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Research highlights 

 AMX removal of 99% was obtained in EC – NF hybrid process  

 The electrical consumption was reduced by 30% in the sequential process  

 Calcium ions are involved in the electrogenerated solids 

 The EC pre-treated feed ensured the prolonged life of NF membrane 

 

Abstract 

The present study deals with the treatment of an artificial pharmaceutical waste which 

contained amoxicillin (AMX) by using successively an electrocoagulation (EC) with 

Ca(NO3)2 as an electrolyte and a nanofiltration (NF) with a Nanomax-50 membrane. The 

effect of the current intensity and of the operating pressure was investigated for separately EC 

and NF, respectively. The AMX removal as a function of pH and initial AMX concentration 

was also investigated for the separately conducted EC and NF processes. The best percentage 

removal of AMX by EC and NF was recorded to be 52.7% and 99.0%, respectively. In the 

case of the sequential processes EC followed by NF, the removal of AMX was 98.2% and 
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97.5% at pH 2.5 and 10, respectively. The contribution of both EC and NF towards the AMX 

removal efficiency in the case of the sequential process was very much significant. It is 

remarkable that the EC pre-treated feed into NF was explored with several benefits such as 

high removal efficiency, calcium involved in EC process, prolonged membrane life and 

reduced power consumption. The electrogenerated solids (the sediment and the cathode 

deposit) were characterized using Fourier Transform Infra-red spectroscopy (FTIR), Energy 

Dispersive Spectroscopy (EDS) coupled to Scanning Electron Microscopy (SEM), X-ray 

Photoelectron Spectroscopy (XPS) and Thermo Gravimetry Analysis (TGA). It appeared that 

calcium was involved in the electrogenerated solids. It gave a cathode deposit of Ca(OH)2 in 

which some AMX was embedded. 

Key words: Sequential processes; Electrocoagulation; Calcium electrolyte; Nanofiltration; 

Amoxicillin; Sludge characterization 
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1. Introduction 

Pharmaceuticals belong to a category of emerging pollutants which has been the subject 

of much concerns in environmental engineering all around the world [1,2]. Numerous studies 

have been developed aiming at their removal from industrial and municipal waste waters 

[3,4]. Numerous reviews bring together removal technologies which use membrane processes 

[5], electrochemical degradation [6], Fenton process [7], adsorption [8], biological treatments 

[9], or various combined technologies [10-13]. In addition to the fact that these treatments 

aim to eliminate in the effluents hazardous compounds, even at low concentration, these 

treatments also aim at recycling or reuse industrial waters, or a reduction of their toxicity with 

the perspective of a biological treatment. 

Many processes have been carried out for the antibiotic removals. Regarding 

amoxicillin (AMX), which is a β-lactam antibiotic frequently analyzed in wastewaters, its 

removal has been investigated by single process such as adsorption [14-16], Fenton oxidation 

[17,18], oxidative degradation [19,20] extraction [21], photocatalysis [22] and membrane 

separation [23-25]. Combined technologies, sometimes called hybrid processes, have also 

been developed in order to improve removal capacities. In wastewater, amoxicillin 

elimination has been investigated for a combination of ultrasound and ozone oxidation [26], 

combined Fenton process [27,28], adsorption and ozone oxidation [29], electrocoagulation as 

single or in combined processes has been applied to the amoxicillin removal [30-33], but 

never coupled to a membrane separation. “Energy consumption of nanofiltration processes is 

deleteriously impacted by the unavoidable membrane fouling [34]. Electrocoagulation is 

known to have a positive effect in mitigation of biofouling [35,36]. In a first intention, a 

calcium salt was used in order to improve the formation of adsorbent materials. Since all the 

calcium ions are not totally consumed during EC, it is not excluded that the residual calcium 

has also a positive effect in mitigation of biofouling [37-39].” 
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In the present work, the sequential treatment of electrocoagulation followed by a 

nanofiltration separation was applied to the removal of high concentration of amoxicillin 

from synthetic water. This study was carried out with a triple objective, to simulate the 

treatment of washing water arising from industrial equipment, protect the nanofiltration 

membrane for its fouling, and investigate the use of calcium salt in the electrocoagulation 

process.  

2. Materials and methods 

2.1. Chemicals 

All the chemicals and reagents used in the study were of Analar grade. Amoxicillin 

(C16H19N3O5S; Mol. Wt. 365.4 g mol-1) was purchased from GlaskoSmithKline (Germany) 

and the electrolyte Ca(NO3)2.4H2O was purchased from Biochem (Canada). NaOH and HCl 

were purchased from Sigma-Aldrich (France). All the solutions were made with distilled 

water. Aluminum of electrodes was grade 1050A of the registered international designation 

purchased from Ridings and Dafrodis (Bouc-Bel-Air, France). 

