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Abstract 
 
 Cetylpyridinium (CP+) is a cationic surfactant that can be found in various effluents 

and known due its toxicity against aquatic organisms. The removal of this compound was 

investigated in water solutions by electrocoagulation, phosphate-assisted electrocoagulation 

and adsorption on electrogenerated adsorbents. Electrocoagulations were carried out with 

aluminum electrodes in CP+ synthetic solutions. After 2 h of electrolysis in 0.1 M NaCl 

solutions, CP+ was mainly removed by electroreduction at calculated rates of 0.024 and 

0.0416 μmol/C corresponding to abatements of 28 and 24% for starting concentrations of CP+ 

at 0.5 mM and 1.0 mM, respectively. The voltammetric study on steel or graphite electrodes 

confirmed a possible electroreduction of CP+ which may explain its removal during 

electrolysis. The change of the cathode from aluminum to carbon or steel did not change 

notably the removal efficiency of electrolysis in 0.1 M NaCl solution. However, after 2 h of 

electrolysis in 0.1 M NaCl in the presence of 0.1 M phosphate buffer, CP+ was mainly 

removed by adsorption on electrogenerated aluminum phosphate with rates of 0.0694 and 

0.138 μmol/C corresponding to abatements of 80% for 0.5 or 1 mM CP+ solutions. The key 

role of phosphate ions was proved by adsorption experiments. The electro-synthesized 

alumina adsorbed CP+ with a removal capacity of 10.2 mg/g. But on electro-synthesized and 

chemical-synthesized aluminum phosphate the removal capacities were 94.2 and 165.3 mg/g, 

respectively. 

 

Key-words: Aluminum phosphate; Surfactants; Electrolysis; Alumina; Adsorption; 

Reduction 
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1. Introduction  
 

The increasing consumption of water and high-quality water drives the development 

of efficient water treatments and the research of new processes which are able to remove 

emerging pollutants [1]. Among these pollutants, surfactants constitute a large class of 

chemical substances that are widely used in domestic and industrial processes thanks to their 

physicochemical characteristics such as detergency, foaming, emulsification and dispersion 

effects. Surfactants are involved in various environmental pollutions with toxic effect on 

living organisms [2] and have raised problems in wastewater treatment plants [3]. Therefore, 

the removal of surfactants from wastewater is important in reducing their environmental 

impact. Classical techniques like oxidation, adsorption extraction or coagulation have been 

used. In this context electrochemical treatments and specially electrocoagulation (EC) have 

been applied in the removal of few surfactants [4,5]. 

 EC is a well-known electrochemical treatment which uses soluble anode materials in 

order to generate metal ions involved in a coagulation step [6,7]. According to Holt et al. [6] 

EC is a combination of physico-chemical processes including electrochemistry, coagulation 

and flotation. EC is efficient in the treatment of a large variety of effluents [8]. It is often 

emphasized that chemicals are not required in EC when it is directly applied to a wastewater. 

This is not strictly true because sacrificial anodes are consumed in all cases, and sometimes an 

efficient treatment needs a pH control and the addition of an electrolyte [9]. Generally, it is 

considered that the electrolyte is not consumed during EC, but it can play a key role in the 

efficiency of the treatment [10] or in the structure of the electro-generated alumina [11]  

Some pollutants are resistant to EC. This is the case with targeted compounds which 

are not involved in an electrochemical reaction or when they are not adsorbed on electro-

generated alumina. To overcome these difficulties, a new class of EC appears where 

chemicals are used as assistance in the process. Addition of ozone [12], hydrogen peroxide 

[13] or a chemical coagulant improves the corresponding assisted electrocoagulation. 

In this paper we present a new example of a chemical-assisted EC applied to the 

removal of N-cetylpyridium cation (CP+) from synthetic solutions. CP+ is a cationic surfactant 

which exhibits toxicity against aquatic organisms [14]. The extensive use of CP+ has led to 

the investigation of its removal from water solutions. Main methods use adsorption onto high-

area activated carbon [15], or granular charcoal [16]. Photo-catalytic oxidation over TiO2 

photo-catalyst [17] has also been investigated. In the present paper, the removal of CP+ is 
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investigated in classical EC and in a more efficient phosphate-enhanced EC. Reduction and 

adsorption on electrogenerated alumina, phosphate modified alumina and aluminum 

phosphate are removal ways of CP+. 

