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Electrochemical Treatment of Evaporated Residue of Reverse Osmosis Concentrate 27 

Generated from Leather Industry  28 

Abstract 29 

Reverse Osmosis (RO) concentrate generated from leather industry is evaporated through 30 

solar pans/multiple effect evaporators as a disposal technique. The evaporated residue (ER) 31 

majorly consists of chloride and sulphate ions along with partially oxidized/a fresh organic 32 

compounds. Earlier studies from us concluded that, chloride and sulphate ions could be 33 

successfully separated by selective ion precipitation technique from the saturated solution of ER. 34 

In the present investigation organic compounds present in ER solution was attempted to treat by 35 

electrochemical oxidation using three different electrode systems: Cu-graphite/Cu-graphite, Ti-36 

MMO/Cu-graphite and SS304/Cu-graphite. Amongst the studied electrode systems Cu-37 

graphite/Cu-graphite and Ti-MMO/Cu-graphite electrode systems were found to be effective 38 

destruction of organic compounds from ER solution than SS304/Cu-graphite system at current 39 

density of 50 mA/cm
2
. The calculated specific energy consumption for the selected electrode 40 

system was found to be in the order of Cu-graphite/Cu-graphite>Ti-MMO/Cu-41 

graphite>SS304/Cu-graphite at 50 mA/cm
2
 for ER treatment. Furthermore the hazardous total 42 

trihalomethanes (TTHMs) generated in electrochemical oxidation was removed by adsorption 43 

through mesoporous activated carbon packed bed (MACPB) column. The results revealed that 44 

the electrochemically oxidized solution could satisfy the discharge limit after passed through 45 

MACPB column.   46 

 Keywords: Evaporated residue; Reverse Osmosis concentrate; Electrochemical oxidation; 47 

graphite electrode; Leather industry, mesoporous activated carbon. 48 

 49 
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Abbreviations 50 

RO Reverse Osmosis  51 

ER Evaporated residue 52 

MMO Mixed metal oxide 53 

TTHMs Total trihalomethanes 54 

MACPB Mesoporous activated carbon packed bed 55 

DSA Dimensionally stable anode 56 

COD0, CODcr, initial chemical oxygen demand, Critical chemical oxygen demand, mg/L 57 

TKN Total kjeldhal nitrogen, mg/L 58 

j,jlim, Current density, limiting current density, mA/cm
2
 59 

teco, Electrochemical oxidation time, min  60 

ETP Effluent treatment plant 61 

APHA American public health association 62 

AC, DC Alternating current, Direct current 63 

DPD N,N-diethyl P-phenlendiamine 64 

λ Wavelength 65 

EEM Excitation and emission matrix 66 

MAC Mesoporous activated carbon 67 

W Specific energy consumption, kWh/m
3 

68 

V Cell potential, V 69 

I, Current, A 70 

Sv Volume of ER, L 71 

∆COD, ∆TKN Difference in COD and TKN in time t, mg/L 72 
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Introduction 73 

In recent decades, reverse osmosis (RO) concentrate is being widely generated from 74 

water reclamation system used in wastewater treatment plants in leather, chemical, food, 75 

pharmaceutical, and other industries.
1-3

 The integrated conventional wastewater treatment plant 76 

with RO generates concentrate of 5–25% of feed stream volume and its solute concentration was 77 

found to be increased by about 20 times than the feed stream concentration.
4
 In addition, RO 78 

concentrates contain biological materials (i.e., bacteria, viruses, and cell fragments) and organic 79 

molecules that also represent a potential environmental hazard on direct disposal in surface 80 

water. The direct discharges of such concentrate stream severely affect the aquatic life, water 81 

potability and agriculture produce. The sources of organic pollutants in RO concentrate maybe 82 

from natural water sources, refractory chemicals used in the product manufacturing processes, 83 

and residual chemicals from wastewater treatment processes (e.g., soluble microbial products, 84 

partially biodegraded organics, anti-scaling chemicals). Management and treatment of such RO 85 

concentrate shall become a key component for reducing the environmental impact of wastewater 86 

treatment plant equipped with zero liquid discharge option. There are reports on separation of 87 

inorganic salts from RO concentrate stream.
5
 Recovery of valuables from RO concentrate would 88 

be the alternative treatment option, as it overcomes the environmental issues with RO 89 

