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ABSTRACT 

 

The Adsorption of Different Fractions of Organic Matter on the Surface of Metal Oxide 

/Thesis 

Noor Zaouri 

The adsorption of different fractions of organic matter on the surface of Al2O3 and ZrO2 

were investigated. The aim was to study the affinity of these fractions on the surface of 

metal oxide and the effect of several factors. Batch adsorption experiments were 

conducted with Low molecular weight oxygenated compounds. These chemical 

compound have been chosen to investigate:1) the aliphatic and aromatic 

structurer;2)contribution of hydroxyl group and; 3) the number of carboxyl group. HPLC 

and IC analysis used for determent the concentration of these chemical in the working 

solution. ATR-FTIR used to distinguish the type of coordination structure with the 

surface of metal oxide. The results fitted with Langmuir equation. The results showed 

that the chemical structure and the type and number of attached functional have an impact 

on the adsorption. Which it was proved via ATR-FTIR where the result showed that each 

chemical have different coordination structure on the surface of ZrO2 and Al2O3. 

Different fractions and sources of NOM were used (hydrophobic fraction of Suwannee 

and Colorado River, biopolymers extracted for the exuded of 2 species of algae, and low 

molecular acids that do not adsorb in XAD-8 resin). Results showed that these different 

fractions have different affinity with the surface of Al2O3 and ZrO2. These adsorption 

behaviors were varying according to the difference in the component of each NOM. 

Biopolymers showed significant adsorption at acidic pH. These biopolymers are mainly 

comprised of polysaccharides and this result proved that polysaccharide adsorb on the 

surface of ZrO2 more than Al2O3. 
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Chapter 1: Literature review  

Introduction  

The interaction between organic compounds and inorganic surface is an important 

process governing all type of environment process. Natural organic matter is a complex 

mixture of aromatic and aliphatic hydrocarbon structures with attached functional groups 

(Leenheer and Croué 2003). NOM is a result of decomposition of living organisms which 

lead to different structure and character for NOM. In the water environment, NOM 

interacts with inorganic components such as clay minerals and metal oxides naturally 

occurring in the environment. Various iron oxide minerals with various structures present 

in aquifer sediments and soils. The iron oxides (magnetite, hematite, goethite and 

maghemite) arise naturally in the environment, usually affect the bulk concentrations of 

various organic and inorganic (i.e. phosphate, chromate, heavy metal cations) ions 

through accumulation at the water /solid interface (Illés and Tombácz 2003). 

Among metal oxides and inorganic minerals, particles with small size and high surface 

area have highly reactive surface which has high capacity to bind with natural organic 

compounds (Illés and Tombácz 2003). 

The process governing NOM accumulation on the surface of metal oxide is defined as 

adsorption. In the past decades, attention lot of work has been conducted to understand 

NOM adsorption on metal oxides. Since NOM is present as a primary source of carbon in 

the environment, the adsorption affects its fate and transport. Previous studies show that 

the adsorption of NOM on clay mineral surface in sediment influences of the mobility of 

hydrophobic organic pollutant (Gu et al. 1995). It is then necessary to understand NOM 

adsorption, because the migration and fate of several inorganic and organic pollutants are 

significantly influenced by the presence of NOM (i.e. humic substances) attached to 
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minerals in aquatic environments and soil. In order to better understand NOM fate in soil 

and aquatic system it is important to identify the mechanism of adsorption (Murphy et al. 

1992). Extensive studies have been done in adsorption with specific and different organic 

molecules, and different fraction of NOM such as humic substances in soil and aquatics 

environment. However, this process is still not well understood, because the adsorption 

process was influenced by both the origin of NOM and the surface properties of metal 

oxide. It has been estimated that this process is dominated by several mechanisms (Janot 

et al. 2012). 

              This review will cover four main points related to the topic: natural organic 

matter in the environment and its different fractions, properties of metal oxide in water, 

basic concept related to adsorption and finally the interaction between NOM and metal 

oxides. 
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1.1. Natural organic matter (NOM) 

NOM is abundant in all types of, terrestrial and aquatic systems.  NOM is considered as 

one of the largest source of active organic carbon reservoirs in earth (McDonald et al. 

2004).It is the result of degradation of different types of life in ecosystem. According to 

the Figure1 below, NOM can be classified to three main entities; colloidal, dissolved and 

particulate organic matter 

 

 

Figure 1 : Different size range or Natural Organic Matter (NOM) (Thurman 1985) 

 

NOM has various characters and structure features which are related to the surrounding 

environment in term of the source of degraded material and the interactions between the 

end products, producing variations in acidity, molecular weight and charge density. 
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 Many investigations identified the main moieties of NOM which are: nucleic acids, 

lipids, protein polymers, phenolic compounds, humic macromolecules and carbohydrates 

(Sutton and Sposito 2005).  

 

Because the feature of NOM is varying according to it source, the origin of NOM can be 

divided to two sources; autochthonous and allochthonous (Peschel and Wildt 1988). 

 Basically, autochthonous NOM is produced in the environment and aquatic system 

within itself such as the secretion of living organism (i.e. microorganisms, algae and 

plants) (Boyer et al. 2008). The main entities of autochthonous NOM are mainly low 

molecular weight acids, hydrocarbons, carbohydrates, sterols, and amino acids (Fabris et 

al. 2008). NOM originated of these sources is typically rich in organic nitrogen and 

aliphatic carbon which characterized with less UV light absorbance (Boyer et al. 2008).  

Allochthonous NOM is consisting of a combination of organic acid compounds with a 

range from medium to high molecular weight. Mainly it is origin from percolating 

terrestrial, plant and animal decay material in soil or aquatic environment (Tipping et al. 

1999).  

The DOM is the part that goes throw filters with pore size of 0, 45 μm by definition. The 

range of DOM molecular weight started from few hundred to 1000,000 Dalton (Da) 

(Leenheer and Croué 2003). DOM can be classified according to its properties, it can be 

classification based on polarity (hydrophobic-hydrophilic features) and also according to 

acid-base properties. Error! Reference source not found. summarizes the NOM 

classification (Wu et al. 2008). 
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Figure 2 : Classification of dissolved organic matter (DOM) according to its properties 

(Berthe et al. 2008) 

 

Humic susbtances (HS) is the part of NOM that adsorb into XAD-8 resin in acidic 

conditions. The molecular weight (MW) ranging from 0.2 to 20 kDa. HS incorporate high 

MW aromatic structures that enriched in oxygenated functional groups attached to it like 

carboxylic acid and phenol group. HS are responsible for the brownish yellowish color 

detected in the water. According to some feature of HS structure, it is considered the 

most hydrophobic fraction of the NOM (Boyer et al. 2008). 

 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 is consist of polycarboxylates of different 

level of aromaticity and molecular mass, their abundance in DOC makes fulvic material 

the largest source of mobile organic carbon on earth (Frimmel 1998). The molecular 

weight of fulvic acid is from 600-1000 Da (Sutton and Sposito 2005, Sharp et al. 2006).  

Suwannee River and aldrich humic acid humic and fulvic acids are both model 

components widely used to study the influence and modification of HS in many 

investigation such as in drinking and wastewater treatment or for understanding some 
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phenomena in the environment such as adsorption of NOM in sediment and water 

system.  

Non humic substances are the part of NOM that adsorb partially on XAD-4 resin at acidic 

pH after XAD-8 resin because they are consist of complex structure similar to HA 

(Leenheer and Croué 2003). Because of that they are called humic like substances or 

trasphilic matter. Non humic substances include colloids (polysaccharides, proteins). 

Biopolymers and colloids are also known to incorporate very high MW humic structures. 

Also it does include high oxygen and nitrogen content and lower MW moieties. A 

significant fraction of the non humic substances do not adsorb onto both XAD-8 and 

XAD-4 resins include low MW acids, bases and neutrals, it is called hydrophilic organic 

matter. 

1.2 Metal oxide 

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

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

ratio relying on circumstances.  

The surface charges of metal oxide particles are correlated directly to the pH of the 

solution and its matrix. It is a result of dissociation of surface functional groups at the 

solution/metal oxide interface.  When the surface of the metal oxide was exposed to 

water, water molecules adsorb on the surface and dissociate into surface hydroxyl groups: 

MO (surface) + H2O  = MO-H2O (surface)  = MOH-OH (surface)  (1) 

Protonation of the surface hydroxyl groups produce surface with positive/negative 

charges: 
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MOH (surface) + H+ = MOH2+ (surface)    (2) 

MOH (surface) = MO- 
(surface) + H+      (3) 

Thus, the surface with hydroxyl group can behave in two patterns: basic (shown in Eq. 2) 

and acid (Eq.3).  When the hydroxyl group acts as a basic group, adsorption of H+ from 

water solution leads to increase of surface positive charge.  On the other side, once the 

hydroxyl group acts as an acidic site, it exerts negative charge for metal oxide surface 

through deprotonation process.  

The pH point of zero charge (pHPZC) of metal oxide is a reference point to estimate its 

surface charge in aqueous solution (Hur and Schlautman 2003), which is explained more 

clearly in Figure 3. The pHPZC is defined as the value of pH where the surface of mineral 

particles have net zero charge. 
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Figure 3: simple scheme of surface charge of metal oxide when the pH is higher or lower 

than pHPZC  

http://www.gly.uga.edu/railsback/Fundamentals/8150PointofZeroCharge05Pt1P.pdf 

 

1.3 Adsorption definition  

Adsorption involved the accumulation of molecule in Liquid/ solid interface. In this 

matrix, adsorbed molecules are named adsorbate. And the solid where the adsorption 

occurs on is called adsorbent. A sorption isotherm is determined by comparing the sorbed 

concentration in the solid phase to the concentration in the liquid phase. The capacity of 

adsorption of a given adsorbent is depend on a number of factors which are: size of the 

particle and it surface area, capacity for exchanging cations, pH, and the content of 

organic carbon in the organic component and mineral components. These factors may 

affect adsorption more or less depending on the chemical features of the sorbate (Site 

2000). 

http://www.gly.uga.edu/railsback/Fundamentals/8150PointofZeroCharge05Pt1P.pdf
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1.3.1 Adsorption types 

1.3.1.1 Physical adsorption 

It is occurring via Van der Waals forces, hydrogen binding and dipole interactions 

(Schaumann and Thiele-Bruhn 2011). This type of adsorption involves no exchanging 

electron between adsorbent and adsorbate. The time for reaching equilibrium is not very 

long since there is no energy requires and it is a reversible process and not specific. 