 

2. Materials and methods 

 

2.1. Chemicals 

 

 CP+ solutions were prepared with N-cetylpyridinium bromide (C21H38NBr 98%) from 

Aldrich. Sodium dihydrogen phosphate dihydrate (NaH2PO4.2H2O 99%) and disodium 

hydrogen phosphate (Na2HPO4 99%) were Prolabo analytical reagents. Sodium nitrate 

(NaNO3, 99%), hydrochloric acid (HCl 36%), and sodium hydroxide (NaOH 99%) were 

Fluka reagents. Aluminum chloride hexahydrate (AlCl3.6H2O, Prolabo 99%) was used in the 

preparation of alumina and aluminum phosphate adsorbents. Phosphoric acid (H3PO4, 85%), 

nitric acid (HNO3 65%), sodium chloride (NaCl 99%), sulfuric acid (H2SO4 96%), iron 

powder (97%), zinc powder (97%) and aluminum powder (99%) were Fluka reagents. All 

aqueous solutions were prepared by dissolution in de-ionized water. 

 

2.2. Electrolysis 

 

 CP+ removal by EC was investigated in 0.1 M NaCl or in 0.1 M NaCl buffered by 0.1 

M Na2HPO4 and 0.1 M NaH2PO4. All the electrolyses were conducted at 0.2 A on 0.25 L of 

solution with aluminum electrodes with a surface of 15 cm2 (width 3 cm, 5 cm length). The 

gap between anode and cathode was 1.8 cm. Solutions were magnetically stirred. Three or 

five cells were connected on series. One of these cells was used as a control. Before 

electrolysis the electrodes were immersed in 2 M NaOH solution for 2 min and then rinsed 

with de-ionized water, dried in an oven and finally weighed. The electrolysis current was 

supplied by a current generator (Microlab 300V-1A). During electrolysis, pH was measured 

with a pH meter (Metrohm 827) and a combined glass electrode. A turbidimeter (Hach 

2100P) was used to measure turbidity. The conductivity was measured with a conductimeter 

(CDM MeterLab 210) and a conductivity cell (E61M013). In order to maintain a constant 

volume during the electrolyses the analyzed solutions were put back in the electrolytic cells. 

At the end of electrolysis, the electrolytic solution was filtered and the recovered solid was 



  

 5

washed, oven dried at 105°C, and finally weighed. Electrodes were weighed at the end of 

electrolysis. Steel and graphite cathodes which were used in electrolysis were of identical 

dimensions to those of the aluminum cathode.  

 

2.3. Voltammetric study 

 

 The voltammetric behavior of 0.02 M CP+ was investigated in 0.1 M NaCl solution at 

22°C. Solutions were deoxygenated by bubbling nitrogen for 15 min. The working electrode 

was a micro-disk of glassy carbon of 4 mm diameter. The auxiliary electrode and the 

reference electrode were a rod of glassy carbon and a saturated calomel electrode (SCE), 

respectively. A potentiostat EG*G model 362 and a XY recorder were used in the recording 

of voltammograms. 

 

2.4. Aluminophosphate and phosphate-modified alumina 

 

 Two kinds of aluminophosphate were prepared by electrolysis and chemical 

precipitation. In the discussion, they are designated by (AlPO4)E and (AlPO4)C. (AlPO4)E was 

prepared by electrolysis at 0.2 A for 10 h with aluminum electrodes in 0.25 L of a buffer 

solution 0.1 M Na2HPO4 and 0.1 M NaH2PO4 in the presence of 0.1 M NaCl. (AlPO4)C was 

obtained by precipitation after addition of Na3PO4 solution to a solution of AlCl3. Phosphate 

modified alumina was prepared by adsorption of phosphate onto alumina. In a first time, 

alumina was prepared by electrolysis at 0.2 A for 10 h with aluminum electrodes in 0.25 L of 

0.1 M NaCl solution. Then 0.2 g of the isolated alumina was stirred for 2 h in 50 mL of a 4 

mM NaH2PO4 solution. The solid isolated was oven dried at 105°C. 

 

2.5. Determination of pH at the point of zero charge (pHpzc) 

 

 The point of zero charge (PZC) of all solids was estimated by using the batch 

equilibrium technique [18]. In this purpose, 0.2 g of solid was treated with 50 mL of 0.1 M 

NaNO3 solution which was used as an inert electrolyte. The initial pH (pHi) was adjusted in 

the range 3–11 by addition of 0.01 M NaOH or 0.01 M HNO3. The suspensions were left for 

24 h to reach their thermodynamic equilibrium on a rotary shaker operating at 350 rpm. After 
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completion of the equilibrium time, the solutions were filtered and the final pH (pHf) of the 

filtrates was measured.  

 

2.6. Analysis 

 

 UV-Vis spectrophotometer (Perkin Elmer Lambda 35) was used in quantitative 

analysis of CP+ in solutions at max = 259 nm and an infrared spectrophotometer (FTIR - 

Shimadzu) in analysis of the adsorbents. The specific area of adsorbents was determined by 

the BET method. The instrument used was a model AS1 KR/MP version 5.52 using a 

software version 2.01 and a stand-conditioning sample Micromeritics Flow Prep 060, set at a 

temperature between 140°C and 145°C. 

