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Abstract 25 

Because of their mechanical, thermal, and chemical resistance, ceramic materials are suitable for 26 

challenging water treatments, where different metal oxides (MeO) have been tested as active 27 

layers. However, organic fouling is a major drawback impacting its performance. Organics 28 

adsorb onto the membrane surface and into their pores during long-term operation, resulting in 29 

irreversible fouling. This investigation focussed on the interfacial interactions between model 30 

organic acids and MeO to obtain a fundamental understanding of the adsorption phenomena. 31 

Batch adsorption experiments of a series of small molecular weight, oxygenated, aromatic 32 

organic acids were performed with Al2O3, TiO2, and ZrO2 particles, at pH 4.2 and 7.6. The 33 

adsorption of simple acids was described by the Langmuir model and exhibited a strong 34 

dependence on the relative abundance of carboxyl groups, aliphaticity/aromaticity, alkyl chain 35 

length, and presence of hydroxyl groups. The adsorption of model compounds was higher at low 36 

pH and decreased with increasing pH. The difference in Al2O3, TiO2, and ZrO2 surface 37 

characteristics, as evidenced by TEM, XRD, and BET, led to differences in the adsorption 38 

density. The results obtained with these well-defined organic structures will assist in better 39 

understanding the interfacial interactions between complex natural organic matter molecules and 40 

MeO of different characteristics.    41 

 42 

Keywords: adsorption, metal oxide, Langmuir isotherm, pH point of zero charge, small organic 43 

acids.   44 
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1. Introduction  45 

Ceramic membranes are currently used in a broad range of applications, e.g., drinking water 46 

treatment, food industry, urban and industrial wastewater treatment [1, 2]. Because of their 47 

mechanical, thermal, and chemical resistance, ceramic materials are suitable for challenging 48 

water treatments (e.g., hazardous waste, oil/water separation, and industrial effluents); thus, 49 

providing the advantage of extended membrane lifespan even after severe fouling and cleaning 50 

conditions [3]. However, organic fouling is still a major drawback impacting its performance [4, 51 

5]. Despite periodic physical cleaning or chemically-enhanced backwashing (CEB), some 52 

organics adsorb onto the membrane surface and into the membrane pores during long-term 53 

operation, resulting in permeability loss and irreversible fouling [5-7]. Consequently, controlling 54 

irreversible fouling associated with organics (e.g., Natural/Effluent Organic Matter-55 

NOM/EfOM) adsorption is essential to improve the performance of membrane processes. 56 

Organic matter (OM) is ubiquitous in natural and industrial process waters and is generally 57 

present as a heterogeneous mixture of small molecules (a few hundred Daltons) and moderate to 58 

high molecular weight (MW, above 20 KDa) structures [8]. Parameters commonly used to 59 

characterize NOM include elemental analysis, acidity, charge, functional groups, aromatic 60 

character with fluorophores distribution, and specific ultraviolet absorbance (SUVA) [9]. NOM 61 

is enriched with hydroxyl and carboxyl functional groups that confer high solubility in water. For 62 

instance, humic substances (HS) consist of molecules that form aggregates via intermolecular 63 

forces and vary between mono- to hexacarboxylic acids, short-chain aliphatic mono- to 64 

polycarboxylic acids, long-chain fatty acids, and phenolic carboxylic acids [9-11].   65 

Metal oxides (MeO, e.g., iron oxide, alumina oxide, and manganese oxide) have been 66 

investigated under different approaches to prevent or minimize ceramic membrane (organic) 67 
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fouling, as pre-adsorbents (particles in suspension) or active layers [12]. Previous studies on the 68 

interaction between NOM and MeO have focused on the influence of pH, electrolytes, type of 69 

MeO, and type and concentration of organic compounds in the adsorption process. These works 70 

have investigated the basic adsorption mechanisms and extent of adsorption of organic matter 71 

onto metal oxides, pH dependency, the relative affinity of various organic compounds for a 72 

specific surface, and binding mechanisms. Briefly, based on NMR and FTIR analysis, carboxylic 73 

and phenolic groups incorporated in NOM structure are important in the adsorption on MeO 74 

surfaces [13-16]. The heterogeneous and unique composition of humic and fulvic acid controls 75 

the adsorption behavior and binding mechanisms on goethite surfaces, as proved by the Ligand 76 

and Charge Distribution (LCD) model [17]. Also, different MeO surface properties (i.e., surface 77 

charge and density) showed a significant influence on the adsorption profile of NOM molecules 78 

and small aromatic carboxylic acids [18, 19]. Remarkably, MeO surfaces of high pHPZC (point of 79 

zero charge) have shown high adsorption capacities (e.g., ZrO2) [18, 19]. Although most of the 80 

investigations have focussed on the adsorption of complex NOM molecules on MeO, their 81 

interaction mechanisms as a function of their physicochemical characteristics are still not clear. 82 

Specifically, NOM structures incorporate many different reactive sites in addition to 83 

uncharacterized components; thus, influencing and adding a level of complexity to the 84 

elucidation of these interfacial interactions with different MeO surfaces [20]. 85 

As a consequence, several comprehensive studies have correlated the adsorption of NOM on 86 

MeO with the adsorption of well-defined small organics already identified in the structure of 87 

NOM. For instance, Evanko and Dzombak (1998) studied the adsorption of benzoic acids 88 

incorporating different numbers of carboxylic acids and the influence of the acidity variation in 89 