2.2. Electrocoagulation (EC) process 

2.2.1. Electrocoagulation cell assembly  

Electrodes were aluminum plates of 11.9 cm × 4.7 cm × 0.4 cm dimensions. Prior to 

electrolysis, the electrodes were immersed in 0.1 M NaOH for 10 min, then they were rinsed 

with distilled water and finally they were dried in an oven at 105°C for1 h. The electrolyses 

were carried out in batch reactor, under magnetic stirring. The electrodes were connected to a 

digital DC supply (2303 GPS-type) with voltage and current range of 0 – 32 V and 0 – 4 A, 

respectively. A digital ammeter and voltmeter were used to measure the current and the 

voltage. pH adjustments during the experiments were done with HCl (0.1 M) or NaOH (0.1 

M) using pH meter (model Sartorius). 
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2.2.2. Instrumental characterization 

At the end of each electrolysis the residual AMX concentration was determined by UV 

Spectrophotometry (Model Shimadzu 1800) at the absorbance wavelength of 246 nm, after 

24 h of decantation. Beside residual AMX, no degradation compounds were detected by this 

analysis. The filtered sludge and the cathode deposit were examined using Field Emission 

Scanning Electron Microscopy (FE – SEM) with JEOL JSM – 7500 FAM and JEOL EDS 

JSM – 7500 equipped with FA View (JEOL) software. The structural characterization of the 

materials was investigated by powder X – Ray Diffraction (XRD) using Rigaku MiniFlex 

600 operated at 40 kV and 15 mA and the phase identification was performed with the 

PDXL2 (Rigaku) software. The functional group identification was done by Fourier 

Transform Infra-Red (FTIR) using ThermoNicolet Nexus 670 NT FTIR equipped with the 

Attenuated Total Reflectance (ATR) equipment. The Thermo Gravimetric Analyses (TGA) 

were performed as described in [40] with a thermo gravimetric analyzer (TG: Shimadzu: 

TGA – 50H). XPS analyses were performed using KRATOS Axis Ultra DLD (Kratos 

Analytical, Manchester, United Kingdom). An incident monochromatic X-ray beam from the 

Al target (15 kV, 10 mA) was focused on a 0.7 mm × 0.3 mm area of the sample surface at an 

angle of 45˚ to the sample surface. The electron energy analyzer (located perpendicular to the 

sample surface) was operated with pass energy of 20 eV enabling high resolution of the 

spectra to be obtained. The step size of 0.02 eV was employed and each peak was scanned 

twice. The surface contamination was commonly removed by the sputtering technique using 

Ar+ ion bombardment. 

2.3. Nano-Filtration (NF) process 

The membrane used in nanofiltration was the Nanomax-50 supplied by Millipore. It 

was constituted with three layers of polyamide and polysulfone. The NF membrane had a 

surface area of 0.37 m2 and a molecular weight cut-off of 300 Dalton, with a pore diameter of 
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1 nm. It supported a maximum temperature of 40°C and a pressure of 2.8 MPa. Its hydraulic 

permeability was found to be 2.21×10-11 m s-1Pa-1. After each experiment, a cleaning was 

carried out by using distilled water to remove the fouling elements from the membrane and 

the pipes.  

The NF equipment is presented in Fig. 1, with a volumetric pump, a feed tank of 12 L 

capacity, two pressure regulation valves, two pressure sensors, a filtration module that can 

accommodate spiral membranes with a diameter of 4.54 × 10-2 m and a length of 30.5 × 10-2 

m. The experiments were carried out with 6 L of AMX solution of each concentration (10 mg 

L-1, 25 mg L-1, 50 mg L-1, 100 mg L-1 and 150 mg L-1) at pH 2.5 or 10 and the operating 

pressure between 0.1 MPa and 0.5 MPa at the room temperature. The permeate samples were 

drawn at regular intervals for AMX analysis as detailed in section 2.2.2. When the 

experiment was achieved, the feed tank was emptied and filled with distilled water. 

Fig. 1 here 

2.4. Sequential process EC - NF 

The sequential EC – NF process is schematized in Fig. 1. In a first time, several batch 

EC were performed in order to empty the feed tank of the NF with 6 L of filtered effluent, 

then the NF was carried out. The rejection of AMX was performed at pH 2.5 and 10 at an 

optimized current intensity of 0.7 A for the EC and an operating pressure of 0.5 MPa for the 

NF.  

3. Results and discussion 

3.1. Use of calcium containing electrolyte 

In EC process using aluminum electrodes, the treated solutions are generally 

supplemented with chloride or nitrate salt of monovalent cations in order to increase their 

electrolytic conductivity and to destroy the passivating layer on the anode surface. In the 
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present work, the AMX solutions were supplemented with Ca(NO3)2 . The addition of 

calcium salt has been rarely applied in water treatment, but it offers some advantages. The 

addition of Ca(OH)2 has been found to be an efficient coagulant [41,42] and the presence of 

calcium electrolyte improves EC processes [43-44]. So, in the presence of calcium nitrate, the 

involvement of calcium in the electrocoagulation process is expected to give improvements. 

3.2. Electrolysis behavior  

The analysis of solutions during EC, such as pH, electrolytic conductivity and turbidity, 

give information regarding the physicochemical curse of the process [45,46]. In the presence 

of chloride or nitrate of monovalent cation the pH increases and reaches values which are 

depending upon the nature of the co-cations. The variations of pH, electrolytic conductivity 

and turbidity of solution during EC of AMX solutions in the presence of Ca(NO3)2 electrolyte 

are presented in Fig. 2. They show some differences with the published results for 

monovalent cations [45,46]:  

(i) During the first 10 min the turbidity does not increase. This agrees with the slow pH 

increase which does not allow the precipitation of aluminum hydroxides. 