 

2.7. Adsorption kinetic 

 

 In each experiment, 50 mL of CP+ solutions at 0.3 mM, 0.5 mM, 0.7 mM or 0.9 mM 

were stirred at 250 rpm with 0.2 g of adsorbent at 22 ± 1°C. Samples were withdrawn at 

appropriate time intervals and centrifuged at 4000 rpm for 10 min. The CP+ absorbance of the 

supernatant solution was measured. The initial pH value was maintained higher than the pHpzc 

by addition of few drops of a concentrated NaOH solution. The CP+ uptake by adsorbents was 

calculated by Eq. (1) where qt (mmol/g) is the amount of adsorbed CP+ at time t (min), V (L) 

is the volume of solution, C0 and Ct (mmol/L) are concentrations at initial and time t, 

respectively and m (g) is the mass of adsorbent. 

qt = (C0 – Ct) V/m          (1) 

 

2.8. Adsorption isotherm 

 

 The isotherm studies were carried out using a range of initial CP+ concentrations of 0.3 

to 2.5 mM. A typical experiment was conducted in a batch process by adding 0.2 g of the 

adsorbent to 50 mL of CP+ solution. The mixture was stirred at 250 rpm for 3 and 6 h in the 

presence of adsorbents (AlPO4)C and (AlPO4)E, respectively. The mixture was centrifuged at 

4000 rpm for 10 min and the residual CP+ concentration was determined in the supernatant 

solution. The amount of adsorbed CP+ at equilibrium qe (mmol/g) was obtained by Eq. (2) 

where C0 and Ce (mmol/L) are initial concentration and equilibrium concentration of CP+, 

respectively, V (L) is the volume of solution, and m (g) is the mass of adsorbent. 
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qe = (C0 – Ce) V/m          (2) 

 

3. Results and discussions 

 

3.1. Electrocoagulation in NaCl solution 

 

 The electrolysis of CP+ was performed at 22°C in 0.1 M NaCl solution. The 

electrolysis current was controlled at 0.2 A in order to prevent an excessive foam formation. 

After 570 min of electrolysis, the mass loss of the anode was 0.77 g whereas the calculated 

value according to Faraday’s law was 0.637 g. The cathode showed also a mass loss of 0.28 g 

due to a cathodic corrosion. These mass losses of aluminum anode and cathode are classical 

observations during EC [19]. A mass of 2.6 g of the electrogenerated alumina was isolated at 

the end of the electrolysis.  

 Owing to the formation of alumina, the turbidity of the aqueous medium increased. 

Remarkably, as shown by results in Fig. 1, the turbidity increased with increasing CP+ 

concentration from 4 to 16 mM CP+. This observation shows that CP+ is involved in the 

coagulation process. A correct explanation of that increased turbidity would require more 

experiments. 

 The pH increased at the beginning of electrolysis and reached an approximate constant 

value (Fig. 2). The greatest pH value shows a noteworthy decrease when the CP+ 

concentration increases. Without CP+ the pH reaches 9, whereas in solutions of 4 mM, 8 mM 

and 16 mM CP+ the pH increases until 8.4, 8.0 and 7.5, respectively. An increase of the pH is 

frequently observed during EC in NaCl solution. It is explained by a partial formation of 

Al(OH)2Cl instead of the expected Al(OH)3 [11]. As explained below, the effect of CP+ 

concentration on the particular pH variation reveals the involvement of the reduction of CP+ 

during this EC.  

 In the absence of CP+ in NaCl solution, the EC process can be described by Eqs. (3)-

(6). The anodic reaction (Eq. (3)) leads to the formation of Al3+ ions. The cathodic reduction 

of water (Eq. (4)) produces hydrogen and hydroxyl anion. Al3+ and OH  ions react to form 

alumina following Eq. (5). The structure of alumina depends upon the water content of 

Al2O3.xH2O. In most cases, X-ray diffraction of the isolated electrogenerated alumina shows 

that AlOOH is the main compound obtained beside Al(OH)3 [11]. The overall reaction is 

summarized by Eq. (6). This only reaction does not account for the observed increase of pH 
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which is explained by the concomitant reaction (Eq. (7)) where a chloride anion is involved in 

an anion exchange with the release of one hydroxyl anion [11]. 

 

Al    Al3+  +  3e          (3) 

3H2O  +  3e     3/2H2  +  3OH        (4) 

2Al3+  +  6OH     Al2O3.xH2O  +  (3-x)H2O (x = 0, 1, 2 or 3)   (5) 

2Al  +  6H2O    3H2  +  Al2O3.xH2O  +  (3-x)H2O (x = 0, 1, 2 or 3)  (6) 

Al  +  3H2O  +  Cl    3/2H2  +  Al(OH)2Cl  + OH     (7) 

 

 In the presence of CP+, a coupling cathodic reduction happened following Eq. (8). The 

involvement of this reduction increased with the concentration of CP+. The consequence was 

a competition between two cathodic reactions (Eqs. (4) and (8)) and a decrease in the 

formation of hydroxyl anions and a lower pH increase as observed (Fig. 2). 