1.3.1.2 Chemical Adsorption 

The chemical adsorption is a result of chemical complexation between adsorbent and 

adsorbate particles, hence it is a specific reaction and not reversible. This reaction 

induces the modification of the electronic properties of adsorbent. 

1.4 NOM interaction with metal oxide  

Studying the interaction between NOM and mineral interface that present in the 

environment and different technologies is important. Because NOM incorporate different 

fractions with adsorption behavior. Moreover, adsorption of NOM impacts the properties 

of mineral surface. Therefore, this changing affecting the performance of the mineral in 

term of adsorption and transport of pollutant and other fraction of NOM (Gocmez 2006).  

Different adsorption affinities on the metal oxide surface occur since NOM has different 

fractions of organic molecule. The majority of studies and investigations usually studies 

NOM as a single organic component present as HS (humic and fulvic acid), biopolymers 

and low molecular weight acids. 

NOM adsorbs to the surface of metal oxide via the formation of an inner or outer sphere 

complex. Inner sphere complex means that the reaction is including the formation of 

direct bond between the functional groups of NOM and the ion pair on the surface of 
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metal oxide. In general this interaction can be described as acid base interaction (Vohs 

2012). The outer sphere complex involves no direct bond between the surface and the 

functional group attached to NOM. This type of adsorption is stabilized by hydrogen 

bonding or electrostatic interactions (Norén 2007).  

Generally, the adsorption degree of this organic compound on the surface of metal oxides 

is influenced by several factors. These factors are related to the NOM itself, surrounding 

environment and the component of the inorganic particles which is the surface of metal 

oxide. 

1.4.1 Influence of NOM characteristic  

NOM molecular weight has great influence on the adsorption process. Studies have 

shown that the hydrophobic part which defined as the fraction with high molecular 

weight shows better adsorption on mineral surface (Figure 4) (Davis and Gloor 1981, 

Murphy et al. 1992). 

 

 

Figure 4: Relationship between molecular mass and sorption maximum for the 

hydrophobic and Hydrophilic fraction of NOM (van de Weerd et al. 1999) 
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Many of isotherm studies have stated that the higher molecular weight fractions of soil 

and aquatic NOM show high adsorption on minerals surface. 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 of time, large NOM molecules may replace the 

small molecules (van de Weerd et al. 1999).  

According to several studies, the hydrophobic fraction with aromatics moieties of NOM 

revealed great adsorption affinity and high capacity on the mineral surface which lead to 

fractionation of NOM. Gu et al. (1995) focused on NOM adsorption on iron oxides. They 

found that the hydrophobic fraction of NOM shows higher adsorption capacity and 

affinity than hydrophilic fraction of the same sample. Large molecular size hydrophobic 

fractions of NOM are preferentially adsorbed on iron oxides over the smaller molecular 

size hydrophilic fractions (Gu et al. 1995). 

Murphyه etه al. (1990) هstated that the quantity of HS absorbed on specific surface of 

mineral was related to the aromatic carbon content and reversely proportional to the 

oxygen/carbon ratio which is related to the polarity of the molecule (Murphy et al. 1992). 

Nevertheless, Wang et al. (2005) used solid state Carbon-13 Nuclear Magnetic resonance 

(
13

C NMR) spectroscopy techniques for analyzing the compositional structure of the 

initial form of HA and the HA fraction bond on clays menials. They observed that 

aliphatic fractions were preferentially adsorbed by clay minerals while aromatic fractions 

were left in the solution. In recent years, the study of NOM adsorption phenomena with 

considering the molecular weight has been investigated using size-exclusion 

chromatography (SEC). Davis et al (1981) focused on the effect of molecular weight on 

the adsorption of dissolved organic matter extracted of Lake Greifensee in Switzerland. 
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NOM were separated into three fractions according to the molecular weight with size 

exclusion chromatography. An isotherm experiment was done with the extracted NOM 

on -Al203 in a pH range from 4-10.  

Results showed high significant removal of the high molecular weight fraction 

particularly at low pH (Davis and Gloor 1981). The chromatogram in Figure 5 shows the 

molecular size distribution of extracted NOM before and after mixing with 1 g/L of -

Al2O3. It confirms high affinity between the -Al2O3 surface and the increasing molecular 

weight of NOM and decreasing the pH (Davis and Gloor 1981).   

 

Figure 5: Size exclusion chromatography presents the different fraction of NOM 

according to the molecular weight before and after adsorption (Davis 1982) 

 

Several studies focused on HS adsorption on various oxides and clay mineral such as 

goethite and hematite surfaces (Illés and Tombácz 2003). The finds also showed large 

molecular weight favorably adsorbed (Illés and Tombácz 2003). Claret et al. (2008) 

performed an isotherm of NOM adsorption on aluminum oxide (-Al2O3). They observed 
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that during batch experiment with HS, the SUVA of the supernatant was reduced. This 

means that the metal oxide surface was loaded in aromatic moieties. They conclude that 

the 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 (Claret et al. 2008). 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 is more adsorbed on -Al2O3than FA. 

Furthermore, other study observed that dissolved NOM component with greater amount 

of aromatic moieties, carboxylic acid groups and amino residues were favorably adsorbed 

on iron oxides (Hur and Schlautman 2003). Weng et al. (2007) studied the adsorption of 

HA fraction isolated from a forest soil in Netherlands and a FA fraction isolated from 

peat soil in Scotland onto goethite. They concluded that  HA  adsorption was due to its 

largerه molarه mass resultingه in a larger number of reactive groups present for each 

particles.  

Other studies of NOM adsorption focused on the non humic structure, more specifically 

polysaccharides. Polysaccharides are big biopolymers with high molecular weight that 

comprise of monosaccharaides unites. A study investigated the adsorption of NOM on 

activated carbon as a pre-treatment to avoid fouling on membrane system. They found 

that the pre-treated feed water for the membrane system was containing mostly 

hydrophilic fraction of NOM. They characterized this hydrophilic fraction and they found 

that they were mostly contained low molecular weight and hydrophilic humic fractions 

linked to polysaccharides and proteins (Gur-Reznik et al. 2008). This means that 

polysaccharides did not show affinity with the surface of activated carbon. However, 
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several studies showed adsorption of different types of polysaccharide such as dextrin 

and corn starch on the surface of  hematie (Liu et al. 2000). Cai et al. (2011) investigated 

the adsorption of alginate as a surrogate for natural polysaccharides on the surface of 

heated Al2O3 particles called HAOPs. Also they tested other sorbents; activated carbon 

and IX resin. They found that 90 % removal of alginate achieved with the increase of the 

dose of HAOPs (Figure 6) (Cai and Benjamin 2011). 

 

 

Figure 6: Adsorption of alginate on the surface of HAOPs, PAC (activated carbon) and 

IX resin (Cai and Benjamin 2011) 

 

              Previous studies on the adsorption of NOM and metal oxide has involved master 

parameter such as pH and ionic strength in order to better understand their effect on the 

adsorption process. All the studies confirmed that the mechanisms of adsorption are 

strongly pH and ionic strength dependent. 
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1.4.2 Influence of pH and ionic strength  

Most of these investigations are correlated to the pH dependency since water and soil 

equilibrium in the environment is mainly pH dependent. Solution pH has a crucial role in 

DOM adsorption in shifting the extent of ionization of NOM functional groups. As pH 

decreases, the degree of ionization of the multiprotic NOM moleculesه decreasesه and the 

charge on the molecules become less negative. 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 and significant repulsion occurs between the surface and 

additional adsorbed NOM molecules (Shen 1999, Wu et al. 2008).  It has been shown that 

with decreasing pH, the adsorption amount of bulk NOM or NOM fractions increasing 

(Schlautman and Morgan 1994, Meier et al. 1999, Johnson et al. 2005).  

Moreover, the adsorption mechanism is driven by pH .The pH dependence of the ligand 

exchange has been observe and it can be explained using Langmuir isotherms parameter 

by the fact that an increase in pH leads to smaller amount of adsorption sites (Figure 7) 

(Schlautman and Morgan 1994).  

 

Figure 7:  Adsorption of HA and FA as a function of pH (Murphy et al. 1992) 
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The most important reaction in adsorption process hypothesis is ligand exchange or 

chemical complexation. Ligand exchange states precisely to direct bond formation (such 

as formation of an inner sphere complex) between a carboxylate group and metal oxide or 

minerals that are holding inorganic hydroxyl group.  

It has been estimated through infrared studies coupled with measuring the releasing of 

hydroxyl that HS were adsorbed on gibbsite and goethite by ligand exchange (Figure 8) 

(Murphy et al. 1992).   

 

 

Figure 8: Possible mechanism of ligand exchange reaction in the adsorption process. 

SOH= surface hydroxyl group, Hu-COO- =humic carboxyl group (Murphy et al. 1992) 

 

HS adsorption by ligand exchange is assumed in the following steps: as shown in eq. 1 

the process starts with protonation which makes the hydroxyl surface more exchangeable. 

However, this step may perhaps not important if the carboxyl group concentration is 

sufficient. Protonated carboxyl groups of HS might form an outer sphere complex with 

the protonated surface hydroxyl groups (Eq.3). Then ligand exchange occurs in which 

HS-COO- replaces OH 
˗
 and forms an inner sphere complex with the metal cation 

(Murphy et al. 1992, Schlautman and Morgan 1994).  

Several studies also focused on the adsorption of low molecular weight acids on the 

surface of metal oxides and minerals. These acids have different structure and different 
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functional group. They have been used as surrogates for NOM for understand the 

mechanism of its adsorption. It has been proved that chemical complexation occurs 

between Oxalic acid and metal oxide surface. Hug et.al (2005) used ATR-FTIR analysis 

to investigate the sorption mechanism of Oxalic, Malonic and Succinite acid on the 

surface of anatase and rutile. They showed a chemical shifting in the spectra of the acid 

that adsorbed on the surface of anatase and rutile which is an indication of ligand 

exchange (Hug and Bahnemann 2006). Gu et al. (1994) investigated the adsorption of 

several substituted phenols and benzoic acids onto hematite (Figure 9).  

 

Figure 9: The adsorption of different small organic compounds on the surface of hematite 

(Gu et al. 1995) 

 

Results in Figure 1 B show an increase in the adsorption of catechol on hematite with 

increased pH with maximum adsorption at pH=9.5. This observation shows the opposite 

trend for phtalic, salicylic and P-Hydroxybenzoic acid which is increasing the adsorption 

in pH decrease. The explanation of the first case is that maximum adsorption occurred at 

pH = pKa, this pH correlation makes catechol partially undissociated which makes more 

affinity for the negatively charged iron oxide. For the second, obviously that the 

adsorption increase with pH increase at different degree depending on the simple acid. 