NOM adsorption on goethite surface [20]. Dobson and McQuillan (1999, 2000) studied the 90 
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impact of different chemical structures (i.e., aliphatic and aromatic organic acids) in the 91 

adsorption mechanism on alumina oxide, titanium oxide, zirconium oxide, and tantalum 92 

pentoxide [18, 21]. Hwang and Lenhart (2008) studied the effect of the molecular structure and 93 

the orientation of the carboxyl group in the adsorption of small C4-dicarboxylic acid molecules 94 

on hematite particles [22].   95 

The current study focussed on the adsorption kinetics and adsorption isotherms between eleven 96 

organic acids and three different MeO surfaces. The adsorption profile was analyzed based on 97 

the characteristic of both organic acids and MeO surfaces. The organic acids (i.e., covering a 98 

wide range of characters and structures) were selected as representative low MW aliphatic and 99 

aromatic acid moieties incorporated in the complex NOM matrix and were analyzed by High-100 

Pressure Liquid Chromatography (HPLC). Three MeO surfaces (i.e., as microparticles) were 101 

selected based on their relevance as microfiltration ceramic membrane active layers and 102 

coatings, i.e., alumina oxide (Al2O3), zirconium oxide (ZrO2), and titanium oxide (TiO2). Each 103 

MeO surface was rigorously characterized using sensitive techniques. The impact of pH on: a) 104 

the surface characteristics of MeO (pHPZC) and organics (pKa) and b) their interfacial 105 

interactions were investigated. The results obtained with these well-defined organic structures 106 

will assist in better understanding the interfacial interactions between NOM and MeO of 107 

different characteristics.  108 

2. Material and Methods 109 

2.1. Metal Oxide (MeO) Particles and Model Organic Compounds 110 

Three types of MeO were investigated: alumina oxide (Al2O3), zirconium oxide (ZrO2), and 111 

titanium oxide (TiO2) (φ: 125-250 µm, Kerafol Company, Germany). The MeO particles were 112 

washed with a 0.1 M NaOH solution and then thoroughly rinsed with Milli-Q water. All MeO 113 
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particles were calcinated at 900˚C for 8 hours under atmospheric conditions. Based on their 114 

treatment process, these particles mainly represent microfiltration ceramic membranes. The 115 

phase of each MeO after calcination was identified by XRD (section 2.3.3).  116 

 Eleven polar aliphatic and aromatic compounds of different properties (e.g., chemical structure, 117 

acidity constants-pKa, functional groups) were selected as model organic compounds (Figure 1). 118 

The selection of these model compounds was conducted to study a) the difference in interactions 119 

between MeO and aliphatic or aromatic structures (i.e., as well as the influence of the length of 120 

the aliphatic chain), and b) the contribution of carboxyl and hydroxyl groups on these 121 

interactions.  122 

 123 
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Figure 1: Chemical structure and pKa of selected model compounds 124 

 125 

2.2. Experimental methods 126 

Batch experiments (i.e., adsorption kinetics and adsorption isotherms) were conducted at acid 127 

and nearly neutral pH. MeO particles were equilibrated in Milli-Q water for 24 h before 128 

experiments.  129 

2.2.1. Adsorption kinetics 130 

Adsorption kinetics experiments were conducted in 500 ml glass bottles containing 3 g/L MeO 131 

particles (i.e., Al2O3, TiO2, or ZrO2). The organic compound solutions were prepared in 0.01 M 132 

NaClO4 at pH 4.2 and pH 7.6. The pH was adjusted with 0.1 M HCl and with 0.1 M of NaOH. 133 

The initial concentration of aliphatic acids, aromatics, and aromatic acids with aliphatic chains 134 

was 0.2 mM, 0.05 mM, and 0.044 mM, respectively. The solutions were mixed using an 135 

overhead shaker for five days at room temperature (21°C). On the first day, samples were 136 

collected after 5 min, 10 min, 40 min, 1 h, 8 h, and 12 h of contact time. Samples were then 137 

collected every 8 and 12 hours for five days. The adsorption rate constant (Ks) was calculated as 138 

per equation 1. 139 

K� =
C� − C�

t C� m A
         (1) 140 

Where C0 is the initial concentration of the organic compound (μmol/L), C� is the organic 141 

compound concentration (μmol/L) at time t (hour), m is the mass of MeO (g), and A is the 142 

specific surface area of the MeO (m2/g).  143 

2.2.2. Adsorption isotherm 144 

MeO particles were added at a dose ranging from 0 to 5 g/L, to 15 mL of the model organic 145 

compound solution prepared in 0.01 M NaClO4 at pH 4.2 and pH 7.6. Batch adsorption 146 
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experiments were conducted at different initial concentrations of the model organic compounds 147 

(i.e., from 0.05 to 0.2 mM) in plastic centrifuge tubes. The suspensions were mixed for 72 hours 148 

to reach adsorption equilibrium (i.e., verified for all compounds) using an overhead shaker at 149 

room temperature (21 ̊C). The residual concentrations of organic compounds were determined by 150 

High-Performance Liquid Chromatography (HPLC). The amount of adsorbed organic acids per 151 

surface area of MeO was calculated by the difference between the initial concentration and the 152 

concentration after equilibrium (72 hours), following equation 2:  153 

q =
(�����)�

��
          (2) 154 

Where q is the amount of adsorbed organic per surface area (µmol/m2), C0 is the initial 155 

concentration of organics (µmol/L), Ce is the concentration of organics at equilibrium (µmol/L), 156 