 

2CP+  +  2e     (CP)2        (8) 

 

The CP+ abatement observed after 570 min of electrolysis at CP+ concentrations of 4 

mM, 8 mM and 16 mM were 55%, 49% and 61%, respectively. At 4 mM CP+ the amount of 

CP+ adsorbed on 2.6 g of electrogenerated alumina was 0.104 mmol (see later in section 

3.4.2). Assuming that the same amount of CP+ (0.104 mmol) was adsorbed during EC, the 

abatement of CP+ due to reduction during EC is calculated to be about 44.6% at initial 4 mM 

CP+. The IR spectrum of the solid isolated after electrolysis of 4 mM CP+ was in agreement 

with the presence of adsorbed surfactant and the dimer (CP)2. The bands which were observed 

at 2930 and 2863cm-1 were attributed to the stretching of CH2 in the cetyl group [20]. These 

stretching vibrations do not allow a distinction between CP+ and its reduction product. 

 

Fig. 1.  

Fig. 2.  

 

 In order to minimize the reduction of CP+, electrolyses were realized with initial CP+ 

concentrations of 0.5 mM and 1 mM (amount of 0.125 mmol and 0.25 mmol of CP+ in 0.25 

L). The variations of CP+ concentration versus electrolysis time are represented in Fig. 3. 

After 810 min of electrolysis, an almost complete removal of CP+ was observed and 3.2 g of 

alumina were isolated. The alumina amount allowed a 95% CP+ removal involving 
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adsorption. At initial CP+ concentration of 1 mM, the observed yield of CP+ removal was 2.44 

10-5 mmol/C or 0.078 mmol/g of electrogenerated alumina, or 2.35 mmol of CP+/mol of 

electrons. 

 

Fig. 3.  

 

3.2. Reduction of CP+ 

 

This investigation was carried out in order to prove the reduction of CP+ during EC 

experiments and to find if this reaction would be an efficient electrochemical treatment. The 

possibility of a reduction during EC is not surprising since the involvement of reduction is 

well known during the removal of nitrate anions [21] and pyridinium cations are known as 

reducible substrates on various electrode materials [22]. 

 

3.2.1. Voltammetry of CP+ 

 The voltammetric study was performed in 0.1 M NaCl solution at a working electrode 

of glassy carbon. The voltammograms show a one-electron irreversible cathodic peak at – 

1.05 V/SCE and one irreversible anodic peak at – 0.02 V/SCE (Fig. 4). Both peaks increase 

with the CP+ concentration. The cathodic peak current is proportional to the CP+ 

concentration. The one-electron reduction leads to a neutral radical which undergoes a fast 

dimerization. The anodic peak is rather symmetric in agreement with the oxidation of 

adsorbed species. The anodic peak was observed only after the cathodic one proving that the 

oxidation must be attributed to the oxidation of the reduced compound which was formed 

during the cathodic potential scan. The voltammetric behavior of CP+ is summarized in Fig. 5, 

assuming that the dimer is the 4,4’ coupled isomer. During the anodic potential scan, the 

dimer is oxidized leading to the starting substrate. Owing to this chemical reversibility, 

repetitive potential scans did not show a current decrease. The potential of the electrochemical 

reduction was constant in the pH range 1-13, as expected when a process does not involve 

protonation. This electrochemical behavior is analogous to the one of N-alkylpyridinium 

cations [22]. 

 
Fig. 4.  

 
Fig. 5.  
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3.2.2. Effect of the cathode during EC  

 In order to check the behavior of CP+ and its abatement during EC different cathodes 

were used. Electrolyses were carried out in 0.1 M NaCl solution with aluminum anode and 

steel or graphite cathodes. Electrolyses were carried out for 0.5 and 1 mM CP+ under a current 

of 0.2 A. Fig. 6 shows the decrease of the CP+ concentration as a function of electrolysis time. 

The abatements of CP+ seem similar to what is observed with an aluminum cathode. After 

570 min of electrolysis, abatements reached 59% and 68% at CP+ initial concentrations of 1 

mM, when cathodes were steel and graphite, respectively. An abatement of 67% was 

observed after 570 min of electrolysis when an aluminum cathode was used (Fig. 3). 

 

Fig. 6. 
 

3.2.3. Reduction of CP+ by metal powder 

The chemical reduction of CP+ was investigated in order to confirm its possible 

removal by reduction. Aluminum, zinc and iron were used at pH 13.3, 1.2 and 1.5, 

respectively, in order to prevent the passivity of these reducing metals. The apparent standard 

potentials of Al and Zn at pH 13.3 and 1.2 are – 2.31 V/SHE and – 0.76 V/SHE, respectively. 