30 

 

They claimed that it is related to the different position of -COOH and OH 
–
 functions 

groups on the ring stricter of benzene ring (Gu et al. 1994).  

 

For pH < pHpzc of a mineral, anion exchange reaction occur.  However, it is very 

insignificant at high pH. The mechanism for anionic exchange reaction is presented in 

Figure 10. As shown below the carboxyl group of HS switches an anion i.e. chloride to 

form an outer sphere complex though electrostatic interaction. This reaction represents a 

miner out stream pathway (Schlautman and Morgan 1994).  

 

Figure 10: A possible mechanism of anionic exchange reaction (Schlautman and Morgan 

1994) 

 

At  high pH, cationic bridging  reaction must be more significant. It is another week 

reaction for anionic or polar functional group through complexation with exchangable 

cation(Schlautman and Morgan 1994). Schlautman et al. (1994) proposed a posseble 

cation bridging reaction between alumina and HS (Figure 11). 

 

Figure 11: A possible mechanism for cation bridging between HS and alumina 

(Schlautman and Morgan 1994) 
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In relation to the previous point, Ghosh at al. (2010) and Chen et al. (2006) showed that 

the accumulation of cations such as Ca
2+

 and Na
+ 

between HA and nano-alumina oxides 

are more important. They showed that the sorption of HA on alumina highly depends on 

the structure of the NOMs and their conformational variation. High polar short-chain 

HA-coated nanoparticles showed a higher colloidal stability than low polar high 

molecular weight HA-coated nanoparticles. 

Several studies observed the effects of divalent ctions in enhancing the adsorption of 

NOM on mineral surface. A Study by Meier et al. (1999) showed an increasing in 

adsorption of extracted HS from Esthwaite water and Penwhirn Reservoir on two type of 

Mn3O4 in a solution contain in CaCl2. The influence of Ca
2+ 

can be expected due to: 1) 

bridge formation between anionic group on oxide surface negatively charged and HS 

even through the formation of a specific complex or through nonspecific accumulation of 

cations in the area that connects HS and oxide: 2) decrease of electrical repulsion 

between the close adsorbed HS molecules. The same trend was observed for alumina 

oxide (Al2O3) and iron oxide (Davis 1982). Moreover, a study estimated that the effect of 

cations in enhancing the adsorption is limited in pH 4 (Meier et al. 1999). 

 

Regarding mineral surface and pH effect,  Meier et al. (1999) investigated the adsorption 

behavior of two type of NOM from Suwannee River (SR) and Great Dismal Swamp 

(GDS) on the surface of goethite and kaolinite (AL2Si2O5(OH)4) with batch experiment. 

Normalized total organic carbon adsorbed per unit of surface area estimated that better 

adsorption performance for goethite than kaolinite. Goethite has a pHPZC 7.7 higher than 

kaolinite (5.3), and the solution was at pH =4 (Meier et al. 1999). The pKa value for the 
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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 so the adsorption through ligand exchange occurs in the 

entire surface. However, the hydroxyl groups in kaolinite are only located on the edge of 

the crystal structure, means limiting the surface reaction area (Meier, Namjesnik-

Dejanovic et al. 1999). Gu at al. (1995) observed almost no adsorption of either 

hydrophobic or hydrophilic molecules at pH>pHpzc. They claimed that it could be due to 

repulsion phenomena between the negative charges of the surface and the negative 

charges of the NOM (Gu et al. 1995). 

The electrostatic field around and inside macroions of NOM also a pH and ionic strength 

dependence (Tombácz et al. 2000). 

At high ionic strength and low pH, or in the presence of cations, the charge repulsion 

between adjacent carboxyl or hydroxyl groups on the HS is neutralized, resulting in a 

looped structure or shape (Murphy, Zachara et al. 1992, Shen 1999, van de Weerd et al. 

1999) as show in Figure 12.  

 

 

Figure 12: The mode of NOM binding to the solid surfaces in different condition of PH 

and ionic strength (van de Weerd et al. 1999) 
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At solution/ mineral interface, the looped structure could result in less attachment points 

between the carboxyl groups in NOM and the hydroxyl groups on mineral surface. In the 

opposite situation, at low ionic strength and high pH or in the absence of cations, the 

NOM could take a more open structure in solution and lead to more attachment points on 

mineral surface occupied by NOM (Shen 1999, Murphy et al. 1992). Weng et al. (2007) 

found that an increase in ionic strength leads to a decrease of the size of the HA particles. 

Therefore, the HA particles become closer to the surface of meneral, which leads to a 

stronger competition with the anions that are adsorbed as ion pairs on the surface. The FA 

molecules are by nature smaller, so the conformational change is less important and their 

sorption is less ionc strength-dependent (Weng et al. 2007). Other work found that there 

is no influnce of the ionic strangth on the adsorption of NOM on iron oxide (Gu et al. 

1995).  

Many studies have showed that the sorption of NOM essentially depend on the acidity of 

NOM. NOM acidity is related to carboxyl groups.  In the investigation of the role of the 

acidity in NOM in the adsorption on Al2O3, Davis (1982) did not find a proof to support 

that fractionation of sorbate depending on its acidity constant (pKa).  However, he 

claimed that NOM was removed in a selective way according to the steric arrangement of 

functional groups in NOM molecules (Davis 1982).  

Results of a study of FA adsorption on goethite investigated with infrared spectroscopy 

by Parfitt et al. (1977) showed that the adsorption of FA onto goethite was through the 

interaction between the COOH functional group of FA and the OH functional group of 

goethite surface.  Also they observed increasing in the solution pH lead to an increase of 

adsorption amount of organic acid adsorbed on the mineral surface which is an indication 

of replacement of OH group in goethite by COOH group on FA (Parfitt et al. 1977). A 
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study investigated the change of pH during the adsorption of HA on Al2O3. The 

observation was increase in pH at low concentrations of HA and a decrease in pH at high 

concentration of HA with initial pH of 5.5. It assumed that this observation has 2 

assumptions: 1) ligand exchange between alumina surface and dissociated form of HA 

led to an increase in pH; 2) anion exchange reaction between HA and protonated alumina 

which led to a decrease of pH as a result of strong acid formation from week acid (HA). 

Below equation present a possible mechanism of this process (Tombácz et al. 2000)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Tombácz et al. 2000)  
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Chapter 2. Material and methods 

2.1. Chemical and natural organic matter 

2.1.1 Low molecular weight oxygenated compounds 

Table 1 lists the pKa and the structures of the used organic compounds. These chemicals 

were provided by Sigma Aldric. 

These low molecular weight compounds were used to investigate number of factors: 

1- The effects of the number of carboxylic group in adsorption process.  

2- The contribution of hydroxyl group in the adsorption process. 

3- The influence of the aliphatic and aromatic structure on the adsorption process. 

10 mmol/l stock solutions of these organic compounds were prepared with Mili-Q water 

and stored in glass bottles under -4°C.   
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Table 1: Chemical structures and pka of the low molecular weight oxygenated compound 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Organic acid pKa Structure 

Citric acid 

3.09 

4.75 , 5.41 

(Mudunkotuwa and Grassian 2010) 

 

Oxalic acid 

1.25 

4.14 

(Hug and Bahnemann 2006) 

 

Malonic acid 

2.83 

5.69 

(Hug and Bahnemann 2006) 

 

Phenol 

9.95 

(Wu et al. 2008) 

 

Benzoic acid 

4.2 

(Guan et al. 2006) 

 

Salicylic acid 

2.97 

(Evanko and Dzombak 1998) 

 

Hemimellitic acid 

2.79 - 4.49 

6.95 

(Guan et al. 2006) 
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2.1.2. Natural Organic fractions 

Different fractions and origin of NOM were used in this study. Table 2 shows the 

different type of NOM. The following fractions listed in table 2 were used for the purpose 

of investigating how could these different composition effect the adsorption process on 

the surface of ZrO2 and Al2O3 in acidic and neutral pH. 

Table 2 : Different fraction of natural organic matter 

Name Origin Characteristic 

SRW Suwannee River - USA Hydrophobic fraction 

CRW Colorado River– USA Hydrophobic fraction 

RRW Ribou River- France Hydrophilic acid fraction 

HYM BIOP Hymenomonas sp exudate Hydrophilic fraction (polysaccharide) 

 

2.1.3. Metal oxide  

The metal oxides (Al2O3 – ZrO2) were provided by Kerafol. The materials were smashed 

using mortar and pestle.  The results powders have been separated with different pore 

size sieves from 20 μm to 1 mm. The targeted size fraction is in the range of 125 - 250 

μm. Initial blank experiments with Al2O3 and ZrO2 showed high carbon release in the 

working solution at different pH. We investigated the purity of these metal oxides with 

Milli-Q water at pH 4 and pH 7. The ionic strength was 0.01mol/l (NaClO4). Several 

factors have been investigated the carbon release in the working solution. These 

investigations where conducted in different conditions (pH – ionic strength). TOC 

measurement was used for evaluation. Two hypotheses were made: 
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1- The adsorption of bicarbonate in the surface of metal oxide. Then a high acid 

concentration was added in the samples before analyses.  

2- A release of carbon from the plastic caps of the glass bottles used in the 

experiments. So, plastic caps with teflon were used.  

The working solutions with metal oxide were still showing carbon release after testing 

these 2 factors.  The last step was mixing 20 g/l of metal oxide with 0.1 mol/l of NaOH. 

Then the metal oxide was washed with Milli-Q water several times until the pH of the 

water after cleaning reduced and reaches the pH of the Milli-Q water. After this process 

the metal oxide was heated at 900 °C for 4 hours under normal atmosphere. It was proved 

that the prepared metal oxide powder is the same material after the cleaning process with 

X-ray diffraction analysis (XRD) (appendix section in Figures 40 and 41). Then several 

test experiments were done with the cleaned metal oxide at pH 4 and pH 7 and ionic 

strength 0.01 mol/l of (NaClO4). The TOC concentration of the initial blank experiments 

before cleaning was around 10-25 mg/l. However, after cleaning the TOC reduced to 

around 0.02-0.1 mg/l. The surface area for both metal oxides was determined by BET 

analysis in duplicate. The surface area for Al2O3 is 3.87 m²/g and 9.87 m²/g for ZrO2.  