(ii) The pH increase does not reach alkaline value as it was the case for monovalent nitrate 

which reached a value of 9.5 in the presence of NaNO3 [46]. In the present case, the pH 

reaches a maximum value about 7.0, after a buffered episode at pH 6.2.  

(iii) The electrolytic conductivity notably increases, showing that the electrolysis increases 

the concentration of ionic species in the solution.  

Fig. 2 here 

The EC process afforded a sludge in the solution and a deposit on the cathode. These 

materials were isolated and the results of their analyses are given later (section 3.7). 
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3.3. Effect of the current intensity on AMX removal 

The current intensity is one of the critical parameters that can be controlled directly. 

The theoretical aluminum concentration CAl (g m-3) is given by Eq. (1) where I is the constant 

current (A), t is the electrolysis time (s), Mw is the molecular weight of aluminum (27 g mol-

1), Z is the chemical equivalence (3 for aluminum), F is the Faraday’s constant (96,487 C 

mol-1) and V is the volume of the reactor (m3). 

𝐶𝐴𝑙 =
𝐼𝑡 𝑀𝑤 

𝑍𝐹𝑉
          (1) 

As a consequence of the increase of the current intensity, the charge loading was 

increased and led to a better removal of AMX. The influence of current intensity from 0.1 A 

to 1 A on the removal efficiency of AMX is presented in Fig. 3. As expected, the current 

increase improves the removal rate of AMX. The rise in the AMX removal efficiency with 

respect to the increase in current intensity is related to the increased amount of metal 

hydroxides. 

Fig. 3 here 

All the possible electrochemical and chemical reactions are given in Eqs. (2-10). The 

alumina is written as aluminum hydroxide for an easier presentation. As shown previously 

[45] and with Eqs (4,5) the use of a nitrate electrolyte leads to the formation of hydroxide 

which is involved in the pH increased, contrary to what is observed in the investigated case in 

the presence of calcium nitrate. The explanation is due to the chemical reaction of Eq. (7) 

which consumes hydroxide anion and leads to a cathode deposit of Ca(OH)2. Besides, 

because this hydroxide consumption, all Al3+ ions cannot react, they remain in solution, take 

the place of Ca2+ and this increases the electrolytic conductivity.  

Possible electrochemical reactions: 

𝑨𝒕 𝒕𝒉𝒆 𝒂𝒏𝒐𝒅𝒆: 𝑨𝒍 →  𝑨𝒍𝟑+ +  𝟑𝒆−       (2) 
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𝑨𝒕 𝒕𝒉𝒆 𝒄𝒂𝒕𝒉𝒐𝒅𝒆: 𝟑𝑯𝟐𝑶 + 𝟑𝒆−  →
𝟑

𝟐
𝑯𝟐 +  𝟑𝑶𝑯−     (3) 

𝑵𝑶𝟑
− + 𝟖𝒆− + 𝟕𝑯𝟐𝑶 → 𝑵𝑯𝟒

+ + 𝟏𝟎𝑶𝑯−      (4) 

𝑵𝑶𝟑
− + 𝟖𝒆− + 𝟔𝑯𝟐𝑶 → 𝑵𝑯𝟑 + 𝟗𝑶𝑯−      (5) 

Possible chemical reactions: 

𝑨𝒍𝟑+ +  𝟑𝑶𝑯− →  𝑨𝒍 (𝑶𝑯)𝟑        (6) 

𝑪𝒂𝟐+ +  𝟐𝑶𝑯− →  𝑪𝒂 (𝑶𝑯)𝟐       (7) 

Possible balances: 

𝒇𝒐𝒓 (𝒂)(𝒃)𝒂𝒏𝒅 (𝒆): 𝑨𝒍 →
𝟑

𝟐
𝑯𝟐 +  𝑨𝒍 (𝑶𝑯)𝟑     (8) 

𝒇𝒐𝒓 (𝒂)(𝒄)𝒂𝒏𝒅 (𝒆):
𝟖

𝟑
𝑨𝒍 +  𝑵𝑶𝟑

− +  𝟕𝑯𝟐𝑶 →  𝑵𝑯𝟒
+ +

𝟖

𝟑
𝑨𝒍(𝑶𝑯)𝟑 +  𝟐𝑶𝑯− (9) 

𝒇𝒐𝒓 (𝒂)(𝒅)𝒂𝒏𝒅 (𝒆):
𝟖

𝟑
𝑨𝒍 +  𝑵𝑶𝟑

− +  𝟔𝑯𝟐𝑶 →  𝑵𝑯𝟑 +
𝟖

𝟑
𝑨𝒍(𝑶𝑯)𝟑 + 𝑶𝑯− (10)  

3.4. Effect of pH  

Amoxicillin is amphoteric in nature and the successive pKa values of 2.68, 7.49 and 