V is the solution volume (L), A is the specific surface area of the MeO sample (m2/g), and m is 157 

the mass of MeO particles (g). The adsorption density for each organic compound was calculated 158 

by fitting the adsorption isotherm data with the Langmuir model (eq. 3 and 4). After rigorous 159 

analysis, Langmuir model was selected among other models to describe the adsorption of these 160 

small acids.  161 

                                  Langmuir isotherm: q =  
���� � ��

 !(� ��)
     (3) 162 

                   Linear form:   

� 
=

 

���� � ��
 +

 

����
        (4) 163 

Where q is the mass of solute adsorbed per mass of MeO (µmol/m2), qmax is the maximum 164 

adsorption (µmol/m2), K is the adsorption affinity constant [13, 23], and Ce is the equilibrium 165 

concentration (µmol/L).  166 

2.3. Analytical methods for model organic compounds and MeO characterization  167 

2.3.1. Potentiometric proton titration  168 
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The titration of the MeO particles was performed in a jacketed glass beaker under a constant 169 

temperature by using a circulating water bath (25˚C). Two electrodes connected to a computer 170 

(i.e., a Metrohm 6.0133.100 glass and a single 6.0733.100 reference electrode) were used to 171 

record the pH values. The pH electrodes were calibrated by performing a blank titration in the 172 

background electrolyte. The titration of the suspensions was conducted by adding small volumes 173 

of titrant while recording the pH of the solution. Titration experiments were performed on 20 ml 174 

of Milli-Q water containing 2 g of MeO particles. The solutions for each MeO sample were 175 

purged with pure N2 gas to avoid the interference of CO2. The ionic strength was adjusted with a 176 

concentrated 5 M NaNO3 solution to reach a final concentration of 0.01, 0.1, and 1 M. The pH 177 

was controlled during titration by the addition of 0.1 M HCl and 0.1 M NaOH previously 178 

prepared with degassed Milli-Q water. After each addition, a drift value of pH was calculated 179 

(mV/min). The maximum time for acquiring each data point was set to 30 min. A similar 180 

approach was followed for the blank test.  181 

2.3.2. Chemisorption/Temperature-Programmed Desorption (TPD) 182 

The basic and acidic sites of the three MeO samples (Al2O3, TiO2, or ZrO2 particles) were 183 

measured by Chemisorption tests. The Carbon Dioxide Temperature-Programmed Desorption 184 

(CO2-TPD) process was conducted to measure the basic sites using a Micromeritics AutoChem 185 

2950 instrument equipped with a TPD. Briefly, the MeO sample was placed into a U-shape 186 

quartz tube and pre-treated at 150°C under helium flow (40 ml/min) for 60 mins. When the 187 

temperature was decreased to 50°C, CO2 sorption was performed by flowing 10% CO2 in helium 188 

(50 ml/min) for 30 mins. Then, the sample was purged under helium flow (40 ml/min) for 45 189 

mins. Finally, the desorption experiment was performed by purging helium gas (50 ml/min) and 190 

ramping the temperature from 50 to 1000°C at a rate of 10°C/min. For measuring the acidic sites, 191 
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the NH3-TPD test was performed using the same experimental procedure while replacing the 192 

10% CO2 in helium with 10% NH3 in helium. 193 

2.3.3. Transmission Electron Microscopy, X-Ray Diffraction, and BET analysis 194 

The MeO samples were analyzed by a High-Resolution Bright-Field Transmission Electron 195 

Microscope (HR-BF-TEM), performed on a Titan CT (FEI, The Netherlands) operated at 300 kV 196 

and equipped with a Charge-Coupled Device (CCD) camera (Gatan Inc.). Multiple locations of 197 

the specimens were investigated. An XRD Bruker D8 Advance was used to confirm the nature 198 

and purity of the MeO sample, as well as its crystallinity form. Each sample was scanned from 199 

10° to 90° (2θ) in steps of 0.02°. BET (Brunauer, Emmett, and Teller) analysis was conducted to 200 

measure their specific surface area.   201 

2.3.4. Analyses of model organic compounds by High-Pressure Liquid Chromatography 202 

All solutions were filtered using a 0.45 µm glass fiber syringe filter to remove MeO particles. A 203 

Waters HPLC Model 1525 equipped with a bridging HPLC pump and UV detector was used to 204 

measure the concentration of the model compounds. A calibration curve was individually 205 

prepared for each organic acid with concentrations ranging from 0.5 to 200 µM. The operation 206 

condition for each organic acid detection is listed in Table S1.  207 

3. Results and discussion  208 

3.1. MeO properties 209 

ZrO2 particles showed the highest surface area (10.1 ± 0.14 m2/g) compared to TiO2 (5.6 ± 0.1 210 

m2/g) and Al2O3 (3.8 ± 0.07 m2/g). The pHPZC of ZrO2 and Al2O3 was determined as 7.5 and 8.8 211 

(Table S2 and Figure S1), respectively. Although these values are in good agreement with others 212 

found in the literature [24], the pHPZC of TiO2 was higher than previously reported pHPZC, i.e., 8.9 213 

vs. 5 to 6 [24, 25], possibly due to the intensive cleaning and thermal treatment applied. Previous 214 
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studies have shown that TiO2 phase transformation (rutile-anatase) depends on the synthesis 215 

conditions, i.e., temperature, hence shifting the pHPZC [26-28]. According to XRD and EDX 216 

results, all MeO samples (i.e., Al2O3, TiO2, or ZrO2) were pure (Figure S2-S3). The crystallinity 217 

of the particles was identified by XRD and was also supported by high-resolution TEM images 218 