2.2. Analytical method  

All samples were filtered using 0.45 µm glass fiber syringe filters before liquid analysis. 

2.2.1 Dissolved Organic Carbon (DOC) 

Calibrated TOC-V CPH – Shimadzu was used to analyze the Dissolved Organic Carbon 

concentration in the solutions. First, the inorganic carbon was removed from the sample 

via acidification with hydrochloric acid followed by a degasification step. DOC was 

oxidized at 720°C into CO2, and CO2 was analyzed by an infrared detector. 
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2.2.2. UV analysis  

Shimadzu UV equipment at 254nm wave length was used for detecting the concentration 

of the unsaturated structure present in the aromatic and double bond content. 

2.2.3 Ion chromatograph (IC) 

Dionex ICS-1600 model equipment was used to analyze Oxalic and Malonic acid. The 

used column was Ionpac As 15, 2 x 250 mm. 

Operation condition: -    Potassium hydroxide (Eluent) EGC concentration: 30 µM. 

- Flow rate 0.35 ml/min.  

-  Gradient time: 12 min. 

2.2.4 High Pressure Liquid Chromatography with UV detection (HPLC/UV) 

Waters 1525 model equipped with bridging HPLC pump was used.   Table 3 describes 

the two protocols developed to analyze the other compounds (i.e. Citric acid, Benzoic 

acid, Phenol, Salycilic acid and Hemimellitic acid).  

Table 3 :  The operation conditions for the organic compound listed in table 1 

Chemical Column 

Organic  phase Flow rate (ml/min) 

Wavelength 

detection (nm) 
Organic 

phase 

Water 

phase 

Organic 

phase 

Water 

phase 

Citric acid 

Polaris 3 C18-A, 

250 x 3mm 

Acetonitrile 

P
h

o
sp

h
o

ri
c 

ac
id

 b
u

ff
er

 a
t 

p
H

3
 0.02 0.3 210 

Benzoic acid 

Eclise XD13-C18m 

4.6 x150 mm 5um 

porosity 

methanol 0.6 0.4 270 

Phenol 

Salicylic acid 

Hemimellitic 

acid 
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2.2.5. Liquid Chromatogram with organic Carbon Detector (LC-OCD) 

LC-OCD-OND model-8 equipment was used to analyze organic carbon according to 

their molecular weight. A Toyopearl column (dimension: 250 mm x 20 mm, particle size: 

20-40m) was used to make the separation. With this analytical tool it can be obtained 

three chromatograms that each one present: 1) The Organic Carbon Detector (OCD) 

which measures a wide range of dissolved organic carbon, 2) The UV Detector (UVD) 

for quantifying the aromatic structures in the organic carbon, 3) The Organic Nitrogen 

Detector (OND) that is measuring the dissolved organic nitrogen fixed in the biopolymer 

fraction and the HS of NOM. In this study we were interested in the OCD signal to 

identify the fractions type of organic carbon. 

2.2.6. ATR-FTIR  

Nicolet iS10 ATR-FTIR model with multi bounce system was used for obtaining spectra 

of the organic compound listed in table 1. The equipment provided with a long crystal. A 

background spectrum was taken with resolution 1 cm
-1

. The number of scan was 100. 

After performing the background we run a Milli-Q water sample to be sure of the 

measurement. The metal oxide powder used for this measurement was in the size range 

from 20-40 µm for both Al2O3 and ZrO2. They were cleaned in the same process that 

described in section 2.1.3. The suspension was prepared with 4 g/l of metal oxide. The 

initial concentration of the organic compound was 150 mmol/l. The reason for working 

with high concentration solution is to get strong signals. The volume of working solutions 

was 50 ml and the experiment was conducted in the plastic centrifuge tubes.  All 

solutions were prepared with Milli-Q water. The ionic strength was fixed with 0.01 mol/l 
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of NaClO4. pH adjustment was done with NaOH and HClO4.  The solutions were mixed 

for 24 hours at room temperature. The solutions were centrifuged to separating the metal 

oxide from the solution for 15 minutes at 13000 rpm.  

The range of the wave number for the spectrum was from 1000-2000 cm
-1

. The 

centrifuged metal oxide powder that was equilibrated with organic acids solutions was 

washed with a small amount of Milli-Q water and transferred to the surface of the FTIR 

crystal using a transfer pipette. The background spectrum was subtracted from the 

spectrum of the organic acid on the surface of metal oxide and from the organic acid in 

water.  

2.2.7. Potentiometric proton titration (acid/ base titration) 

 The titrations were performed in a glass jacketed with a constant temperature using a 

circulating water bath (25 C˚). In the titrator cell, the electrode measurements are 

computer controlled. The working solution was consisting of 20 ml of Milli-Q water and 

2 g of cleaned Al2O3 and ZrO2. The working solution for each oxide was purged with 

pure nitrogen gas N2 to avoid contamination with CO2. Ionic strength was fixed using a 

concentrated NaNO3 solution (5 mol/l) to reach concentrations of 0.01, 0.1 and 1 mol/l. 

The pH was controlled during titrations by addition of HCl (0.1 mol/l) and NaOH (0.1 

mol/l) solutions. Base titrant was prepared with degassed Milli-Q water. The pH values 

were recorded with two pH Metrohm 6.0133.100 glass electrodes and a single Metrohm 

6.0733.100 reference electrode (Janot et al.2010) 

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

electrolyte prior. The titration of the suspension was done by adding a small volume of 

titrant and recording the pH of the solution as a function of titrant volume added. After 
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each addition, a drift criterion for pH was used (mV/min). 30 min duration was set as a 

maximum time for acquiring each data point. Similar approach was followed for the 

blank experiment (Janot et al.2010). 20 ml of Mili-Q water was used for blank titration 

(Figure 13). 

 

Figure 13: Simple sketch for the acid / base titration cell (Vermeer 1996) 

2.3. Experimental protocol 

2.3.2. Kinetics  

Kinetics were performed with the organic compound presented in table 1. They were 

performed with a 500 ml working solution. The pH was adjusted at pH 4 with a 5 mmol/l 

tetra-borate buffer and at pH 7 with a 0.1 mol/l of NaOH solution. The experiment was 

performed in glass bottle with plastic caps. The concentration for each metal oxide 

(Al2O3 – ZrO2) was 2 g/l. The prepared solutions were mixed with an overhead shaker for 

1 week. During the first day of experiment, 10 ml solution was sampled after 1, 4 and 8 

hours. Then the solution was mixed for 24 hours. The samples were taken at this point 

and also after 8 hours from the 24 hours point. The same method was followed for a 7 
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day period. A 0.45 μm syringe filter was used to separate the solid from the solution. The 

concentration was determined as mentioned in section 2.2. 

2.3.3. Isotherms  

Batch adsorption experiments with Al2O3 and ZrO2 were conducted with the low 

molecular weight oxygenated compounds and with the different fractions of NOM 

mentioned in section 2.1.1 and 2.1.2 at pH 4.2 ± 0.2 and pH 7.2 ± 0.2.  

2.3.3.1 Isotherm of low molecular weight oxygenated compounds 

15 ml centrifuge tubes were used. The range of oxide concentration was added in 15 ml 

of the working solution was from 0 to 5 g/l. The initial concentration of the small organic 

compounds was varying. They were prepared by making dilution of the target 

concentration from the prepared stock solution.  The ionic strength was controlled with 

0.01 mol/l (NaClO4). The pH of the working solutions was adjusted with 0.1 mol/l of 

NaOH for managing an initial pH 7 and 5 mmol/l of tetra-borate buffer for managing pH 

4. Solutions were mixed using an overhead shaker for 72 hours at room temperatures 

since previous kinetics experiments showed that the equilibrium was reached within 3 

days. Then, pH was checked and the solution was filtered with a 0.45 µm glass fiber 

syringe filters. The concentrations were determined as mentioned in section (2.2) 

2.3.3.2. Isotherm of complex Dissolved Organic Matter (DOM) 

50 ml of the working solution was loaded inside a 50 ml plastic centrifuge tube. The 

concentration of the metal oxide in the working solution started from 0 to 4.5 g/l.  The 

working solution of HYM BIOP was prepared by making diluted solution of 1.2 ± 0.5 mg 

C/l from concentrated solution. Other NOM were in powder form. The powder was first 

dissolved in Milli-Q water for 3 hours then the carbon concentration was determined 
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before starting the experiments. The pH was adjusted to pH 4 using a tetra-borate buffer 

at pH 4 and to pH 7 using 0.1 mol/l of NAOH. The ionic strength of the solution was 0.01 

mol/l of NaClO4. The solutions were mixed with an overhead shaker for 24 hours at room 

temperature because previous kinetics experiment with raw waste water showed that the 

equilibrium reached after 3 hours (appendices 42). The pH was measured. A blank 

experiment was also prepared with metal oxide in the same conditions.  After mixing, the 

solution was filtered with sterilized 0.45 µm glass fiber syringe filters. Different analysis 

were performed to characterize the solution (section 2.2) 
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Chapter 3: Results and Dissection  

3.1. Potentiometric proton titration (acid/ base titration) 

Figure 14 and 15 present the results of the titration experiments with Al2O3 and ZrO2, 

respectively. Figure 14 shows that the pHPZC for Al2O3 determined as the pH obtained at 

charge equal to zero (i.e. interaction of the 3 titration curves with the x axis), is 8.91. For 

Al2O3, the pHPZC is observed at pH 7.41. When metal oxide particles are immersed into 

aqueous solution, the water molecules interact with the surface; metal oxide becomes 

metal hydroxyl. Hydroxylated surface is the result of equilibrating metal oxide with water 

molecule. The surface of both metal oxides has a net charge of zero where the quantities 

of positive and negative charges are equal. The nature of charge on the metal surface is 

governed by the pH of the solution. Negative charges are reveled on the surface when the 

pH of the solution > pHPZC. In the opposite case, when the pH of the solution is below 

pHPZC, the surface is covered with positive charges. Changing the abundance and nature 

of the surface charge is the result of protonation and de-protonation of the functional 

groups attached to metal cation. Both graphs show that ionic strength has a big influence 

on the charge density. The charge density increases with increasing ionic strength.  