9.63 correspond to the ionization of the functional groups -COOH, -NH3
+ and -OH, 

respectively [47] (Fig. S1). The possible successive structures of AMX may be written 

AMX+, AMX±, AMXˉ and AMX2ˉ. Fig. 4A shows a maximum removal efficiency of AMX 

of 52.7% at the pH value of 3. The removal efficiency decreases to 21% on increasing the pH 

up to 10. At pH < 3, the decrease in removal efficiency could be associated to the formation 

of a lower amount of electrogenerated sorbent. The substantial decrease in AMX removal in 

the range of pH 8 – 10 may be appropriated with the competing nature between – OH groups 

and AMXˉ and AMX2ˉ. The availability of AMX in the form of zwitter ions (as red spheres) 

in the pH range 3 – 7, get attracted towards the surface of alumina which bears the positively 

charged species as AlOOH2
+. However, the transformation of AMX as anionic form (as blue 

spheres) at  pH ≥ 8 developed a repulsive effect against the competitive OH¯ ions, thus 

causing the lessened adsorption on to the surface of alumina. The interactive mechanism 

between AMX ions and the alumina is depicted in Fig. 5. 
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Fig. 5 here 

3.5. Effect of initial AMX concentration 

The removal of AMX as a function of initial AMX concentration is shown in Fig. 4B. 

The removal efficiency of AMX decreased from 74.5% to 19.9% when the concentration 

increased from 10 mg L-1 to 150 mg L-1. This decreasing in the removal efficiency is 

probably due to the lack of active sites in the metal hydroxide flocs involved in the trapping 

of an increasing number of AMX molecules. Despite the AMX removal decreasing, the 

sorption capacity of AMX increased up to 130 mg g-1. 

Fig. 6 here 

3.6. Adsorption kinetics and isotherms 

The equations for kinetic models viz., pseudo – first – order [48], pseudo – second – 

order [49] and Elovich [50] are given by Eqs. (11 – 13), respectively, where qe and qt are the 

adsorbed amounts (mg g-1) at equilibrium and time, t (min-1), respectively, k1 and k2 are the 

pseudo-first-order and pseudo-second-order (g mg-1min) rate constants. ‘A’ is the initial 

adsorption rate (mg g-1 min-1) and ‘B’ is the constant of desorption (g mg-1).  

 𝑞𝑡 = 𝑞𝑒(1 − 𝑒𝑥𝑝−𝑘1.𝑡)         (11) 

𝑞𝑡 =
𝐾2𝑞𝑒

2𝑡

1−𝐾2𝑞𝑒𝑡
         (12) 

𝑞𝑡 = 𝐴 + 𝐵𝑙𝑛 (𝑡)         (13) 

 The results are summarized in Table 1 and the kinetic plots are given in Fig. S2A. The 

kinetic data for the pseudo – first – order model reveals that the rate constant and sorption 

capacity were increased respectively to five times and 2.83 times to the increase in the initial 

AMX concentration of 15 times. Up on validating the pseudo – second – order model, the 

influence of initial AMX concentration on the rate constant (by 5.05 times) and sorption 
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capacity (by 2.2 times) can be conceived. The rate constants and sorption capacities are 

directly proportional to the initial AMX concentration with the reasonable fit of the pseudo – 

first – order and pseudo – second – order models as evident from R2 values. The initial 

adsorption rate (A) and the constant of desorption (B) were recorded in the range of 0.0934 – 

1.0661 mg g-1min-1 and 20.195 – 27.596 respectively. The observed regression coefficient 

values for higher AMX concentrations of 100 mg L-1 and 150 mg L-1 in the Elovich model 

did not fit well with the adsorption system.  

Table 1 here 

The compliance of isotherm models such as Langmuir (Eq. (15)) [51], Freundlich (Eq. 

(16)) [52] and Temkin (Eq. (17)) [53] with the present AMX sorption system was studied for 

various AMX concentrations and the isotherm data and graph are shown in Table 2 and Fig. 

S2B, respectively.  

𝑞𝑒 =  𝑞𝑜  
𝐾𝐿𝐶𝑒

1+ 𝐾𝐿𝐶𝑒
                                                                             (15) 

𝑞𝑒 =  𝐾𝐹 𝐶𝑒
1/𝑛

                                                                                   (16) 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇𝑒
ln(𝑎𝑇𝑒𝐶𝑒)                         (17) 

 The sorption capacity is the amount (mg g-1) of AMX at a particular time (𝑞𝑜) and at 

equilibrium (𝑞𝑒), 𝐶𝑒 is the residual AMX concentration at equilibrium (mg L-1) and 𝐾𝐿  (L 

mg-1) is the Langmuir isotherm constant. KF is a measure of the adsorption capacity (mg g-1) 

and 1/n is the adsorption intensity or surface heterogeneity. The Temkin constants, AT and BT 

are maximum binding energy and isotherm constant respectively.  Based on the regression 

coefficients, firstly, Langmuir model fits appreciably well with 0.968 followed by Temkin 

model with the value of 0.902. From Langmuir model, the monolayer adsorption capacity 