These metals are able to reduce CP+ which shows a cathodic peak at – 0.80 V/SHE, taking the 

potential of the SCE at + 0.246 V/SHE. The treatment of 1 mM CP+ solutions by 

stoichiometric quantities of Al and Zn powder afforded a 90% abatement of CP+. As expected 

by the low standard potential of iron at – 0.44 V/SHE, iron powder did not reduce CP+.  

 

3.3. EC in the presence of phosphate ions 

 

 EC was carried out in the presence of phosphate ions in order to modify the structure 

of the electrogenerated adsorbent. It is well known that EC is efficient in the removal of 

phosphate [23] and this is in agreement with the formation of insoluble aluminophosphate. EC 

was performed at 0.2 A for 420 min in 0.1 M NaCl solution buffered by 0.1 M Na2HPO4 and 

0.1 M NaH2PO4. At the end of the electrolysis, the experimental mass losses of aluminum 

anodes and cathodes were 0.550 g and 0.12 g, respectively. The mass loss due to corrosion of 

both electrodes is calculated at 0.2 g. 

Fig. 7 shows the variation of pH during electrolysis in the presence or without CP+. 

For the first 3 h, the pH increased slowly from 6.4 to 7.0, in agreement with a buffer effect of 

phosphate compounds. Then, for the 4th hour, the pH increase was faster and reached 9.6. 
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These pH variations contrast with the results of Fig. 2 and look like the titration curve of an 

acid by a base showing a pseudo equivalent point at about 250 min. Analogous pH variation 

has been already observed during EC of H3PO4 solutions [24]. In this case, the equivalence 

point corresponds to the total transformation of phosphoric acid into aluminum phosphate. In 

the case of Fig. 7, the interpretation is slightly different. Considering the formation of AlPO4 

by reaction of Al3+ following Eq. (9). The combination of Eqs. (3), (4), (9) and (10) gives the 

overall reaction (Eq. (11)) which shows that one mole of Al3+ arising from anode dissolution 

consumes 2 moles of H2PO4 . Considering the formation of alumina by aluminum corrosion 

(Eq. (12)) where alumina is written Al(OH)3 in order to simplify. The involvement of Eqs. 

(10) and (12) in the formation of AlPO4 (Eq. (13)) gives the overall Eq. (14) which is identical 

to Eq. (11). This relation also shows that one mole of Al(OH)3 arising from Al corrosion 

consumes 2 moles of H2PO4  and gives one mole of the basic specie HPO4
2  which is 

involved in the pH increase. 

 

Al3+  +  H2PO4     AlPO4  +  2H+       (9) 

H2PO4   +  OH     HPO4
2   +  H2O       (10) 

Al  +  2H2PO4     AlPO4  +  3/2H2  +  HPO4
2      (11) 

Al  +  3H2O    Al(OH)3  +  3/2H2       (12) 

Al(OH)3  +  H2PO4     AlPO4  +  2H2O  +  OH      (13) 

Al  +  2H2PO4     AlPO4  +  3/2H2  +  HPO4
2      (14) 

 

Fig. 7.  

 

 From the mass loss of electrodes at the end of electrolysis, the amount of Al which 

was corroded at the pseudo-equivalence of 250 min was calculated at 0.119 g corresponding 

to the possible formation of 4.41 mmol of Al(OH)3. At the same time, the quantity of Al3+ 

was 10.36 mmol according to Faraday’s law. Al3+ and Al(OH)3 allow the disappearance of 

29.54 mmol of H2PO4  and 250 mL of the 0.1 M H2PO4  solution contained 25 mmol of 

H2PO4 . So, the pseudo-equivalence observed at 250 min is not in a very good agreement with 

the formation of an aluminophosphate written as AlPO4 in this paper. The difference between 

the calculated and the observed values may be attributed to a difference between the real 

structure of the aluminophosphate and AlPO4. 

 The variation of CP+ concentration during EC in the presence of a phosphate buffer is 

given in Fig. 8. At the end of electrolyses, a mass of 3.37 g of dried aluminophosphate was 
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isolated. The CP+ abatement shown in Fig. 8 is at 95% after 3 h of electrolysis. The abatement 

can be calculated at this time at initial CP+ concentration of 1 mM. It was 0.164 mmol/g of 

electrogenerated AlPO4 or 10.97 10-5 mmol/C or 10.59 mmol/mol of electrons. In the 

presence of a phosphate buffer, the CP+ removal during EC was 4.5 times more efficient than 

in the absence of this buffer. 

 

Fig. 8.  