concentrate disposal, and as the economic profitability of desalination process. Earlier from us 90 

concluded that inorganic salts such as sodium chloride and calcium sulphate could be recovered 91 

by applying common ion precipitation technique.
6,7

 RO concentrate stream after the removal of 92 

sodium chloride and calcium sulphate contained anthropogenic organics much higher than 93 

discharging limit.
8
 The wise environmental practices demand the treatment of organic pollutants 94 

present in RO concentrate before it is released and diluted into the environment. In many cases, 95 
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biological treatment processes are unsuitable and inefficient for RO concentrate because of the 96 

presence of high TDS and low organic pollutants.  97 

Several methods, such as coagulation, activated carbon adsorption,
10

 ozonation,
8
 98 

combined O3 with activated carbon,
9
 and photocatalysis

10,11
 as well as electrochemical 99 

oxidation
12,13

 have been investigated for the treatment of RO concentrate.  100 

In recent years, electrochemical oxidation processes for RO concentrate treatment is 101 

being received greater attention due to several perceived advantages such as efficient control of 102 

reaction conditions, no chemical requirements, simplicity and robustness of operation at ambient 103 

conditions.
15, 12, 14

 A number of different anode materials including thin film oxides (e.g. PbO2, 104 

SnO2), noble metals (e.g. Pt, Pd), and dimensionally stable anodes (DSA) such as Titanium base 105 

metal covered by metal oxides (e.g. RhOX, RuO2, IrO2) or mixed metal oxide (MMO) such as 106 

Ru-IrO2 and Pt-IrO2 have been investigated in recent years for the treatment of tannery 107 

wastewater, landfill leachate, petroleum processing wastewater and other bio-refractory organic 108 

waste streams.
15,16

 The advantage of electrochemical oxidation for its in-situ generation of active 109 

chlorine species (i.e. Cl2, HOCl and OCl
-
) from chloride ions present in the RO concentrate, 110 

which facilitates oxidation of organic compounds in waste stream.
17,18

 However, this potential 111 

also leads to formation of hazardous chlorinated organic molecules such as total trihalomethanes 112 

(TTHMs).
19 

Hence it is important to find best electrode system and operating conditions for the 113 

treatment of ER solution to avoid the formation of TTHMs.  114 

  In the present investigation three different electrode systems (Cu-graphite/Cu-graphite, 115 

Ti-MMO/Cu-graphite and SS304/Cu-graphite) were selected for electrochemical oxidation of 116 

ER solution after recovery of sodium chloride and calcium sulphate from RO concentrate of 117 

leather industry.
6,7

 The performance of the selected electrode systems was evaluated based on the 118 
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maximum removal of organic pollutants in terms of COD & TKN and minimum formation of 119 

hazardous by-product of TTHMs. Furthermore, the removal of TTHMs was assessed by 120 

adsorption technique using mesoporous activated carbon packed bed (MACPB) column. 121 

The selected process parameters for the destruction of organic compounds by 122 

electrochemical oxidation were: current density, j (25, 50 and 75 mA/cm
2
), and electrochemical 123 

oxidation time, teco (60, 120 and 180 min). In Recent years the optimization of two or more 124 

parameters is being performed using multivariate experimental design. Since, it is easier, 125 

statistically correct and more functional; such kind of multivariate analysis for parameter 126 

optimization will be done and incorporate in our future work.  127 

MATERIALS AND METHODS 128 

Source of Evaporated residue and preparation of saturated solution of ER 129 

The ER was collected from a solar evaporation pan in an Effluent Treatment Plant (ETP) 130 

of a commercial tannery in Ranipet, Tamil Nadu, India and stored under packed condition in the 131 

laboratory for further studies. The saturated solution of ER was prepared by dissolving 600 g in 132 

1litre of deionised water under stirring.
6
 The undissolved sand, grit and floating solids were 133 

separated by filtration through whatman 1 filter paper. The filtered saturated ER solution was 134 

characterized (Table.1) for pH, total dissolved solids, COD, TKN, ammonical-nitrogen, Na
+
,
 

135 

Ca
2+

, Mg
2+

, Cl
-
 and SO4

2-
 by following the methods of APHA.

