic-like NOM isolates on MeO surface is significantly influenced by the 

acidity, MW, and aromatic content (i.e., SRW HPO and CRW HPO) of organic compounds. 

Increasing these parameters leads to increasing the adsorption of NOM isolates on MeO 

surface (e.g., SRW HPO vs RRW HPI). The adsorption behavior of NOM isolates is similar to 

that of organic acids. SRW HPO fraction exerts higher adsorption on ZrO2 than TiO2 and 

Al2O3, because ZrO2 favors the adsorption of aromatic compounds (i.e., high adsorption 
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affinity with phenyl carboxylic acid). However, Al2O3 surface favors the adsorption of 

fractions with less aromatic moieties, such as CRW HPO and small aliphatic acids.  

The adsorption of biopolymers on MeO is controlled by the pHPZC of MeO, protein content of 

biopolymers, and the competition with HS (i.e., SRW HPO). HAOP particles were the only 

MeO that showed high removal of biopolymers. As HAOP surface incorporates structures 

that favor the adsorption of the high MW hydrophilic fraction. The presence of HS (i.e., SRW 

HPO fraction) in the working solution enhances the removal of biopolymers by 90%, which 

is attributed to the fast adsorption of SRW HPO on HAOP surface, which further leads to the 

change of surface properties. To prove this theory, additional experiments on the adsorption 

of biopolymers on SRW HPO coated MeO particles are needed. In addition, the influences of 

SRW HPO and biopolymers concentrations are needed to be verified. 

The surface characteristics of MeO (i.e., surface area, charge density, hydroxyl group 

structure, and MeO crystallinity) have a significant influence on the maximum removal of the 

organic acids and NOM isolates.  

3. Interaction forces on NOM/MeO and NOM/NOM interfaces  

The intermolecular forces that control the adsorption interactions between NOM and MeO 

surface were investigated with AFM. Strong forces was recorded during the approach of 

BIOP MeM, BIOP1 MEM, SRW HPO, CRW HPO and JWW HPO fractions with all MeO wafers. 

Moreover all the investigated NOM fractions displayed adhesion forces during the retraction 

with MeO wafers. The magnitude of the attractive forces (i.e., leading to jump into contact 

event) and the maximum adhesion forces were different for each MeO wafer (Al2O3, TiO2 and 

ZrO2). Based on the surface hydrophobicity, increasing the hydrophobicity leads to the high  

interaction forces of biopolymers (i.e., BIOP MEM, and BIOP1 MEM) in NaCl and CaCl2 
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solutions  (i.e. Al2O3>TiO2>ZrO2), as the hydrophobicity contributes to the thickness of 

double layer interactions.  

NOM compositions have a strong influence in controlling the reaction mechanism during the 

approach to MeO surface.  Hydrogen bonding is proposed to be the main mechanism that 

control the adsorption of biopolymers and HA (i.e., incorporated polysaccharide structure) 

on MeO surface with high population of OH- groups (i.e., Al2O3 coated wafer).  

Repulsive forces are displayed in the approaching of HS that are mainly consisted of aromatic 

moieties and carboxyl groups (i.e., SRW HPO) toward MeO wafer at low concentration of salt.   

Increasing the concentration of the electrolyte solution affects the conformation of NOM 

molecule and MeO surface charge screening, ina way that might increase or reduce the 

interactions on the MeO coated wafers.  

Ca2+ cation works differently from Na+.  Ca2+ cation has the ability to form inner-sphere 

complexes with deprotonated carboxyl groups in NOM, thus more efficiently screens charges 

and reduces the energy barriers, which can further increas the forces between NOM and MeO 

coated wafer interfaces. 

In NOM/NOM interfaces, the attractive and adhesion forces recorded during the approach 

and retraction regime depends on NOM composition. In the interface of identical NOM 

fractions, repulsive forces that are electrostatic in nature are controlling these kinds of 

interfaces (i.e., SRW HPO/SRW HPO, BIOP MEM/BIOP MEM, and RRW HPI/RRW HPI). 

The compression of the polymeric brush (structure in the high MW NOM fraction) 

contributes to the repulsive forces as well as the electrostatic forces in high MW NOM. Long 
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polymeric brushes results in high magnitude repulsive force (i.e., BIOP MEM). Therefore, 

decreasing the polymeric brush length reduces the magnitude of the repulsive forces.  

The dimensions and the geometry of the surface that are coated with NOM has a significant 

role in altering the magnitude of the forces in the interface of different NOM factions, because 

NOM could conduct different arrangements based on the structures and properties of the 

coted surface.  
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