Decreasing ionic strength leads to the decrease of the charge density.  
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Figure 14: Surface charge of Al2O3 at different ionic strength using NaClO4 

 

Figure 15: Surface charge of ZrO2 at different ionic strength using NaClO4 
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3.2. Adsorption of low molecular weight compounds 

Adsorption kinetics and isotherm were carried out at pH 4.2 ± 0.2 and pH 7.2 ± 0.2 with 

both metal oxides. ZrO2 and Al2O3 are metal oxides with variable charge, and 

consequently, the nature of surface charge can impact the sorption behavior of organic 

acids. The pH of the working solution can affect the adsorption significantly in changing 

the ionization state of the adsorbent surface and the sorbing molecules (Evanko and 

Dzombak 1998). Because pHpzc for ZrO2 and Al2O3 are 7.44 and 8.91, respectively, both 

oxides will be positively charged for experiments conducted at pH 4.2 ± 0.2 

understanding that the amount of positive charge reduces approaching pHZPC. For 

experiments conducted with ZrO2 at pH 7.2 ± 0.2, the oxide surface will approach the 

zero point charge (equal densities of positive and negative charges), Al2O3 remains 

positively charged at this pH condition.   

The protonation or the acidity constant for each organic acid is an indicator of the 

ionization state with known pH. The functional groups that 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. Table 4 shows the different species that are present in 

solution for each organic acid according to their pKa. The concentration of different 

species in solution also relays on the pH of the solution.  

 

 

 

 



48 

 

Table 4 : Ionization state for organic acids at pH 4.2 ±0.2 and pH 7.2 ± 0.2 according to 

their pKa. 

 

 

 

 

 

 

 

 

 

 

 

3.2.1 Kinetics sorption  

 It is important to notice that aliphatic organic acids experiments were performed using 

concentrations equal to 0.20 ± 0.02 mmol/L ; experiments with aromatic compounds 

were conducted with concentrations ten times lower. The same metal oxide dose was 

used i.e., 2 g/L. 

Results of the experiments performed at pH 4.2 ± 0.2 are presented in Figures 16 and 17. 

The pH of the working solution did not change significantly during 7 days.  

 

Organic acid pKa 
Predominant Ionized  

species at pH 4.2 ± 0.2 

Predominant Ionized  

species at pH 7.2 ± 0.2 

Citric acid 

3.09 

4.74 

5.41 

C6H7O7

˗
 C6H5O7 

3˗
 

Oxalic acid 1.25 

4.14 

C2HO4

-
 C2O4 

2-
 

Malonic acid 2.83 

5.69 

C3H3O4
-
 C3H2O4 

2-
 

Hemimellitic acid 
2.7 

4.4 

6.9 

C9H5O6 
-
 

C9H4O6 
2-

 

C9H3O6 
3-

 

Salicylic acid 
2.97 

C7H5O3
-
 C7H5O3 

-
 

Benzoic acid 
4.20 

C7H5O2
-
 C7H5O2 

-
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Figure 16: Adsorption kinetics of different organic acids onto ZrO2 at pH 4.2 ± 0.2  

(I = 0.01 mol/l) 

 

Figure 17: Adsorption kinetics of different organic acids onto Al2O3 at pH 4.2 ± 0.2 

 (I = 0.01 mol/l) 
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The results show that the time for reaching equilibrium varies for each organic acid. 

Moreover, the equilibrium time depends on the nature of the metal oxide.  

Similar observations were made from the kinetics results obtained at pH 7.2 ± 0.2 for 

ZrO2 and Al2O3 (Figures 18 and 19).  As for pH near 4, the pH of the working solution 

remained stable during the 7 days of mixing.  

 

Figure 18: Adsorption kinetics of different organic acids onto ZrO2 at pH 7.2 ± 0.2 

 (I = 0.01 mol/l) 

 

Based on these preliminary experiments it is clear that few days are necessary to reach 

adsorption equilibrium, at both acid and neutral pHs and for the two metal oxides. From 

these results a contact time of 72 hours was proposed to run the adsorption isotherm 

experiments.  
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Figure 19: Adsorption kinetics of different organic acids onto Al2O3 at pH 7.2 ± 0.2 

 (I = 0.01 mol/l) 

 

3.2.1.1 Calculating the initial rate constant  

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

normalized by dividing with C0 and metal oxide surface used. 

                                   
     

         
                             

Where Co is the initial organic acid concentration (mmol/l), C is the organic acid 

concentration at t (mmol/l) and t is the time to reach C (h), m is the mass of metal oxide 

content (g) and A is the specific surface area of the metal oxide (m
2
/g). Table 5 presents 

the initial adsorption rate constant calculated for the 1
st
 hour of reaction. 
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Table 5: Initial kinetic constant for organic acids adsorbed on ZrO2 and Al2O3 

 

ZrO2 x 10 
-3 

(h
-1

m
-2

) 

Al2O3 x 10
 -3 

(h
-1

m
-2

) 

pH 4.2 

± 0.2 

pH 7.2 

± 0.2 

pH 4.2 

± 0.2 

pH 7.2 

± 0.2 

Citric acid 21 3.2 70 38.3 

Oxalic acid 0.18 5.9 10.5 26.4 

Malonic acid 2.2 13.8 26.9 35.5 

Benzoic acid 9.5 2.8 8 7.4 

Salicylic acid 62.7 6 43.7 11.4 

Hemimellitic acid 76.4 41.4 91.3 43.1 

 

Few remarks can be addressed from these results: 

- With the exception of Oxalic acid and Malonic acid which showed an opposite 

trend, increasing pH from 4.2 to 7.2 reduced Ks for both metal oxides, 

- At pH 4.2, Al2O3 provided higher adsorption rate constant than ZrO2 , with the 

exception of Salicylic acid and Benzoic acid to a lower extent, 

- At pH 7.2, Ks values are always higher for Al2O3 than for ZrO2.  

As general trends, results showed that increasing pH, i.e., reducing the positive charge of 

the oxide, reduced the initial adsorption rate constant. Opposite trends were observed for 

Oxalic and Malonic acids that are two small diacids (C2 and C3 diacids) comparing to 

Citric acid (C6 triacid) and the three aromatic acids. At pH 7.2, Malonic and Oxalic acids 

are fully dissociated as the other acids but their small size might favor their access to the 

remaining positive sites. 

At both pHs, Al2O3 showed a higher positive charge density than ZrO2, characteristic that 

seems to govern the initial adsorption kinetic. Aromatic structures with a single carboxyl 

group, i.e., Salicylic and Benzoic acids, seem to behave differently than aliphatic 
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structure at low pH on the two oxides. The conformation of the molecule appears as an 

important factor. 

Overall, results indicated that Hemimellitic acid, i.e., Benzene tricarboxylic acid, exerted 

the fastest initial adsorption rate at both pHs and for both metal oxides. Because Salicylic 

acid also gave high Ks value at pH 4.2 such as Hemimellitic acid, the presence of non-

charged OH group (OH or COOH groups) positioned on aromatic structure seem to 

facilitate the adsorption rate. 

3.3.1 Adsorption isotherm of low molecular acids on Al2O3 and ZrO2 

Adsorption isotherm batch experiments were performed at pH 4.2 ± 0.2 and pH 7.2 ± 0.2 

under batch condition. The contact time was 72 hours. The amount of adsorbed organic 

acid per meter square of oxide was calculated as the difference between the initial 

concentration and the concentration at equilibrium using the equation below: 

                          
(     ) 

    
                                     

Where q is the amount adsorbed molecule (mmol/m
2
). Co is the initial concentration 

(mmol/l). Ce is the concentration at equilibrium (mmol/l). V is the volume of working 

solution (L), m is the mass of metal oxide added to the working solution (g) and A is the 

surface area (m
2
/g) (Guan, Chen et al. 2006). 

The adsorption density for each organic compound was fitted to the following form of 

Langmuir equation: 

   
  max     

  (    )
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Where qmax is the maximum adsorption (mmol/m
2
). K is the equilibrium constant and Ce 

is the equilibrium concentration (mmol/l) (Guan et al. 2006).  

The calculated parameters of equation 3 are listed in table 6 and 7. Langmuir isotherms 

are included in the appendix section (Figures 44, 45, 46 and 47). 

Table 6: Calculated parameters for equation 3 for the 6 organic acids adsorbed onto ZrO2  

  ZrO2 

  pH 4.2 ± 0.2 pH 7.2 ± 0.2 

  qmax x10
-3   

(mmol/m
2
) 

k x 10
2
 

qmax x10
-3   

(mmol/m
2
) 

k x 10
2
 

  

Citric acid  6.08 2.93 1.31 6.62 

Malonic acid  1.31 8.81 0.76 3.67 

Oxalic acid  1.58 8.04 2.18 1.34 

Benzoic acid  0.27 33.08 0.39 154.52 

Salicylic acid  1.44 2.52 0.88 11.08 

Hemimellitic acid 1.99 3.31 1.48 2.47 

 

Table 7: Calculated parameters for equation 3 for the 6 organic acids adsorbed Al2O3  

  Al2O3 

  pH 4.2 ± 0.2 pH 7.2 ± 0.2 

  qmax x10
-3   

(mmol/m
2
) 

k x 10
2
 

qmax x10
-3   

(mmol/m
2
) 

k x 10
2
 

  

Citric acid  6.64 2.49 3.49 15.87 

Malonic acid  1.08 115.55 1.19 98.99 

Oxalic acid  0.71 216.13 0.96 444.39 

Benzoic acid  0.29 30.78 0.19 134.66 

Salicylic acid  0.67 143.69 0.62 171.37 

Hemimellitic acid 1.25 110.87 1.13 50.43 

 

The appearance. of near perfect plateau region . in the adsorption isotherms (see Figures 

44, 45, 46 and 47 in the appendix) indicates monolayer. adsorption. and the Eq. (3) 

provides theoretical equilibration . concentration, qmax, at surface. saturation.  
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As a general trend, results showed that qmax is decreasing with increasing the pH of the 

working solution. No significant change (slight increase) was observed for Benzoic acid 

and Oxalic acid with ZrO2 and for Malonic and Oxalic acids with Al2O3. A study showed 

a similar result where the adsorption density of Trimellitic and Hemimellitic acid with 

Al2O3 were reduced with increasing the pH of working solution (Borah, Sarma et al. 

2011). One can note that for Citric acid and Hemimellitic acid, the effect of pH was much 

more significant with ZrO2 than with Al2O3.  