 

3.4. Adsorption  

 

3.4.1. Structure of the investigated adsorbents 

The structure of the alumina electrogenerated in NaCl solutions is already described as 

a mixture of boehmite AlOOH and bayerite Al(OH)3 [5,11]. The XRD of (AlPO4)C and 

(AlPO4)E showed an amorphous structure. The phosphate-modified alumina was prepared by 

immersion of an electrogenerated alumina into a 4 mM NaH2PO4 solution. During this 

immersion the alumina surface was modified thanks to an efficient phosphate adsorption [23]. 

The analysis of P by EDS gave a weight content of 1.54%. The specific surface area of solids 

were determined by BET method and gave 100 and 27 m2/g for (AlPO4)C and (AlPO4)E, 

respectively, and 217 m2/g for alumina arising from EC in 0.1 M NaCl. The large difference 

between BET surface areas of (AlPO4)C and (AlPO4)E probably arises from the kinetics of the 

synthesis ways. The chemical synthesis is faster than the electrochemical one and this allows 

the formation of a higher surface. The pHpzc of (AlPO4)C and (AlPO4)E were respectively 4.75, 

7.55 and the pHpzc of the electrogenerated alumina was 8.1. 

 

3.4.2. Adsorption of CP+ on electrogenerated adsorbents 

In order to verify the removal of CP+ by adsorption, electrolyses were carried out in 

0.1 M NaCl and in the absence of CP+ for 570 min. The experimental mass loss of both 

electrodes was 1.0 g including the mass loss of cathode by corrosion. At the end of 

electrolyses, CP+ was added at the concentrations of 2 and 4 mM and its concentration was 

measured. After 2 h of stirring, at initial concentration of 4 mM, the results showed that the 

rate of CP+ removal was calculated to be 0.04 mmol/g. This CP+ adsorption on 2.6 g of 

electrogenerated alumina corresponds to 1.47 mmol/mol of electrons. This result shows that 

EC was more efficient than adsorption in the removing of CP+. 
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 Electrolyses were carried out in 0.1 M NaCl buffered with phosphate buffer without 

surfactant. After 420 min of electrolysis, 3.2 g of an oven dried solid of aluminophosphate 

were isolated. They were added to a cell that contained 0.25 L of 1 mM CP+. The mixture was 

magnetically stirred and the change in concentration of CP+ was observed. The results showed 

a 97% decrease of CP+ after 2 h corresponding to 0.076 mmol/g of AlPO4 or 4.82 10-5 

mmol/C or 4.65 mmol/mol of electrons. In this experiment, the adsorption on electrogenerated 

AlPO4 is 3.16 times more efficient than adsorption on electrogenerated alumina. The result 

also shows that EC in the presence of a phosphate buffer was more efficient than adsorption 

on electrogenerated AlPO4 in removing CP+. 

The IR spectra of the isolated solids were in agreement with the presence of adsorbed 

CP+ as shown by the vibration bands at 2925 and 2853cm-1 which were attributed to the 

stretching of -CH2- of the cetyl group. 

 

3.4.3. Adsorption kinetics of CP+ on aluminophosphate  

 Various models are available to study the kinetics of adsorption. Two models were 

used in the adsorption of CP+ onto (AlPO4)E and (AlPO4)C: the pseudo-first-order and the 

pseudo-second-order. The Lagergren rate equation is one of the most widely used rate relation 

to describe the adsorption process. The pseudo-first-order equation is given by Eq. (15) [25], 

whereas the pseudo-second-order model is rather governed by Eq. (16) as described in the 

literature [26] where qe (mmol/g) and qt (mmol/g) are the amounts of CP+ adsorbed at 

equilibrium and at time t, respectively, k1 (min-1) and k2 (g/mmol min) are rate constants of 

the first order and the second order, respectively. 

 
log (qe  -  qt) = log qe  -  k1t / 2.303        (15) 

t / qt = 1 / k2qe
2  +  t / qe         (16) 

 

The experimental study of the adsorption kinetics of CP+ on (AlPO4)C (Fig. 9a1) 

showed a fast adsorption in the first minutes and reached a steady state, particularly at 

concentrations below the Critical Micelle Concentration (CMC). The CMC of CP+ bromide in 

water at 25°C is of 0.7 mmol/L [27]. The CMC of CP+ bromide in 0.1 M NaCl solution was 

determined by UV-Vis and was found to be 0.016 mmol/L.  

The linear relations (Eqs. (15) and (16)) were used in the investigation of the 

adsorption process. For the first order, log(qe – qt) was plotted versus t. The values of k1 were 
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calculated from the slope of the linear plots. For the second order, t/qt was plotted versus t. 

The values of qe were obtained from 1/slope, and from intercept (1/k2qe
2) k2 can be calculated. 