(Figure S3). All MeO samples were characterized by Miller indices, referring to the family of 219 

lattice planes (e.g., anatase) [29]. ZrO2 showed a monoclinic phase structure with (110) and 220 

(101) planes [30]. TiO2 was identified as a tetragonal phase structure with (101) planes, while 221 

corundum showed a hexagonal phase, and an (11-20) plane was identified for Al2O3. 222 

The density of the active sites detected on each MeO is listed in Table 1. The strength of the sites 223 

was determined by the desorption temperature of CO2 and NH3. The higher the desorption 224 

temperature, the higher the strength of the site.  225 

Table 1. Surface concentration of basic and acidic sites on MeO particles 226 

Temp. (oC) 
Acidic sites 

(µmol/m2) 
Temp. (oC) 

Basic sites 

 (µmol/m2) 

  Al2O3 

363.0 8.85 23.60 2.03 

576.0 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 - - 

 227 

Al2O3 and ZrO2 showed basic and acidic sites of different strengths. Three acidic sites and two 228 

basic sites of different strengths were detected in both MeO based on the desorption temperature. 229 
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On the other hand, TiO2 only showed four acidic sites on its surface (Table 1). The absence of 230 

basic sites on the TiO2 surface would be due to the treatment of the particles with NaOH and 231 

900°C calcination that could result in different TiO2 material (e.g., rutile) [26]. As indicated in 232 

many studies, Jung et al. (2001) reported that calcination temperatures exert a major influence on 233 

the density of surface sites [31]. The different densities and strength of the sites on MeO surfaces 234 

have been previously correlated to the difference in the crystallographic structure, calcination 235 

temperature, and material type [30-32].  236 

 237 

 238 

3.2.  Adsorption kinetics of model organic acid compounds 239 
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 240 

Figure 2. Adsorption kinetics of carboxylic acids and phenylacetic acids on TiO2, Al2O3, and 241 

ZrO2 at pH 4.2 and 7.6. 242 
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 243 

Figure 3. Adsorption kinetics of phenyl carboxylic acids on TiO2, Al2O3, and ZrO2 at pH 4.2 and 244 

7.6. 245 

According to the adsorption kinetics in Figures 2 and 3, a few days of contact time were 246 

necessary to reach adsorption equilibrium for all MeO samples with organics at acidic and 247 

neutral pH. Hence a contact time of 72 hours was selected to conduct the adsorption isotherm 248 

experiments. Furthermore, the kinetics were controlled by the pH for all studied compounds with 249 

all MeO samples. Increasing the pH from 4.2 to 7.6 resulted in a significant decrease in Ks (i.e., 250 
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initial adsorption rate constant calculated in the first hour of reaction) with all MeO samples 251 

(Table S3), except for oxalic and malonic acids with ZrO2 and Al2O3, where an increase in pH 252 

led to an increase in Ks (Table S3). At pH 4.2, the general trend showed that Ks-TiO2 and Ks-253 

Al2O3 > Ks ZrO2, except for salicylic acid, where its highest Ks value was recorded with ZrO2. 254 

For 1, 2-phenylenediacetic acid, and 3-benzoylpropionic acid, Ks values were significantly 255 

higher with Al2O3 than with the other two MeO samples. For phenylpropionic acid, its Ks value 256 

was significantly higher with TiO2 than with the other two MeO samples. At pH 7.6, the general 257 

trend indicated that ZrO2 always showed the lowest Ks values, except with 4-phenylbutyric acid. 258 

Also, Ks-TiO2 > Ks-Al2O3 for all compounds, except for oxalic acid, malonic acid, 3-259 

phenylpropionic acid, and 1, 2-phenylenediacetic acid. A similar investigation correlated the 260 

influence of pH on the decrease of the surface charge of goethite, hematite, and α-alumina 261 

samples, impacting the adsorption mechanism, and hence, the adsorption kinetics [20, 22, 33, 262 

34].  263 

The pH of the solution can significantly affect the adsorption kinetics by changing the ionization 264 

state of the MeO surface and the organic acid molecules [35]. Due to their high pHPZC, all MeO 265 

samples were positively charged in the experiments conducted at pH 4.2. For experiments 266 

conducted at pH 7.6, the surface of ZrO2 would approach the pHPZC, while Al2O3 and TiO2 267 

remained positively charged. Similarly, the functional groups in the structure of the organic acids 268 

have different pKa; thus, causing protonation/deprotonation as a function of solution pH. 269 

Therefore, the diversity of the surface properties of MeO and the chemical structure and 270 

composition of organic acids induce a wide range of interactions that influenced the adsorption 271 

kinetics, as previously observed between small acids and TiO2, ZrO2, Ta2O5, hematite, Al2O3, 272 

and iron oxides [18, 21, 22, 35, 36].  273 
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When organic compounds show similar acidic character, aromatic acids exerted a stronger 274 

interaction in comparison to aliphatic acids. The results indicated that the characteristics of the 275 

functional groups attached to the aromatic ring have a significant influence on the adsorption 276 

kinetics [20] (Figures 1 and 2). Specifically, the adsorption mechanism is controlled by the 277 

chemical structure [18, 20]. Dobson and McQuillan (1999, 2000) reported different adsorption 278 

mechanisms of aliphatic and aromatic acids on TiO2, Al2O3, ZrO2, and Ta2O5. Briefly, the 279 

adsorption of acetic acid on the ZrO2 occurred via the formation of a surface chelate structure. 280 