At pH 4.2, adsorption efficiency was more important with ZrO2 than for Al2O3, with the 

exception of Citric acid, the strongest adsorbed compound, that showed a slightly better 

adsorption on Al2O3, 6.62 10
-3

 compared 6.08 10
-3

 mmol/m
2
. Benzoic acid, the least 

adsorbed compound, was equally adsorbed on the two metal oxides, 0.27 and 0.29 

mmol/m
2
, for ZrO2 and Al2O3, respectively. The same observation can be made at pH 7.1, 

excepted for Malonic acid that exerts higher affinity with Al2O3 than with ZrO2. 

 

Citric acid (aliphatic structure) and Hemimellitic acid (aromatic structure), two 

tricarboxylic acids, generally showed the highest affinity toward Al2O3 and ZrO2 at both 

pHs (the results obtained at pH 7.2 with Oxalic acid needs to be confirmed). Benzoic acid 

appeared to be the least adsorbed onto both oxides at both pHs. The three other 

compounds are showing similar affinity with metal oxides (again the results for Oxalic 

acid at pH 7.2 needs to be confirmed). For Al2O3 the adsorption density qmax order is 

similar for the 2 pH conditions, Malonic acid > Oxalic acid > Salicylic acid. For ZrO2 the 

affinity order is Oxalic acid >Salicylic acid > Malonic acid for both pHs.  
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Isotherm experiments were also conducted with Phenol and Tryptophan using ZrO2 and 

Al2O3 (results shown in the appendix in Figures 37 and 38). The results showed that the 

two compounds did not exert any significant adsorption on both metal oxides. At both 

pHs Phenol remained uncharged while Tryptophan is positively charged at low pH and 

may carry positive and negative charges at pH near 7. Similar result was obtained with 

phenol on Al2O3 (Evanko and Dzombak 1998). 

Results presented in table 6 bring a few remarks: 

 

- For both aliphatic and aromatic compounds increasing pH reduces the affinity of 

the molecule with metal oxide suggesting that the density of positive charges on 

the solid is more critical than the dissociation state of the acid, 

- Non charged compound, i.e., Phenol, or monoacid structure at pH>pKa, i.e., 

Benzoic acid, has no or low affinity with metal oxide surface, 

- Increasing the number of carboxyl groups on the molecule, aliphatic or aromatic 

structure, increases the adsorption affinity on metal oxide at both acid and neutral 

pHs, suggesting that non dissociated carboxyl groups (pKa>pH) contribute to 

metal oxide adsorption. Another study stated that the increase in the adsorption 

efficiency is due to the increase of the reaction energy, which increases with 

increasing the number of carboxyl group (Gocmez 2006). 

- The addition of non-dissociated hydroxyl group on aromatic ring (phenol type 

structure) enhances the affinity of carboxybenzene structure, suggesting as 

discussed above, that hydrogen bonding may play a significant role. 

- Aliphatic structure seems to exert higher affinity with metal oxides than aromatic 

structure with similar acid character i.e., Citric acid versus Hemimellitic acid., 

Al2O3 
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indicating the conformation of the molecule (access to the adsorption sites)  plays 

an important role, 

 

- This conformation influence is also observed when comparing the affinity of 

Oxalic acid (C2 diacids) and Malonic acids (C3 diacids) on the two metal oxides. 

Figure 20 shows that increasing the length of the molecule increases the 

adsorption affinity of the aliphatic compounds on Al2O3 at both pHs, the opposite 

trend is observed with ZrO2. 

 

Figure 20: Comparison between the qmax of the adsorption of Malonic acid and Oxalic 

acids onto Al2O3 and ZrO2 

 

3.3.2. Characterization of surface bonding  

 

Both of the organic acids in water and those adsorbed on metal oxides were characterized 

with ATR-FTIR at the same pH. All carboxylic acids (Oxalic acid, Salicylic acid, 

Benzoic acid and Citric acid) showed strong ʋas (COO
-
) bands in the range of 1500 - 1600 

ZrO2 
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cm
-1

 and weaker ʋs (COO
-
) bands in the range of 1400 ± 40 cm

-1
. These vibrations are 

sensitive to the coordination between the surface of metal oxides and organic acids.  

Table 8 presents band positions of ʋas (COO
-
) and ʋs (COO

-
) for the organic acids in 

water and on ZrO2 and Al2O3surface at pH 4.2 ± 0.2. The spectra for the organic acids 

listed in table 7 are included in the appendix section (Figure 30-31). Table 9 shows the 

two characteristic vibration frequencies (cm
-1

) of the organic acids in water and on ZrO2 

and  Al2O3 surface at pH 7.2 ± 0.2. 

Table 8: IR stretching vibration frequencies (cm
-1

) of organic acids in water and on the 

oxide surface (ZrO2 and Al2O3) at pH 4.2 ± 0.2 

Organic acid 

On surface of ZrO2 On surface of Al2O3 In water 

ʋs(COO
-
) ʋas(COO

-
) ʋs(COO

-
) ʋas(COO

-
) ʋs(COO

-
) ʋas(COO

-
) 

Citric acid 1397.2 1580.6 1398.7 1580.5 1395.6 1577.4 

Oxalic acid 1307.8 1570.4 1307.7 1568.8 1307.7 1569.6 

Salicylic acid 1386.6 1576.2 1386.3 1576.1 1386.6 1575.6 

Benzoic acid 1387.7 1540.2 1387.8 1540.2 1388.7 1542.2 

 

 

Table 9: IR stretching vibration frequencies (cm
-1

) of organic acids in water and on the 

oxide surface (ZrO2 and Al2O3) at pH 7.2 ± 0.2 

Organic acid 

 

On surface of ZrO2 On surface of Al2O3 In water 

ʋs(COO
-
) ʋas(COO

-
) ʋs(COO

-
) ʋas(COO

-
) ʋs(COO

-
) ʋas(COO

-
) 

Citric acid 1390.1 1559.8 1390.1 1559.3 1389.6 1567.8 

Oxalic acid 1307.8 1570.4 1308.1 1570.1 1307.7 1569.5 

Salicylic acid 1386.9 1576.1 1387.1 1576.5 1386.2 1575.4 

Benzoic acid 1387.9 1540.4 1387.9 1540.4 1388.9 1542.5 
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The band position of ʋs (COO
-
) and ʋas (COO

-
) of each organic acid in the solution phase 

are different from each other. It was estimated that the moieties attached to the carboxyl 

group influences the ʋs (COO
-
) and the ʋas(COO

-
) vibrations of carboxylic acids (Norén 

2007). 

Data in these tables show that at pH 4.2 the ʋas (COO
-
) of Citric, Oxalic and Salicylic acid 

have higher frequencies than those at pH 7.2. Their ʋs (COO
-
) have lower frequencies 

than those that at pH 7.2. The spectrum for Citric acid adsorbed on ZrO2 is the same as 

that of free Citric acid in water. The ʋs(COO
-
) band for Benzoic acid adsorbed on the 

ZrO2 surface red-shifted by 1 cm
-1

,  which cannot be distinguished from experimental 

error because of the resolution of the IR (1 cm
-1

).   

Compared to other works done with ATR-FTIR, this data set showed a small shift. 

However, it is comparable to a previous study which showed IR peak shifts of 1 cm
-1

 in 

contact with goethite (Norén 2007). 

Table 8 shows IR peaks of the organic acids on the surface of Al2O3 and ZrO2 at pH 7.2. 

Both of the ʋas (COO
-
) and ʋs (COO

-
) of Salicylic acid adsorbed on Al2O3 blue shifted by 

1 cm
-1

 at pH 4.2 and pH 7.2. In contrast, the two bands of adsorbed f Benzoic acid red 

shifted by 1 and 2 cm
-1

, respectively. The ʋas (COO
-
) and ʋs (COO

-
) of Citric acid 

adsorbed on Al2O3 blue shifted by 1 cm
-1

at pH 4.2. At pH 7.2, ʋs (COO
-
) shifted to high 

frequency, and ʋas (COO
-
) to low frequency. At pH 4.2, the ʋs (COO

-
) of oxalic acid 

adsorbed on Al2O3 had no shift. However, its ʋas (COO
-
) shifted to low frequency.  

The surface complex structure between the adsorbed organic acid and the surface metal 

sites of metal oxide can be distinguished by the following method suggested by Deacon 
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et al.1985. This method depends on the deference between the Δ V as-s  of organic acid in 

solution and  Δ V as-s of organic acid adsorbed on the surface of metal oxide. 

The Relationship between the difference and the complex structure is: 

Δ V as-s (on surface) > Δ V as-s (in solution) indicates monodentate coordination.  

Δ V as-s (on surface) < Δ V as-s (in solution) indicates bidentate chelating or bridging.  

Table 10 and 11 present the calculated difference values for these organic acids. 

Table 10: Calculated value of the measured IR peaks for ZrO2 at pH 4.2 ±0.2 and pH 7.2 

± 0.2 

Organic acid 

ZrO2 surface In water Δ V as-s (on ZrO2) –  

 Δ V as-s (in water) ʋas(COO
-
) ˗ ʋs(COO

-
) ʋas(COO

-
) ˗ ʋs(COO

-
) 

pH 4.2 pH 7.2 pH 4.2 pH 7.2 pH 4.2 pH 7.2 

Oxalic acid 262.7 262.6 261.9 261.8 +0.8 +0.8 

Salicylic acid 189.6 189.2 189 189.2 +0.6 0 

Benzoic acid 152.5 152.5 153.5 153.6 -1.0 -1.1 

Citric acid 183.4 169.7 181.8 178.2 +2.2 -12.1 

 

Table 11: Calculated value of the measured IR peaks for Al2O3 at pH 4.2 ±0.2 and pH 7.2 ± 0.2 

Organic acid 

Al2O3 surface In water Δ V as-s (on Al2O3) -  

Δ V as-s (in water) ʋas(COO
-
) ˗ ʋs(COO

-
) ʋas(COO

-
) ˗ ʋs(COO

-
) 

pH 4.2 pH 7.2 pH 4.2 pH 7.2 pH 4.2 pH 7.2 

Oxalic acid 261.3 262 261.9 261.8 -.06 +0.2 

Salicylic acid 189.8 189.4 189 189.2 +0.8 +0.2 

Benzoic acid 152.4 152.5 153.5 153.6 -1.1 -1.1 

Citric acid 181.8 169.2 181.8 178.2 0 -9.0 
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Based on these results, the coordination structure on the surface of metal oxides depends 

on the organic acid. As general trend: 

- Oxalic acid and Salicylic acid are electro-statically adsorbed on the surfaces of 

ZrO2 and Al2O3 at the tested pHs (4.2 and 7.2).  