The correlations coefficient values R2 showed that the pseudo-second-order model gave a 

better fit than the pseudo-first-order model. The coefficients R2 are in the ranges 0.9994 - 

0.9804 and 1 - 0.9999 for (AlPO4)E, and (AlPO4)C respectively (Table 1). These values are 

significantly higher than those obtained with a pseudo-first-order model. Results for the 

second order are gathered in Table 1: The rate constant decreases from 0.9205 to 0.0693 

g/mmol min and 16.63 to 1.555 g/mmol min, for (AlPO4)E, and (AlPO4)C, respectively when 

the initial surfactant concentration increases from 0.3 mM to 0.9 mM. qe increases with the 

initial concentration of CP+. Experimental values of qe are very close to calculated values 

(Table1). 

 The kinetics of adsorption of CP+ on (AlPO4)E (Fig. 9b1) was slower than on (AlPO4)C 

and its adsorption capacity at equilibrium was lower than the one found for (AlPO4)C. 

 

Table 1.  

 

3.4.4. Adsorption isotherms of CP+ on aluminophosphate 

 For a solid–liquid system, the equilibrium of adsorption is one of the important 

physico-chemical aspects in the description of adsorption behavior.  

The adsorption isotherm of CP+ on (AlPO4)C shows a maximum adsorption capacity of 

0.43 mmol/g (165.3 mg/g) (Fig. 9a2). The initial CP+ concentrations were chosen higher than 

its CMC (Ce > CMC). At these concentrations the adsorption onto (AlPO4)C increases and the 

CP+ is associated with the adsorbent by lateral interactions between the hydrocarbon chains. 

CP+ was assumed to be adsorbed as hemimicelles and by the formation of admicelles between 

0.02 and 0.2 mM [28] and hemimicelles - admicelles between 0.2 and 0.3 mM [29]. The 

isotherm at concentrations Ce > CMC is of type III. It corresponds to a solid non-porous or 

porous which is characterized by weak interactions adsorbate/adsorbent. 

 The rate of adsorption of CP+ on (AlPO4)E is slower than that obtained on (AlPO4)C 

especially at concentrations above the CMC (Fig. 9b2). The isotherm shows the greatest 

adsorption capacity at 0.245 mmol/g (94.19 mg/g). The results between 0.08 and 0.25 mM 

show a fast formation of admicelle [30] and the formation of hemimicelles - admicelle [29]. 

The isotherm at concentrations Ce > CMC is of type III. 

 

Fig. 9. 
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3.4.5. Adsorption kinetics and isotherm of CP+ on phosphate-modified alumina 

The variation in the adsorption capacity of CP+ as a function of pH on an alumina 

modified by adsorbed phosphate showed a maximum adsorption capacity of 0.06 mmol/g at 

pH 6.9. The adsorption study was performed with 0.3 mM and 1 mM CP+ concentrations. The 

adsorption rate was slower than to the one obtained on (AlPO4)C but equivalent to the rate of 

adsorption on (AlPO4)E. The results are shown in Fig. 10a.  

 The application of pseudo-first-order and pseudo-second-order models in the 

adsorption kinetics gives a better fit with the pseudo-second-order model with R2 values 

greater than 0.99. XRD diagrams of the modified and unmodified alumina showed a slight 

difference which may be attributed to the presence of adsorbed phosphate on the surface of 

the alumina. The adsorption isotherm of the modified alumina CP+ has an adsorption capacity 

of 0.275 mmol/g (Fig. 10b).  

 

Fig. 10. 

 

3.4.7. Comparison of the investigated adsorbents 

 Three kinds of adsorbents were investigated in this work: two electrogenerated 

adsorbents: alumina and (AlPO4)E, one alumina modified by adsorbed phosphate and one 

chemically synthesized phosphate (AlPO4)C. The results of adsorption capacity showed that 

EC was more efficient in CP+ removal than adsorption on the corresponding electrogenerated 

adsorbents. The alumina modified by adsorbed phosphate and all AlPO4 were more efficient 

in CP+ removal than alumina. The best adsorption capacity was observed on the aluminum 

phosphate chemically synthesized (AlPO4)C.  

 

4. Conclusion 

 

For the first time, the removal of CP+ was investigated by EC using aluminum 

electrodes. The study revealed that this EC was a complicated process involving 

electroreduction of CP+ and adsorption on electrogenerated adsorbents. The efficiency of the 

CP+ removal was improved by performing EC in the presence of phosphate ions. The pH 

variations during EC were informative about two reactions which are involved: (i) the 

reduction of CP+ in competition with water reduction and (ii) the formation of 

aluminophosphate when EC was performed in the presence of phosphate ions. The efficiency 
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of the CP+ removal during EC was confirmed by an adsorption study. Results showed the 

following order of decreasing adsorption capacity: (AlPO4)C > alumina modified by adsorbed 

phosphate > (AlPO4)E > electrogenerated alumina. The CP+ removal was more efficient 

during the EC treatments than by adsorption on the corresponding electrogenerated adsorbents 

alumina or aluminophosphate.  
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Captions of figures and tables 

 

Fig. 1. Effect of CP+ concentration on the turbidity of the electrolytic medium during EC in 

0.1 M NaCl (aluminum electrodes; I = 0.2 A). 

 

Fig. 2. Effect of CP+ concentration on the pH variation during EC in 0.1 M NaCl (aluminum 

electrodes; I = 0.2 A). 