(qo) was 145.46 mg g-1 with the constant KL of 0.116 relating the net enthalpy value (H) of 

adsorption (KL α e-ΔH/RT). Scrupulously, KL is the reciprocal of concentration at which half 
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saturation of the adsorbent is attained. The dimensionless constant separation factor, RL can 

be defined by Eq. (19)  

𝑅𝐿 =
1

1+𝐾𝐿𝐶𝑜
               (19) 

 For the range of AMX concentrations, the value of 0.77 – 0.07 indicated that the 

adsorption was favorable as per the RL value between 0 and 1. Secondly, the fit of Temkin 

model was validated with the heat of sorption (aTe) and isotherm constant (bTe) of 12.19 and 

27.19 respectively. The adsorbent’s relative adsorption capacity derived from Freundlich 

model was 39.13 mg g-1 with the constant representing the adsorption intensity or surface 

heterogeneity of 0.271. Freundlich model did not fit well as evidenced from the R2 values. 

Thus, the order of compliance of isotherm models is Langmuir > Temkin > Freundlich, based 

on the regression coefficient values.  

The adsorptive removal of AMX has been carried out with a lot of materials. A recent 

review [55] gives the maximum adsorption capacities of various adsorbents in the range 1.51-

570 mg g-1. With a value of 145.46 mg g-1, the adsorption occurring during EC is not the best 

but it shows a better efficiency than what was observed for many classical adsorbents. 

Table 2 here 

3.7. EC process: characterization of electrogenerated solids 

EC of AMX solutions led to two kinds of electrogenerated solids: an alumina sludge in 

suspension which was separated by filtration and a cathode deposit of calcium compounds. 

These solids were analyzed. 

3.7.1. FTIR spectral study 

The FTIR patterns of the electrogenerated solids are presented in Fig. S3. The alumina 

sludge presents notable peaks at 3300 cm-1 and 1070 cm-1 which are characteristic of alumina 

[56]. The stretching and bending modes for aliphatic C – H groups could be observed at 2930 
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cm-1 and 1420 cm-1 respectively both in the alumina sludge and in the cathode deposit. The 

carbonyl mode of stretching was observed at 1710 cm-1 in the cathode deposit. The shoulder 

at 1340 cm-1 is ascribed to the carbonate peak in the cathode deposit and corroborates the 

formation of calcium carbonate as a consequence of reaction between Ca(OH)2 and 

atmospheric CO2. Peaks appearing at 2350 cm-1 and 1260 cm-1 indicate the γ (S-H) and –CH2 

rocking vibrations respectively. The vibrations in the range 800 – 920 cm-1 denoted the 

presence of AlOOˉ group in the cathode deposit. The peak at 735 cm-1 corresponds to the 

bending mode of Al – O group and medium intense assignment around 990 cm-1 is ascribed 

to the possible substitution of surface – OH groups by the counter ions [57]. In accordance 

with the study on the hydration of calcium aluminates [58], a sharp band with medium 

intensity around 3760 cm-1 corroborated the formation of some calcium aluminate in the 

cathode deposit.  

3.7.2. FE – SEM and XRD studies 

The investigated micrographs of the sludge and the cathode deposit are shown in Fig. 

S4. The surface morphology of the sludge appears as through a bulky and agglomerated mass 

with unevenly dispersed asymmetric grains of porous nature. Contrary to the sludge, the 

particles of the cathode deposit seem to be highly heterogeneous with rough surface. The 

above morphological observations differ from each other in terms of particle size and shape. 

The observed morphological variation could be significant with respect to the compounds 

formed during electro-coagulation. Conspicuously, as the cathode deposit contains the 

mixture of AlOOH (diaspore) and Ca(OH)2 (portlandite), it was different from that of the 

sludge which contained only AlOOH. However, both the coagulated sediment and the 

cathode deposit appear as if black tinted due to the sorption of antibiotic fragments of carbon 

networks. The presence of Al and Ca in the sediment and cathode deposit are shown in Fig. 

S4 (C – E).  The XRD pattern of the sludge formed after electrocoagulation substantiated the 
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formation of amorphous boehmite AlO(OH) whereas the cathode deposit authenticated a 

crystalline admixture of Portlandite, Ca(OH)2 and Diaspore, AlO(OH) as shown in Fig. S5. 

The elemental analysis of the sludge and deposit vindicated the presence of carbon which 

could arise from the AMX molecule (Fig. S5).  

3.7.3. X – Ray Photoelectron Spectroscopy (XPS) 

XPS was warried out in the range 0 – 800 eV for the sludge and the cathode deposit. 