- Benzoic acid seems to be able to form bidentate chelating at both pHs on both 

metal oxides. However, because the vibration differences are quite close to the 

resolution of the FTIR, electro-static adsorption of Benzoic acid on these oxides 

probably also accounts for the interaction to certain extent. 

- Citric acid forms a monodentate complex structure at pH 4.2 and a bidentate 

chelating or bridging complex structure at pH 7.2 on the surface of ZrO2. Its 

complex structure on Al2O3 is similar to that on ZrO2 at pH 7.2, but at pH 4.2 it 

seems that there is only electro-static adsorption on Al2O3., 

- For Malonic acid, no significant shift of its ʋs(COO
-
) and ʋas(COO

-
) bands was 

observed in all interactions (not shown here), suggesting that this compound 

interact with the metal oxides via electro-static attraction. 

In addition, a new IR peak appeared at 1436.5 cm
-1

 for Benzoic acid when adsorbed 

on Al2O3 at pH 4.2 (Figure 21). It might be due to the formation of hydrogen bond 

between the partially protonated carboxyl group and the surface of Al2O3.  
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Figure 21: ATR-FTIR spectra of benzoic acid adsorbed on the surface of Al2O3 at pH 4.2 

and ionic strength 0.01 M (NaClO4) 

 

From these results aimed to better understand the influence of different structures and 

functional groups on the adsorption behavior of ZrO2 and Al2O3, the following 

conclusions can be made: 

1- Carboxyl group is the active moiety during adsorption. Ligands exchange occurs 

between the surface of both metal oxides and ionized carboxyl group. 

2- Other type of adsorption reaction may occur because of the different structure of 

the chemicals i.e., Malonic acid , Salicylic acid and Oxalic acid adsorbs to the 

surface of ZrO2 and Al2O3 via electrostatic reaction. 

3- Coordination structure between the organic acid and the surface of metal oxide 

depends on pH conditions. 

4- More carboxylic group number leads to enhanced adsorption amount. 
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5- Functional groups attached to the benzene ring with different configuration exert 

influences on the adsorption onto the surfaces of Al2O3 and ZrO2. For example, 

OH group in the ortho position induce adsorption at acidic pH.   

 

3.4. Adsorption of complex NOM onto ZrO2 and Al2O3 

In this part of our project several fractions of Natural Organic Matter (NOM) previously 

isolated and characterized were investigated. Two hydrophobic acid fractions (i.e. humic 

substances mainly composed of fulvic acids) isolated from Suwannee River (SRW) - 

USA (a high DOC-humic water) and Colorado River (CRW) – USA (a low humic-DOC 

water) were chosen because of their very different chemical composition while they both 

incorporate aromatic moieties. The hydrophilic acid fraction isolated from Ribou River 

(RRW) - France was selected as a low molecular acid fraction mainly aliphatic in nature 

(absence of identified aromatic structures by 
13

C-NMR). In addition, one fraction of 

biopolymers (high molecular weight hydrophilic fraction) extracted from the exudates 

produced by Hymenomonas sp., a marine  algal species was selected.  

In summary four NOM fractions were studied going from high molecular weight to low 

molecular structures, with various degrees of aromaticity and hydrophobic character i.e., 

humic substances as the most hydrophobic dissolved NOM to hydrophilic substances as 

low molecular weight acids or polysaccharides.     

3.4.1 Humic substances isolated from surface waters 

Figure 22 compares the adsorption of Suwannee River and Colorado River hydrophobic 

acid (HPOA) fractions onto ZrO2 and Al2O3 at pH 4.2-4.3 and 7.2-7.6 after 24 hours of 

equilibrium time. HPOA fractions are acid in character; enriched in carboxyl groups with 



64 

 

average pKa values around 4 to 5. For both fractions of NOM, TOC removal increased 

with the metal oxide dose (expressed in m
2
/L) and decreased with increasing pH. This 

observation is in agreement with the results obtained with small organic acids (i.e., 

section III.3).  

 

Figure 22: TOC adsorption of Suwannee River HPOA (TOCo = 4.28 mgC/l) and 

Colorado River HPOA (TOCo = 4.39 mgC/l) NOM onto ZrO2 and Al2O3 under acidic 

and neutral conditions (I = 0.01 mol/l) 

 

Two reasons may justify this finding. First, the charge density on the oxide surface is 

highly positive when pH is far below the pHPZC. As explained in the previous section 3.3, 

adsorption can be favored under these conditions for organic acids. The second reason is 

related to the chemistry of Suwannee and Colorado HPOA NOM. The structural 

characterization work previously performed on SWR HPOA and CRW HPOA using 

various advanced analytical tools (FT-IR, 
13

C-NMR and pyrolysis GC/MS) was 

summarized in a recent paper published by Aubry et al. (2013).  
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Both NOM fractions incorporate a significant amount of carboxyl groups in their 

structures providing a pronounced acid character to the organic matrix. At low pH, 

ligands exchange reaction occurs between the deprotonated carboxyl group and the 

positively charge surface of metal oxide (Weng et al. 2007). Thus, increasing pH 

increases the negative charge of NOM but decreases the positive charge of metal oxide 

surface, which leads to the reduction of NOM adsorption. 

Results showed that Suwannee River HPOA adsorbed significantly more than Colorado 

River HPOA on both metal oxides whatever the pH condition. If they are both acid in 

character these two NOM fractions are structurally significantly different.  

Electrophoretic mobility (EPM) analysis indicated the mobility of the two NOM samples 

was negative (i.e., -1.7±0.1 µmcmV
-1

s
-1

 or -21.1±1.7 mV and -2.4±0.2 µmcmV
-1

s
-1

 or -

31.3±2.2 mV for CRW HPOA and SRW HPOA, respectively) at 1 mM NaCl and pH 5.8 

(Aubry et al., 2013), suggesting that this net surface charge is a product of ionized 

carboxylic groups as the dominant acidic functional group on their structures (Kalinichev 

and Kirkpatrick 2007).  

The EPM of both NOM became less negative with increasing ionic strength due to 

compression of diffuse double layer associated with higher concentration of Na
+
 ions, 

suggested to only weakly interact with NOM via outer-sphere association (Kalinichev 

and Kirkpatrick 2007). One can note at pH near 6, that the EPM of SRW HPOA is higher 

(i.e., more negatively charge) than the value obtained for CRW HPOA. The same trend is 

expected at slightly lower or higher pH. Structural characterization showed that SRW 

HPOA mainly incorporates fulvic acid structures derived from lignins and tannins, 

identified from their high aromatic/phenolic carbon and carboxyl group contents. CRW 
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HPOA shows the predominance of fulvic acid structures derived from terpenoids (lower 

aromatic carbon and phenolic content, higher methyl group content) incorporating 

abundant polysaccharides moieties. Leenheer et al.( 2003) mentioned that carboxyl 

groups distributed across 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 lignins. LC-OCD analyses (Figure 23) indicated higher 

average molecular weight for SWR HPOA as compared to CRW HPOA (LC-OCD 

profile of CRW HPOA shifted toward higher retention times), a result that agrees with its 

stronger humic character.  

Previous studies showed that NOM fractions with stronger aromatic character adsorbed 

more on metal oxide surfaces (Claret et al. 2008), observation in agreement with our 

results that are supported by structural NOM characteristics. Large molecules with high 

negative charge density and aromatic content efficiently adsorb on metal oxides. 

  

Figure 23: LC-OCD chromatograms of studied NOM fractions 
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Moreover, SRW HPOA exerted similar adsorption trend on both metal oxides while 

CRW HPOA is more retained onto Al2O3 than ZrO2 at pH 4.2 (similar TOC removal at 

pH 7.6 with the two oxides). One can propose that no significant difference could be 

observed with SWR HPOA because this particular NOM fraction exerts very strong 

affinity with metal oxide surface. The Al2O3 surface has a significantly higher positive 

charge density than ZrO2 surface at acid pH, which may favors the adsorption of more 

aliphatic complex organic acids as to compare to more aromatic acid structures. Results 

obtained with low molecular weights acids showed that the adsorption of 

Tricarboxybenzene and Salicylic acid at acid pH was higher on ZrO2 than Al2O3, the 

opposite was found for Citric acid, the larger small organic acid tested.  CRW HPOA is 

more aliphatic in nature (lower SUVA) than SRW HPOA. Terpenoids and 

polysaccharide, non-aromatic moieties that carry less negative charges better adsorbed 

onto Al2O3.  

A slight increase of pH was also observed after adsorption for the highest oxide 

concentrations. This phenomenon is due to the substitution of the hydroxyl group, 

initially present at the oxide surface, by the carboxyl and hydroxyl groups of NOMs. 

From this observation, it can be estimated that NOM is adsorbed on the surface of metal 

oxide with an inner sphere complexion through ligands exchange (Wu et al. 2008).   

Figures 24 and 25 present the LC-OCD chromatograms of SWR HPOA and CRW HPOA 

solutions before and after metal oxide adsorption. Several interference peaks (i.e., peaks 

at 50, 55 and 75 min retention time) released in solution from metal oxide, were 
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identified (Figure 39 in appendix section) when running blank samples (metal oxide in 

Milli-Q water). The origin of these interferences remains unclear.  

The higher the retention time, the lower the molecular weight. The peak centered at 40 

min is associated to humic substances and results for SWR HPOA confirmed that humic 

substances are well removed by both oxides. Moreover, with 3.0 g/L of ZrO2 (equivalent 

to 30.1 m
2
/L), humic substances are totally retained on the oxide surface. The remaining 

TOC in solution is attributed to non-humic substances i.e., building blocks and lower 

weight acids. Humic substances appeared as preferentially adsorbed in comparison with 

low molecular weight molecules. The pH dependence previously discussed is also 

highlighted through these analyzes (higher adsorption of humic substances at pH 4.3 than 

pH 7.2). 
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Figure 24: Adsorption of Suwannee River HPOA (TOCo = 4.28 mgC/l) onto ZrO2 

(Specific area: 10.05 m
2
/g) and Al2O3 (Specific area: 3.87 m

2
/g) under acidic and neutral 

conditions (I = 0.01 mol/l): LC-OCD profiles of bulk and non-adsorbed organic matter 

LC-OCD chromatograms for CRW HPOA before and after adsorption on ZrO2 and Al2O3 

are shown in Figure 25. It is important to keep in mind that CRW HPOA incorporates 

lower molecular weight structures a clearly shown on Figure 23, the peak centered at 40 

min is almost absent and confirm that this NOM fraction is mainly a non-humic fraction. 