Both benzoic and acetic acid have similar acidic character (i.e., monocarboxylic acids) and 281 

formed bidentate coordinated benzoate species on ZrO2 [18, 21]. However, the adsorption of 282 

benzoic acid to ZrO2 would follow interfacial solvent water displacement, as suggested by 283 

Dobson and McQuillan (1999). Besides, the increase in the acidity in the benzoic ring by an 284 

additional carboxyl group exerts a stronger influence on the kinetics than an OH group, i.e., 285 

salicylic and hemimellitic acid [20]. The results indicated that hemimellitic acid showed the 286 

fastest initial adsorption rate at both pH conditions and for all MeO. However, these differences 287 

were more important at acidic pH than at basic pH. Still, salicylic acid showed a high Ks value at 288 

pH 4.2. Possibly, the presence of a non-charged OH group (i.e., OH or COOH groups) 289 

positioned on the aromatic structure would increase the adsorption rate at acidic pH [20, 37]. 290 

Remarkable trends were observed for oxalic and malonic acids (i.e., small C2 and C3 di-acids) 291 

compared to citric acid (C6 tri-acid). Oxalic and malonic acids showed fast kinetics with ZrO2 292 

and Al2O3 at pH 7.6. At this pH, both acids are fully dissociated (i.e., as the other acids); 293 

however, their smaller size might favor their diffusion to available positive sites.  294 

Aromatic structures with a single carboxyl group (i.e., salicylic and benzoic acids) showed a 295 

different behavior than aromatics with attached fatty acid chain structures at both pHs and with 296 
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all MeO. Specifically, the conformation of the molecule is an important factor governing the 297 

adsorption kinetics. Increasing the length of the fatty acid chain attached to aromatic moiety 298 

leads to faster adsorption through enhancing the interaction of the carboxyl group at low pH (i.e., 299 

which decreases with increasing pH) [20].  300 

3.3. Adsorption isotherms of model organic acid compounds 301 

Table 2: Langmuir adsorption isotherm parameters of phenyl carboxylic acids calculated from 302 

Equation 3. 303 

 304 

  305 

*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 

 ZrO2   

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 3: Langmuir adsorption isotherm parameters of carboxylic acids and phenylcarboxylic 306 

acids calculated from Equation 3. 307 

 308 

The fitted data for all compounds and MeO samples at both pH 4.2 and 7.6 showed a high 309 

correlation coefficient (R2), indicating the suitability of the Langmuir model for the current 310 

system (Figures S4 and S5). The adsorption density (i.e., reported as qmax) clearly decreased with 311 

increasing pH (Tables 2 and 3). This observation has been reported in similar studies where the 312 

adsorption density of trimellitic and hemimellitic acid with Al2O3 and benzoic acid interactions 313 

  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 
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with goethite decreased with increasing solution pH [20, 23]. Balistrieri and Murray (1987) 314 

observed that the adsorption of oxalic, phthalic, salicylic, and lactic acids on goethite increased 315 

with decreasing pH [38]. Also, Conroy et al. (2016) observed that citric acid adsorption onto 316 

goethite generally increased with decreasing pH [28]. For comparison purposes, the ratio qmax at 317 

pH4 / qmax at pH 7 was calculated and presented in Figure 3. Overall, the influence of pH for the 318 

studied compounds was more significant with TiO2 than with Al2O3 and ZrO2 (i.e., expressed by 319 

a higher ratio); except for ZrO2 with citric acid and 4-phenylbutyric acid, showing the highest 320 

ratios among the three MeO (i.e., 4.64 and 3.15, respectively). pH exerted a strong influence on 321 

citric acid with ZrO2 and Al2O3 (i.e., ratio: 4.64 and 1.9, respectively), and oxalic acid with TiO2 322 

(ratio: 2.6). Benzoic acid showed a lower ratio with ZrO2 (0.69), as well as oxalic acid with 323 

Al2O3 (0.74), and 1, 2-Phenylenediacetic acid with TiO2 (1.12).  324 
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 325 

Figure 4: Influence of pH on qmax presented as a qmax at pH 4.2/qmax at pH 7.6 ratio 326 

The highest qmax value was obtained with citric acid and ZrO2 and TiO2 at pH 4.2 (Figure 4). 327 

Except for Al2O3 at pH 4.2 and 7.6, 3-Benzoylpropanoic acid showed a higher qmax than citric 328 

acid (7.44 µmol/m2 and 4.45 µmol/m2, respectively). Al2O3 showed the highest qmax with phenyl 329 

carboxylic acids at both pH conditions and with all MeO samples (Table 2). At both pHs, the 330 

highest qmax was observed with 3-benzoylpropanoic acid. At pH 4.2, Phenylacetic acid showed 331 

the lowest qmax, while 1,2-phenylenediacetic showed the lowest qmax at pH 7.6. At both pH 332 

conditions, qmax of 1,2-phenylenediacetic acid on MeO surfaces followed the trend: 333 

Al2O3>TiO2>ZrO2, while phenylacetic acid showed the lowest affinity at both pH conditions 334 
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following the order of Al2O3>TiO2>ZrO2 at pH 4.2 and Al2O3>ZrO2>TiO2 at pH 7.6. The highest 335 

maximum adsorption was recorded for 4-phenylbutyric acid with ZrO2, and then with TiO2.  336 

 337 

Figure 5: Summary of qmax of all compounds with Al2O3, TiO2, and ZrO2 at pH 4.2 and 7.6. 338 