 

Fig. 3. Variation of CP+ concentration during EC in 0.1 M NaCl (aluminum electrodes; I = 

0.2 A).  

 

Fig. 4. Cyclic voltammograms of CP+ (glassy carbon electrode; scan rate of 100 mV/s; the 

increasing currents correspond to 0.6, 1.2, 2.4 and 3 mM CP+ in 0.1M NaCl solution). 

 

Fig. 5. Scheme of the electrochemical behavior of CP+ in 0.1 M NaCl solution at a glassy 

carbon electrode. 

 

Fig. 6. Effect of the cathode on the abatement of CP+ during EC in 0.1 M NaCl solution 

(aluminum anode; cathodes are specified in the figure; I = 0.2 A). 

 

Fig. 7. Variation of pH during the phosphate-assisted EC (0.1 M NaCl buffered by 0.1 M 

Na2HPO4 + 0.1 M NaH2PO4; aluminum electrodes; I = 0.2 A). 

 

Fig. 8. Variation of CP+ concentration during the phosphate-assisted EC (0.1 M NaCl 

buffered by 0.1 M Na2HPO4 + 0.1 M NaH2PO4; aluminum electrodes; I = 0.2 A). 

 

Fig. 9.Adsorption kinetics of CP+ onto (a1) (AlPO4)C (b1) (AlPO4)E and adsorption isotherm 

onto (a2) (AlPO4)C (b2) (AlPO4)E at 22°C and pH 7.9  

 

Fig. 10. Adsorption kinetic (a) and isotherm adsorption (b) of CP+ onto alumina modified by 

adsorbed phosphate at 22°C and pH 6.9. 

 

Table 1. Second-order kinetic parameters for the removal of CP+ by (AlPO4)E,and (AlPO4)C at 

different initial concentrations of CP+. 
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Fig. 4.  
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Fig. 9.Adsorption kinetics of CP+ onto (a1) (AlPO4)C (b1) (AlPO4)E and adsorption isotherm 

onto (a2) (AlPO4)C (b2) (AlPO4)E at 22°C and pH 6.9  
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Fig. 10. Adsorption kinetic (a) and isotherm adsorption (b) of CP+ onto alumina modified by 

adsorbed phosphate at 22°C and pH 6.9. 
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Revised table with all modifications 

 

 

Table 1. Second order kinetic parameters for the removal of CP+ by (AlPO4)E and (AlPO4)C at 

different initial concentrations of CP+. 

 

 
 

Adsorbent 

Initial 
concentration 
of CP+ (mM) 

Pseudo second  order model 
qe(exp) 

(mmol/g) 
qe(calc) 

(mmol/g) 
k2 

(g/mmol min) 
 

R2 
 0.3 0.0465 0.0580 0.9205 0.9994 

(AlPO4)E 0.5 0.1000 0.1112 0.6370 0.9991 
 0.7 0.1410 0.1554 0.3604 0.9994 
 0.9 0.1810 0.1949 0.0693 0.9804 
 0.3 0.0515 0.0647 16.63 1 

(AlPO4)C 0.5 0.1105 0.1103 7.499 1 
 0.7 0.1540 0.1520 4.947 1 
 0.9 0.1870 0.1925 1.555 0.999 

 
Revised table 
 
 
Table 1. Second order kinetic parameters for the removal of CP+ by (AlPO4)E and (AlPO4)C at 

different initial concentrations of CP+. 

 

 
 

Adsorbent 

Initial 
concentration 
of CP+ (mM) 

Pseudo second  order model 
qe(exp) 

(mmol/g) 
qe(calc) 

(mmol/g) 
k2 

(g/mmol min) 
 

R2 
 0.3 0.0465 0.0580 0.9205 0.9994 

(AlPO4)E 0.5 0.1000 0.1112 0.6370 0.9991 
 0.7 0.1410 0.1554 0.3604 0.9994 
 0.9 0.1810 0.1949 0.0693 0.9804 
 0.3 0.0515 0.0647 16.63 1 

(AlPO4)C 0.5 0.1105 0.1103 7.499 1 
 0.7 0.1540 0.1520 4.947 1 
 0.9 0.1870 0.1925 1.555 0.999 
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Graphical abstract 
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Highlights 
 
The electrocoagulation treatment of cetylpyridinium (CP+) was investigated. 
CP+ abatement involved adsorption and electroreduction. 
More efficient CP+ removal was observed in the presence of phosphate ions. 
Alumina modified by adsorbed phosphate improves the CP+ adsorption. 
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