Understanding that the integration of the LC-OCD profile correspond to the TOC content 

of the sample, the change of the LC-OCD profiles matches well the results presented in 

Figure 25 showing higher TOC removal at pH 4.2 than at pH 7.6. Results show that at pH 

4.2, the higher MW structures of CRW HPOA (peak centered at 45 min, incorporating 

low molecular weight aromatic and non-aromatic ring structures) are preferentially 
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adsorbed, increasing the metal oxide dose inducing the adsorption of lower molecular 

moieties (peak centered at 50 min, low molecular weight compounds including diprotic 

acids).  

 

Figure 25: Adsorption of Colorado River HPOA (TOCo = 4.39 mgC/l) onto ZrO2 

(Specific area: 10.05 m
2
/g) and Al2O3 (Specific area: 3.87 m

2
/g) under acid and neutral 

conditions (I = 0.01 mol/l): LC-OCD profiles of bulk and non-adsorbed organic matter 

 

At pH 7.6, the peak centered at 45 min is poorly removed, the lower fraction remaining in 

solution. The increase of the peaks centered at 50, 55 and 75 min is attributed to 

interferences (peaks observed in the soluble phase of metal oxide suspension prepared in 
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Milli-Q water). More works need to be done to identify the origin/nature of these 

interferences.  

3.4.2 Low molecular weight hydrophilic NOM  

The low molecular weight hydrophilic NOM fraction was previously isolated from the 

Ribou River water (RRW HPIA). This fraction has been described as a mixture of 

hydroxy acids (strong acid character), N-acetylaminosugars and neutral carbohydrates. 

Similar fraction isolated from other source waters always showed the same composition. 

As compared to the previous studied fraction, RRW HPIA incorporate very amount of 

aromatic moieties (appendix Figure 43). It can be identified as a non-aromatic (very low 

UV absorbing compounds), low molecular weight acids and neutral carbohydrate 

structure. 

 

TOC removal as a function of the applied metal oxide dose (m
2
/L) for a 24-hour contact 

time is shown in Figure 26. Results showed that the RRW HPIA exerts low adsorption 

affinity with the two metal oxides as compared to the other NOM fractions, especially at 

pH 4.2. Surprisingly, the highest removal rate was obtained at pH 7.5 in the presence of 

large dose (>10 m
2
/L) of ZrO2. Larger doses of Al2O3 should be investigated to confirm 

the observed trend. It is interesting to note that Oxalic acid and Malonic acid with Al2O3 

and Oxalic acid only with ZrO2 exerted higher adsorption rate at neutral pH than at acid 

pH. The presence of such low molecular weight acids in RRW HPIA may explain this 

finding. One can also postulate that large metal oxide dose may also favor the adsorption 

of neutral carbohydrates that were identified as major constituents of this NOM fraction. 
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Figure 26: TOC adsorption of RRW HPIA (TOCo = 6.06 ± 0.28 mgC/l) onto ZrO2 and 

Al2O3 under acidic and neutral conditions (I = 0.01 mol/l) 

 

As demonstrated with SRW HPOA and CRW HPOA, the largest molecular weight 

structures of the NOM fraction are preferentially removal on metal oxide surface (Figure 

27). 
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Figure 27: LC-OCD profile of the adsorption of Natural LMW acids (TOCo = 6.06 ± 0.28 

mgC/l) onto ZrO2 (Specific area: 10.05 m
2
/g) and Al2O3 (Specific area: 3.87 m

2
/g) under 

neutral conditions (I=0.01 mol/l) 

 

3.5.3 Biopolymers extracted from algal exudates 

 

Biopolymers (HYM BIOP) were extracted from Hymenomonas sp. exudates recovered 

from the algal culture after it reached its decline phase. Biopolymers were isolated using 

dialysis (3.5 KDa dialysis bag) against MilliQ water. FT-IR and 
13

C-NMR analyses 

performed on lyophilized material showed that the biopolymers recovered from the 

Hymenomonas sp. exudates are mainly polysaccharides. TOC concentration of HYM 

BIOP solution was analyzed after adsorption (24 hours of contact time) onto ZrO2 and 

Al2O3 at pH 4.2 and 7.3 (Figure 28). 
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Figure 28: TOC adsorption of Hymenomonas sp. biopolymers (TOCo = 1.31 ± 0.05 

mgC/l) onto ZrO2 and Al2O3 under acidic and neutral conditions (I = 0.01 mol/l) 

 

Results indicate that the adsorption of Hymenomonas sp. biopolymers is pH-dependent. 

At pH 4.2, a maximum of 72% of TOC is adsorbed with 22.5 m
2
/L of ZrO2 while only 

53% are retained at pH 7.3 with a higher dosage of 45.1 m
2
/L. Moreover, Khosla and 

Biswas (1984, cited by Liu et al., 2000) noticed that polysaccharides (i.e. starch and 

amylopectin) were better adsorbed onto hematite at pH 6 than at pH 8. The postulate is 

that polysaccharides interact preferentially with surface metal-hydroxylated species (Liu 

et al., 2000). Cai and Benjamin (2011) confirmed this finding showing that alginate is 

strongly adsorbed on the surface of heated aluminum oxide particle.  

No significant differences were found with regard to the adsorption properties of the two 

oxides since HYM BIOP seems to be adsorbed onto ZrO2 as efficiently as onto Al2O3. 
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Afterward, the treated waters were analyzed by LCOCD (Figure 29). The biopolymers 

peak (i.e. centered at 28 min) is decreased by 93 to 96% when the oxide dose is set to 0.5 

g/L for both oxides and independently of pH conditions. This is a major conclusion 

explaining the high irreversible fouling observed during seawater filtration spiked with 

Hymenomonas sp. exudates. As for previous experiments, three artifact peaks appeared 

for retention times of 50, 55 and 75 min. These peaks are probably not organic but can 

lead to a misinterpretation of TOC concentrations. Further studies using ion exchange 

resins are ongoing in order to remove these impurities and get the real organic signal. 

An additional experiment performed with glucose, a monosaccharide, was not successful. 

Results presented in Appendices 36 conclude that glucose is not adsorbed onto ZrO2 and 

Al2O3. The first hypothesis is related to the number of active sites, higher for 

polysaccharides than for monosaccharides. The nature of these active sites is probably the 

second reason. Indeed, glucose is a monomer with only hydroxyl group while natural 

polysaccharides, such as hyaluronic acid, can be a combination of acid, amine and 

hydroxyl groups. Those ones may have a higher affinity with the oxide according to their 

pKa. 
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Figure 29:  LC-OCD profiles of the adsorption of Hymenomonas sp. biopolymers (TOCo 

= 1.31 ± 0.05 mgC/l) onto ZrO2 (Specific area: 10.05 m
2
/g) and Al2O3 (Specific area: 

3.87 m
2
/g) under acidic and neutral conditions (I = 0.01 mol/l) 
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Conclusion 

- Metal oxide surface charge, the pKa and the different chemistry of asorbate can 

influence the degree and the mechanism of adsorption that occurring at metal 

oxide / water interface. The adsorption of organic acids followed Langmuir 

isotherm model which is indicating of a monolayer adsorption. Different pHs give 

various densities of adsorption since the pH affecting the ionized state of the 

organic acids and the surface charge on metal oxide. Moreover, organic acids are 

adsorbing with different structure on the surface of oxide depending on the pH 

configuration of the organic molecule. i.e., Citric acid forms a monodentate 

complex structure at pH 4.2 and a bidentate chelating or bridging complex 

structure at pH 7.2 on the surface of ZrO2. And it adsorbing electro statically on 

Al2O3 at pH 7.2. 

- Diverse fractions of NOM have different affinity to metal oxide surface 

depending on their chemistry. High molecular weight molecules coupled with 

high acidity and aromatic moieties (humic fraction) are favorably adsorb on metal 

oxide surface more than lower molecular weight structures with low aromatic  

(Non humic fraction) at acid pH. Moreover, biopolymer fraction, i.e. 

polysaccharides is highly adsorb on oxide which is a major conclusion explaining 

the high irreversible fouling observed during seawater filtration spiked with 

Hymenomonas sp. exudates. 
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APPENDIX 
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Figure 30 : ATR-FTIR spectra of Citric acid at pH 4.2 ± 0.2 
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Figure 31: ATR-FTIR spectra of Citric acid at pH 7.2  ± 0.2 
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Figure 32: ATR-FTIR spectra of Oxalic acid at pH4.2 ± 0.2 
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Figure 33: ATR-FTIR spectra for Oxalic acid at pH 7.2 ± 0.2 
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Figure 34 ATR-FTIR spectra for Salicylic acid at pH 7.2 ± 0.2 
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Figure 35 : ATR-FTIR spectra of Salicylic acid at pH 4.2 ± 0.2 
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Figure 36: Adsorption isotherm of glucose. Contact time was 24 hours  

 (I=0.01 mol/l) 

 

Figure 37: Adsorption isotherm of phenol at pH 4.2 ± 0.2 and p H7.2 ± 0.2 (I=0.01 mol/l) 
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Figure 38: Adsorption isotherm of tryptophan at pH 4.2 ± 0.2 and pH 7.2 ± 2 (I=0.01 

mol/l) 

 

 

 

 

 

 

 

 

 

 

 

Figure 39: LC-OCD results for blank experiment of ZrO2 and Al2O3 at pH 4 and pH 7 (I= 

0.01 mol/l) 
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Figure 40: XRD result for Al2O3. a) Before cleaning and b) after cleaning  

 

 

Figure 41: XRD result for ZrO2. A) Before cleaning and b) after cleaning  
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Figure 42: Raw waste water kinetics isotherm onto ZrO2 and Al2O3 

 

Figure 43: UV profile for RRW HPIA onto ZrO2 and Al2O3 under acid (A) and neutral 

(B) conditions (I = 0.01 mol/l) 
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Figure 44 Langmuir isotherm at A) pH 4.2 ± 0.2 and B) pH 7.2 ± 0.2 onto ZrO2. The 

dash line shows the calculated model. 
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Figure 46: Langmuir isotherm at A) pH 4.2 ± 0.2 and B) pH 7.2 ± 0.2 onto Al2O3. 

The dash line shows the calculated model 
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Figure 47:  Langmuir isotherms at A) pH 4.2 ± 0.2 and B) pH 7.2 ± 0.2 onto Al2O3. 

The dash line shows the calculated model. 