At pH 4.2, the adsorption density was higher with ZrO2 and TiO2 than with Al2O3, except for 339 

citric acid (Table 3). Citric acid showed the strongest adsorption on all MeO samples (i.e., 6.62, 340 

6.08, and 5.45 µmol/m2 for Al2O3, ZrO2, and TiO2, respectively). Citric acid (i.e., aliphatic 341 

structure) and hemimellitic acid (aromatic structure) generally showed the highest affinities 342 

toward all MeO at both pH conditions (Table 3). Conversely, benzoic acid showed the lowest 343 

adsorption on all MeO samples at acidic pH (i.e., 0.27, 0.29, and 0.95 µmol/m2 for ZrO2, Al2O3, 344 

and TiO2, respectively). Malonic, oxalic, and salicylic acids showed relatively similar affinities 345 
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for MeO (Table 3). qmax value for Al2O3 and TiO2 at both pH conditions follows the order of 346 

malonic acid > oxalic acid > salicylic acid, except for TiO2 at pH 7.6, where salicylic acid 347 

showed a higher qmax than oxalic acid (1.02 µmol/m2 vs. 0.75 µmol/m2, respectively). For ZrO2, 348 

qmax followed the order of oxalic acid >salicylic acid > malonic acid at both pH conditions.  349 

Interestingly, the adsorption density of oxalic acid (2.18 µmol/m2 and 1.58 µmol/m2, 350 

respectively) and benzoic acid (0.39 µmol/m2 and 0.27 µmol/m2, respectively) with ZrO2 were 351 

relatively higher at pH 7.6 than at pH 4.2. Similar results were observed for Al2O3, where the 352 

adsorption density was slightly higher for oxalic (0.96 µmol/m2 and 0.71 µmol/m2, respectively) 353 

and malonic acid (1.19 µmol/m2 and 1.08 µmol/m2, respectively) at pH 7.6 than at pH 4.2. 354 

Briefly, the mechanism of adsorption of the small organic acids on the metal oxide surface is 355 

controlled by the pH and pKa. At acidic pH, surface complexation (i.e., ligand exchange) is the 356 

main mechanism that controls the adsorption. Ligand exchange refers specifically to direct bond 357 

formation (i.e., formation of an inner-sphere complex) between a carboxylate group and metal 358 

ion center in metal oxide surface possessing inorganic hydroxyl groups. The effect of pH on the 359 

adsorption isotherms showed a behavior typically observed for anion adsorption, specifically, 360 

high adsorption at low pH, which decreases with increasing pH. Because all MeO samples are 361 

positively charged at acidic conditions and most of the investigated acids contained at least one 362 

carboxylic group (i.e., pKa value ranging from 1-5) [20, 22, 39], the adsorption of these acids 363 

was mainly controlled by electrostatic interactions and by surface complexation mechanisms [33, 364 

39]. The free energy of ions adsorption contributing to the electrostatic interactions is relatively 365 

small; thus, electrostatic interactions would have a lower contribution to the adsorption 366 

mechanism [20, 40]. Regarding surface complexation, Evanko and Dzombak (1998) stated that 367 

at high pH, the surface of iron oxide is negatively charged, and surface oxygen atoms are tightly 368 
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bound and are less likely to interact with acidic functional groups in solution. As pH decreases, 369 

neutral and positively charged surface sites are formed, the iron-oxygen bond is weakened due to 370 

decreased electron density of the bond, and the oxygens are exchanged with functional groups of 371 

the organic acids as OH- or OH2 [20]. 372 

The chemical structure, number of COOH groups, and carbon chain of the saturated fatty acid of 373 

the studied organic acids showed a significant influence on the adsorption density onto MeO. An 374 

additional carboxyl or hydroxyl group on the aromatic ring enhanced the adsorption affinity on 375 

Al2O3, TiO2, and ZrO2 (e.g., compared to benzoic acid with only one carboxyl group). Similarly, 376 

an increased number of COOH groups increased the adsorption on the MeO surface, e.g., citric 377 

acid (triprotic) and malonic acid (diprotic) (Figure 6a), suggesting that additional surface 378 

complexes may form on MeO [20, 34]. Compounds with the lowest pKa are overall considered 379 

more acidic. For compounds with multiple acidic functional groups (i.e., multiple pKa), the 380 

acidity of additional functional groups must be assessed at both pH conditions because more than 381 

one functional group could be involved in the adsorption [20, 34]. Non dissociated carboxyl 382 

groups (pKa>pH) could contribute and enhance the molecule adsorption on the MeO surface 383 

[41]. 384 

The increase in the adsorption may also result from increasing the acidity of the acid molecule 385 

(i.e., carboxyl group) [33]. Thus, the structure of salicylic acid would provide more adsorption 386 

energy on the MeO surface compared to benzoic acid by increasing the acidity of COOH with 387 

the presence of an OH group in the ortho position. Guan et al. (2006) observed that the presence 388 

of OH groups on the aromatic ring increases the interaction between carboxylate and Al2O3. 389 

Because the phenolic groups have a strong electron-donating resonance effect [42], their 390 
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presence near the carboxyl group can increase the electron density within the carboxyl group; 391 

therefore, favoring the metal-carboxylate complexation [43].  392 

The acidity of organic acids strongly influences their adsorption behavior. Das and Mahiuddin 393 