The results are shown in Fig. 5. The major Al (2s) peak appeared at 118.1 eV. The Al (2p) 

deconvoluted peaks for the sludge at 72.5 eV, 74.6 eV and 76.7 eV (2p3/2) and, for the 

cathode deposit at 72.8 eV (2p) and 74.2 eV (2p3/2) are attributed to the presence of AlO(OH) 

as boehmite (Fig. 5). The surface hydroxyl groups in alumina structure (Al-O-H) appear 

through the peak transitions (O1s) at 531.5 eV, 531.8 eV and 532.1 eV (Fig. 5) in accordance 

with the XPS study of major minerals which includes boehmite [59]. The binding energy 

peaks of Ca observed at 347.4 eV (3p3/2) and 351.0 eV (3p1/2) to resembled the formation of 

CaO and CaCO3 respectively in the cathode deposit (Fig. 5). The higher peak intensity at 

347.4 eV substantiated the presence of calcium hydroxide (as portlandite) rather than calcium 

carbonate as supported by the XRD study. Conversely, no such calcium compounds were 

found in the sludge. The deconvoluted peaks belonging to C1s for the sludge and cathode 

deposit are shown in Fig. 6. The peaks with binding energy at 284.8 eV (sp3 – C), 286.0 eV 

and 288.5 eV corresponding to the respective functional groups C – C, C – O and C = O 

evidence the separated amoxicillin molecule from the aqueous solution during the EC 

process. Although the elimination of AMX could be advocated, the difference in peak 

intensities of C1s clearly indicated the varied proportions of the antibiotic molecule in the 

sludge and the cathode deposit. The peak intensities of C – C and C – O was higher in the 

sludge than that of the cathode deposit whereas the deposit exceeded than that of the sludge 

in the peak intensity of C = O group. The peak intensities illustrated the affinity of AMX 
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containing C – C and C – O groups towards the sludge was greater in sludge by about 4% and 

48% respectively to that of deposit. On the other hand, the unsaturated carbonyl group (C = 

O) of the AMX molecule developed higher affinity (greater by 48%) with the deposit to that 

of the sludge.  

Fig. 6 here 

 

3.7.4. Thermo-Gravimetric Analysis (TGA) 

The TGA results of the sludge and the cathode deposit are shown in Fig. S6. The 

thermogram of the sludge illustrated the formation of three endotherms at 70°C, 355°C and 

503 ˚C. The first endotherm at 70°C revealed the loss of water (also for the cathode deposit) 

and the second endotherm showing a broad range (320 – 370°C) with a maximum at 355°C 

demonstrated the loss of interstitial water molecules trapped between AlOOH layers [60]. 

The third one observed in the range 475 – 510°C belongs to the decomposition of AlOOH 

(boehmite) to γ – alumina (Al2O3) through the dehydration process. On taking the endotherms 

of cathode deposit, an additional (fourth) endotherm appeared at 710°C denoted the 

decomposition of CaCO3 with the loss of about 27.3%. A blunt (230°C) and sharp (475°C) 

endotherms correspond to the loss of surface adsorbed water (dehydration) and diaspore 

decomposition to alumina respectively. 

The exothermic peaks for the oxides of carbon (CO and CO2) for the sludge appeared 

between 320°C and 350°C and corroborated the adsorbed AMX with CO2 generation 1.8 

times higher than CO. Similarly, an exothermal broad peak of CO2 for the cathode deposit 

(200 – 450°C) witnessed the combustion of organic antibiotic molecule. Conspicuously, a 

sharp exothermic peak at 700°C was pertinent to the decomposition of calcium carbonate to 

CaO in the deposit as evidential from XPS study. The shift attributing the decomposition of 

Jo
ur

na
l P

re
-p

ro
of



chlorhexidine loaded Ca(OH)2 from 350 – 400°C to 450 – 500°C was reported [61] in 

concordance with the present study. The amount of carbon in the deposit was 4.4 times 

greater than the sludge. The greater loss of mass in the deposit (45.8%) than the sludge (30%) 

justified the presence of calcium carbonate which on decomposition leaves the residual mass 

of 54.2% in the deposits.  

3.8. Nano-Filtration (NF) process 

3.8.1. Effect of pH 

In the NF process, the separation of ions is rather achieved by size exclusion and ion – 

membrane electrical interactions [62]. The mutual dependence between pH and surface 

charge of the membrane is rather significant during nano-filtration process. The observed 

isoelectric point (IEP) of Nanomax-50 at pH 4.5 corroborated that the surface of the 

membrane becomes positive when pH < IEP and negative when pH > IEP. For the operating 

pressures (0.1 – 0.5 MPa), the removal of AMX was studied in the range of 56 – 66% at pH 

2.5 but got increased with respect to the increase in pH and attained the maximum removal of 

95 – 99% at pH 10.  The structural behavior of AMX molecule in the solution and the surface 

charge of the membrane at a particular pH signified the efficiency of AMX rejection. The 

enhanced rejection of AMX at higher pH values (pH > 7) could be associated due to the 

anionic forms of AMX (divalent and univalent) which developed a strong electrostatic 

repulsion between AMX and the membrane. As a result, the membrane permeability 

decreases with an increase in AMX rejection. The nature of negatively charged surface of 

Nanomax-50 at pH > 5, confirmed in [63] is in compliance with the AMX removal at higher 

pH values.  It seems to be evident that both the influence of molecular sieve (at lower pH) 

and Donnan repulsion (at higher pH) mechanisms were dominant during the pH gradation as 

represented in Fig. 7A. The influence of operating pressure (between pH 2 and pH 10) 

increases the permeate flux based on the solution – diffusion model. The surface forces 
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become significant at low pressure but on increasing the pressure from 0.1 M Pa to 0.5 M Pa, 

the training forces towards the permeate increase due to the increasing velocity in pores with 

increased retention rate. As a consequence, the permeability of water (solvent) increases 

rapidly as compared to AMX (solute) and resulting in the increased rejection of AMX. 