(2005) reported that the higher adsorption density of phthalate on the α-Al2O3 surface compared 394 

to benzoic acid was due to the adjacent carboxylic group [34]. Vasudevan and Stone (1996) 395 

suggested that the nature of the substituents to organic acids can have a significant effect on the 396 

adsorption properties of organic ligands by influencing the acidity. In their study of the 397 

adsorption of aromatic amines onto MeO, the presence of electron-withdrawing substituents 398 

lowered the basicity of the aromatic amines at donor groups and shifted the maximum adsorption 399 

to more acidic pH values [28]. Edwards and Benjamin (1996) observed that organic matter with 400 

considerably strong acid groups (i.e., groups ionized below pH 3) was preferentially adsorbed to 401 

goethite compared to organic matter with weaker acid groups, suggesting that strong acid groups 402 

are essential for controlling NOM sorption to MeO [44]. These findings are in agreement with 403 

previous studies of adsorption of simple organic acids in which poly-protic acids having at least 404 

one considerably strong acid group (e.g., malonic, oxalic, and hemimellitic acids) strongly 405 

adsorbed to MeO surfaces; whereas the adsorption of mono-protic acids without strong acid 406 

groups (benzoic acid) showed a significantly weaker affinity [20, 37, 38, 44].  407 

The aliphatic structures would exert higher adsorption on MeO than aromatic structures (Figure 408 

6a-b) under similar acidic character (e.g., citric acid versus hemimellitic acid), indicating that the 409 

conformation of the molecule (access to adsorption sites) plays an important role. This 410 

conformation effect is also observed when comparing the adsorption of oxalic acid (C2 diprotic) 411 

and malonic acid (C3 diprotic) (Figure 6a), except for ZrO2. By increasing the length of the 412 

molecule, the adsorption affinity of the aliphatic compounds on Al2O3, TiO2, and ZrO2 also 413 
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increased. Dobson and McQuilln (2000) reported that the adsorption of aliphatic dicarboxylic 414 

acid was sensitive to the carbon-chain length of the adsorbate. They showed that long-chain 415 

adsorbates (C4 and larger) exhibited high molecular flexibility, allowing the formation of 416 

tetradentate looped surface structures. Short-chain adsorbates (C2 and C3) exhibited low 417 

molecular flexibility; thus, they are unable to form a tetradentate surface structure that strongly 418 

adsorbs to MeO forming side-on coordinated species through ester linkages involving each of the 419 

carboxylate functional groups [18]. 420 

 421 
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Figure 6. Influence of chemical structure on the adsorption density qmax value of a) aliphatic 422 

acids and, b) aromatic acids, c) presence of alkyl chain and its length on phenyl carboxylic acids 423 

onto MeO surface 424 

The length of the carbon chain of the saturated fatty acid attached to a phenyl group also 425 

influences the adsorption onto MeO (Figure 6c). Results showed that for all MeO, the longer the 426 

fatty acid (e.g., phenylacetic, phenylpropionic, and phenylbutyric acids), the higher the qmax 427 

value. This increase in adsorption may involve the interaction of the carboxyl group and also the 428 

hydrophobic moieties of the molecule [20]. The pKa values of COOH are relatively similar (i.e., 429 

4.2, 4.31, 4.37, and 4.76 for benzoic acid, phenylacetic acid, phenylpropanoic acid, and 4-430 

phenylbutyric acid, respectively) (Figure 6c). The adsorption density increased with the length of 431 

the carbon chain carrying the carboxyl group. Besides, the length of the carbon chain is more 432 

influential in the adsorption density than an additional carboxyl group in the phenyl structure 433 

(i.e., 1, 2 phenylenediacetic acid vs. phenylpropanoic acid). Previous studies have suggested that 434 

the hydrophobic contribution to the adsorption may cause some organic acids to adsorb by more 435 

than one layer on the oxide surface; thus, the surface coverage may be increased [45, 46]. The 436 

effect of hydrophobic interactions on the adsorption to MeO has been investigated with 437 

surfactant molecules. Wakamatsu and Fuerstenau (1968) found that increasing the hydrocarbon 438 

chain length of alkyl sulfonates enhanced the adsorption in alumina, resulting in high sorption 439 

densities for the larger molecules relative to the smaller molecules [47].  440 

3.4. Influence of the surface characteristics of the MeO on the adsorption on organic 441 

acids 442 

The MeO properties have a significant influence on the adsorption of organic acids. Several 443 

properties of MeO exert an impact on the adsorption density of small organic acids: surface area, 444 

charge density, and type of hydroxyl group exposed on the surface [35, 36, 48]. The density of 445 

the positive charges or charge density on the solid is more important than the charge of the 446 



27 

 

organic acid. pH has a key influence on the surface charge of MeO. From the pHPZC curves, 447 

Al2O3 and TiO2 evidence a higher charge density than ZrO2 (Figure S1), a characteristic that 448 

explains the higher adsorption efficiency of Al2O3 and TiO2 with some organic acids as 449 

compared to ZrO2. As an example, salicylic acid showed a higher adsorption affinity on the 450 

Al2O3 surface (14.37) than on TiO2 (1.31) and ZrO2 (0.25) at acidic pH. Interestingly, by 451 

increasing the pH, the affinity of benzoic acid toward the MeO surface increased with all MeO 452 