Fig. 7 here 

3.8.2. Effect of AMX concentration 

The rejection of AMX at all initial concentrations was proportional to the operating 

pressure. The rejection percentage decreased on increasing the feed concentration of AMX at 

the pH of 10.05 as shown in Fig. 7B. This may be attributed to the fact that the ionic strength 

corresponding to the AMX concentration tends to neutralize the negative charges of the 

membrane. As a consequence, the electrostatic repulsion decreases and there by facilitates the 

passing of AMX¯ (exists at pH > pKa 9.63) through the membrane with lessened removal 

efficiency of AMX. However, the training forces governed by the operating pressure 

increased the permeability of water more than that of AMX with an improved removal of 

AMX. The layer holds up the transport through the membrane and increased the osmotic 

pressure. Consequently, the decrease in flux lessened the rejection efficiency of AMX.  

3.9. The sequential process 

 The removal efficiency of AMX by EC and NF processes was 61.46% and 56.03% 

respectively at the pH value of 2.5 (Fig. 8A). On the other hand, at pH 10, the efficiency was 

93.6% for NF which was 24.6 times higher than that of EC. Thus, it could be well inferred 

that the contribution of either EC or NF seems possible with a maximum AMX rejection but 

at a particular pH of 2.5 or 10. However, the sequential EC – NF model catered the best 

efficiency of 98.2% and 97.5% at the pH values of 2.5 and 10 respectively and established 

the equal prominence at a wider pH range. Based on the initial removal of EC (61.46% at pH 
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2.5), it was quite construed that the NF was able to reject the remaining 38.54% in the 

sequential EC – NF process. Conversely, as the removal of AMX was just 3.83% (EC at pH 

10), the remaining rejection load of 96.18% by the sequential process was quite high and thus 

associated with the lessened life time due to the fouling behavior of membranes which is best 

described by the hydrodynamic and thermodynamic properties of the foulants. In pertinent to 

the fouling behavior, [64] proved the inverse relationship of the floc size with its 

thermodynamic interaction on the surface of the membrane. From the practical point of view, 

the rejection load for the NF segment was comparatively lesser in the sequential process at 

the pH of 2.5 than at 10. The initial EC process avoided the severe accumulation of AMX on 

the surface of the membrane or within the pore structure during the secondary treatment with 

NF and thus the membrane was preserved from fouling. In addition, the formation of larger 

flocs during the EC process might have minimized the forward transport velocity and the 

adherence of flocs on the surface of the membrane as well [64]. In favor of the present 

interest, paper [65] demonstrated the impact of organic contaminants towards the fouling 

behavior of membranes and the efficient performance of the sequential EC – NF process in 

the preservation of membranes. Thus, the enhanced removal of AMX in the sequential EC – 

NF system can best be justified by the predominant effects of EC process in combination 

with the NF process as that of the hybrid study published in [66,67]. 

Fig. 8 here 

3.10. Electrical energy consumption 

 The energy consumption for the EC, NF and the EC – NF sequential process was 

calculated. The energy for EC was calculated by Eq. (20) where EEC is the energy 

consumption in kWh m-3; V, I, t and v are the voltage (V), the current intensity (A), the time 
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(h) and the volume (m3), respectively. The energy consumed for EC was found to be 6.30 

kWh m-3. 

𝐸𝐸𝐶 =
𝑉𝐼𝑡

𝑣
          (20) 

The energy for NF was calculated by Eq. (21) where 𝜂𝑃 is the pump efficiency (0.85), 

𝑄𝑃 is the permeate flow rate (m h-1), A is the membrane surface (0.37 m2) and 𝜔pump is the 

rate of pump work which is equal to ∆𝑃 ×  𝑄𝐴 ; where ∆P is the pressure applied to the raw 

feed solution and QA is the volumetric feed flow rate (m3 s-1).   

𝐸𝑁𝐹 =
 𝜔𝑝𝑢𝑚𝑝

𝑄𝑝×ɳ𝑝×𝐴
         (21) 

Eq. (21) can be rewritten by Eq. (22)  

𝐸𝑁𝐹 =
∆𝑃× 𝑄𝐴

𝑄𝑝×ɳ𝑝×𝐴
         (22) 

From Eq. (22), the electricity consumption was calculated to be 6.10 kWh m-3. For the 

sequential process, the energy consumption of 8.69 kWh m-3 was calculated. The comparison 

of the electricity consumption of the separate process (EC and NF) and the sequential 

processes is presented in Fig. 8B. The energy consumed by the sequential process is 30% 

lower than for the theoretical value of 12.41 kWh m-3. This observed power reduction in the 

sequential process was achievable due to the lessened electrical energy of about 61% in the 

NF part with the electricity consumption of 2.39 kWh m-3 (against the electricity 

consumption of 6.1 kWh m-3 for NF). As a consequence of pre-treatment using EC, the 

volumetric feed flow (𝑄𝐴) and the permeate flow rate (𝑄𝑃) of NF in the sequential process 

were decreased and thereby causing a reduction in the power consumption.  