(i.e., especially with ZrO2), which could be related to a modification of the adsorption 453 

mechanism [22].  454 

The positive charge controls the interaction mechanism and the affinity of the organic acids with 455 

the MeO surface by either ligand exchange or electrostatic interactions [49]. This can be 456 

evidenced by the slight increase of pH in the adsorption process and would indicate the replacing 457 

of the OH+ group on the metal surface by the COOH group on the acid [35]. 458 

The type and nature of active sites present on the MeO surface are also important factors that 459 

contribute to the adsorption of small organic acids. As most of the studied acids are carboxylic 460 

acids, the reactions that control the adsorption are mainly in the form of acid-base mechanisms. 461 

A Brønsted acid-base formation provides a good description of the dissociative adsorption of this 462 

group of acids (Figure 1). Most MeO expose cation-anion pairs. These are the active sites for this 463 

type of reaction, which proceeds through the adsorption of the acidic proton by a surface O2- 464 

anion to form an adsorbed hydroxyl group with the conjugate base anion of the organic acids 465 

bonding to an exposed metal cation. The relative acid-base strength of oxide surfaces is 466 

proportional to their ability to dissociate Brønsted acids [36, 50, 51]. According to TPD (Table 467 

S1), Al2O3 and TiO2 surfaces are mainly predominant with strong sites per surface area 468 

compared to ZrO2.  Therefore, the adsorption of some organic acid, e.g., Phenylacetic acid and 469 
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benzoic acid, tends to decrease in contact with ZrO2 as it shows weaker sites than TiO2. Besides, 470 

the local coordination environment of the cations-anions pairs plays an essential role. In many 471 

cases, this requirement can lead to high structural sensitivities, including large variations in 472 

reactivity for different exposed crystal planes in a single MeO [36, 50]. Several studies have 473 

reported that the most important active sites on the surface of MeO in the adsorption process are 474 

OH- groups [48, 52, 53]. Two types of OH- groups are formed on the surface of MeO, one with 475 

surface oxygen and the other one on metal cation surface [30]. Each MeO exerts a different 476 

density of OH- with various configurations on the surface of MeO as described by Tsyganenko 477 

and Filimonov [32] and Hering [54].  478 

Surface hydroxyl oxygen can be bound to 1, 2, or 3 metal atoms. Therefore, the nature of the 479 

cation-anion pairs on the surface of Al2O3, TiO2, and ZrO2 is determined by their crystallinity 480 

[36]. According to the characterization of the MeO samples by XRD, ZrO2 has a monoclinic 481 

crystal structure with particles of (110) or (101) planes. The reported types of hydroxyl sites on 482 

this structure are mono-coordinate and tri-bridge OH groups [30]. The presence of two different 483 

types of ZrO2 particles might lead to different adsorption densities because each plane provides 484 

the particles with different surface characters [32]. TiO2 is in the rutile phase in the (101) plane, 485 

where type I and II hydroxyl groups would be expected [32]. The crystallinity of Al2O3 particles 486 

is in the corundum form in the phase (11-20), and the possible hydroxyl groups are I, II, and II 487 

[53]. Based on several parameters (i.e., type of MeO, crystallinity, and processing the MeO), 488 

different densities of each type are exposed on the surface [55-57]. Based on the type of OH- on 489 

the surface, different affinities of organic acids would be observed [57].  490 

4. Conclusions  491 
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The adsorption of carboxylic acids and phenylcarboxylic acids on MeO particles followed the 492 

Langmuir isotherm model; thus, indicating monolayer adsorption. Generally, the degree of 493 

adsorption density of these small organic acids on MeO was influenced by the MeO surface 494 

charge, pKa, chemistry of the adsorbate, and pH. Typically, at acidic pH of 4.2, the maximum 495 

adsorption of the organic acids on Al2O3, TiO2, and ZrO2 was higher compared to pH 7.6. Except 496 

for malonic and oxalic acids, as they showed the opposite trend, which could be related to their 497 

molecular structure. The pH affected the ionization state of the organic acids and the surface 498 

charge on MeO. 499 

 Increasing the acidity of the organic molecule, either by increasing the number of COOH groups 500 

(i.e., citric acid) or by the presence of OH groups (salicylic acid vs. benzoic acid), increased the 501 

adsorption density on MeO at acidic and neutral pH. Different conformation of the organic acid, 502 

i.e., aliphatic or aromatic structure (citric acid vs. hemimellitic acid), and the length of the 503 

aliphatic acids (oxalic vs. malonic acids) influenced the adsorption on MeO. Phenyl carboxylic 504 

acids showed a high adsorption affinity on all MeO surfaces. Also, the presence of a carbon 505 

chain of saturated fatty acid was more important than COOH groups in phenyl acids 506 

(phenylacetic, phenylpropionic, and phenylbutyric acids). Finally, different surface 507 

characteristics of MeO prompted various maximum adsorption of the organic acids, i.e., the 508 

density of the active site (basic and acidic sites) and pHPZC. The results of the current study 509 

would have key implications on ceramic membrane fouling. Although highly dependent on 510 

surface characteristics, for the MeO tested, higher adsorption of organics (i.e., leading to fouling) 511 

would be expected at acidic pH. However, at neutral pH (i.e., mimicking major environmentally 512 

relevant conditions), the adsorption of organics would be lower; thus, providing deep insight on 513 

optimum operational conditions. 514 
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Table 1. Surface concentration of basic and acidic sites on MeO particles 

Temp. (oC) 
Acidic sites 

(µmol/m2) 
Temp. (oC) 

Basic sites 

 (µmol/m2) 

  Al2O3 

363.0 8.85 23.60 2.03 

576.0 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 - - 

 

 

 

  



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

Equation 3. 

*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 

 ZrO2   

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 

 

  



Table 3: 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 
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