 

 

4. Conclusion 
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In view of the above results and suitable discussion, the following conclusions can be 

drawn: 

The electrocoagulation process recorded the highest removal of 52.7% at the      pH of 3 

whereas the NF process established an excellent removal of 99% at pH of 10. The removal 

efficiency of AMX during the EC process was decreased on increasing the initial AMX 

concentration. The fit of pseudo – (first and second) – order kinetic models and, Langmuir 

followed by Temkin isotherm model was well evidenced from the regression coefficient 

values. The increase in the current intensity (EC process) and the operating pressure (NF 

process) at the optimized pH values increased the removal of AMX; however, the NF process 

excelled than the EC process in the percentage efficiency. The XRD patterns for the alumina 

sediment obtained from the EC process ascertained the presence of boehmite in the sludge 

with the crystalline admixture of AlOOH (diaspore) and Ca(OH)2 (portlandite) in the cathode 

deposits. The XPS analysis corroborated the peaks for elements such as Al, Ca, O and C. The 

CaO peak witnessed by XPS was reconfirmed by the thermal study through the 

decarboxylation endothermic peak of CaCO3 at 700ºC. The sequential EC – NF process was 

studied with an excellent AMX removal efficiency of 98.2% and 97.5% at the pH of 2.5 and 

10 respectively. Taking the prolonged life of the membrane into consideration, it was 

accredited that the pH of 2.5 was very effective and efficient towards the treatment of AMX 

by adopting the sequential process. In line with the electrical energy consumption during the 

three treatment processes, the sequential process was more favorable with the power 

reduction by about 30% as compared to the theoretical consumption of 12.411 kWh m-3. In 

fine, the sequential EC – NF process was very much plausible based on the maximized AMX 

removal efficiency, minimized electrical energy consumption and the prolonged life of the 

Nanomax-50 membrane due to the pretreated feed contributed from the EC process. The fate 

of the resulting sludge after the treatment of EC process is possibly with the scope of 
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blending it with clay materials for the application of constructions as burnt bricks such that 

the disposal problem is fairly circumvented.  
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Fig. 1. Schematic diagram of sequential EC – NF process 
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Fig. 2. Variations of pH and electrolytic conductivity (A), and turbidity (B) during EC (Specific 

conditions: AMX concentration: 50 mg/L; Electrolyte 1 L of 12.19 mM Ca(NO3)2 ; Temperature: 

300 K; Current intensity: 0.7 A; Distance between the electrodes: 1 cm). 
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Fig. 3. Effect of current intensity on the variation of AMX removal (Specific conditions: AMX 

concentration: 50 mg/L; pH: 5.5; distance between the electrodes: 1 cm) 
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Fig. 4.  Influence of initial pH (A) and initial AMX concentration (B) on the AMX removal and 

on the removed quantity Qe during the EC process (Time of EC: 60 min; Distance between the 

electrodes: 1 cm. Specific conditions for (A): AMX concentration: 50 mg/L; Current intensity: 

0.7 A; Specific conditions for (B): initial pH :2.5; Current intensity :0.7 A) 
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Fig. 5. Mechanism of the adsorption of AMX onto the electro-generated alumina  
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Fig. 6. X – ray Photoelectron spectra of electrogenerated amoxicillin – alumina sludge (red line) 

and cathode deposit (green line). 
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Fig. 7. Effect of pH (A) and AMX concentration (B) on the AMX removal during the NF process (The operating pressures are given on the 

figures. Specific conditions: (A) Initial AMX concentration: 25 mg/L; (B) pH: 10). 
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Fig. 8. Effect of pH on AMX removal efficiency (A) and energy consumption (B) 

during EC, NF and EC – NF sequential process (Specific conditions: (EC) current 

intensity: 0.7A; Time of EC: 60 min; Distance between the electrodes: 1cm; pH: 2.5; 

(NF) pH: 10; Pressure: 0.5 M Pa). 
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Table 1 Effect of contact time on AMX removal by electrocoagulation (EC) 

Models 
Parameters 

Initial AMX concentration (mg L-1) 

10 25 50 100 150 

Pseudo-first 

order 

Qe 63.225 84.736 122.640 143.861 178.950 

K1 0.050 0.076 0.115 0.186 0.251 

R² 0.959 0.948 0.966 0.967 0.872 

Pseudo-second 

order 

Qe 86.799 104.732 141.958 156.800 191.309 

K1 0.471 0.753 1.010 1.900 2.380 

R² 0.935 0.921 0.966 0.893 0.951 

Elovich   A 0.2360 0.0935 0.1839 0.6591 1.0661 

B 21.022 23.964 27.596 21.150 20.195 

R² 0.951 0.896 0.918 0.721 0.851 

 

 

Table 2 Effect of initial concentration of AMX removed by electrocoagulation (EC)  

Models Parameter                                                   Value 

Langmuir qo (mg g-1) 145.464 

 K 0.116 

 R² 0.968 

Freundlich KF (mg g-1) 39.13 

 1/n 0.271 

 R² 0.791 

Temkin aTe  12.199 

 bTe  27.19 

 R² 0.902 
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