20
 The detailed preparation and 136 

characterization of saturated ER solution were reported elsewhere.
6
  137 

Chemicals  138 

The concentrated hydrochloric acid, sodium hydroxide, calcium hydroxide and calcium 139 

sulphate dihydrate used in this investigation were purchased from Merck chemicals (India) Pvt. 140 

Ltd.  141 
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Experimental setup for separation of chloride, sulphate ions and electrochemical oxidation 142 

of ER 143 

A known volume of saturated solution of ER was taken in the reactor vessel for the 144 

selective precipitation of sodium chloride. At optimized conditions such as pH, 8.0; temperature, 145 

40°C; and concentration of ER, 60 % (w/v) was maintained to separate NaCl from saturated 146 

solution of ER using hydrogen chloride gas at an injection rate of 2.06 g/min. The supernatant 147 

solution was transferred to the evaporative crystallization reactor to furthermore crystallize out 148 

NaCl. Then, the residual solution of ER was pumped to a neutralization reactor for the 149 

precipitation of calcium sulphate using calcium hydroxide. The neutralized ER solution was 150 

taken into the electrolysis cell for destruction of organic pollutants. The electrolysis cell is 151 

rectangular in shape with water jacketed medium made of glass (length, 15cm; width, 3.5cm and 152 

height, 15cm). Graphite electrodes (length, 15cm and diameter, 1cm) were positioned parallel in 153 

the electrolysis cell with an equal distance of 1 cm. The electrodes were mounted onto the 154 

reactor walls horizontally and extended outside the reactor for the electrical connection as shown 155 

in Fig. 1. In order to reduce the ohmic resistance and to ensure good electrical connectivity, the 156 

graphite electrodes were coated with metallic copper across its length of 2 cm in either one end 157 

and named as Cu-graphite (See supporting document for copper coating procedure). Similarly, 158 

two more electrochemical cells with the same dimensions were fabricated using Ti-MMO & 159 

SS304 as anode materials while Cu-graphite was chosen as a cathode material. The AC to DC 160 

rectifier (0-60 V and 0-5 A) was used to supply predetermined current density and voltage for the 161 

batch experiments. The required bulk solution temperature of the electrochemical cell system 162 

was maintained by water recirculation in external jacket provided in the electrolysis cell using 163 

cryostat (Labnet, India). The required oxygen for the oxidation of organic pollutants was 164 
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supplied in the form of compressed air using compressor at a pressure 2 kg/cm
2
. The compressed 165 

air was distributed at the bottom of the electrolysis cell as fine bubble using air spargers. 166 

The electrolyzed ER solution was finally passed into the mesoporous activated carbon 167 

packed bed (MACPB) column (diameter, 50 mm and length, 300 mm, bed height, 200 mm, 168 

weight of mesoporous activated carbon, 150 g) (see supporting document for preparation and 169 

characterization of mesoporous activated carbon) for the removal of chlorinated organic 170 

molecule (TTHMs) for high current electrochemical oxidation batch experiments.  171 

Analytical methods 172 

The ER solution was filtered through glass microfiber filter paper of pore size 0.45 µm. 173 

Chemical oxygen demand (COD) was determined in accordance with procedure illustrated by 174 

Vlysides et. al., (2000), to overcome the interference due to chloride.
21

 The concentration of 175 

TKN and ammonium-nitrogen were determined as per APHA method. 176 

 Total free chlorine generation during the electrochemical oxidation process was analysed 177 

through color development with DPD (N, N diethyl-p-phenlenediamine) followed by absorbance 178 

measurement in spectrophotometer at λ, 550 nm. The concentration of hydrogen peroxide was 179 

determined by following the methodology of APHA (1999).
20

 The formation of total 180 

trihalomethane (TTHMs) in electrochemical oxidation process was estimated by solvent 181 

extraction and detected using Gas chromatographic techniques.   182 

The Excitation-Emission image matrix (EEM) was carried out for detection of organic 183 

molecules in the solution by fluorescence spectrophotometer (Cary Eclipse). The system made 184 

up of Xenon arc lamp as a radiation source, excitation and emission gratings, and a sample 185 

chamber for quartz cuvettes (10×10 mm) and red-sensitive photo-multiplier tube was used as the 186 

detector. EEMs were recorded in the excitation wavelength range of (λex) 200–400 nm with a 187 
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step width of 5 nm and in the emission wavelength range of (λem) 250–600 nm with a step width 188 

of 5 nm.  189 

Results and Discussion 190 

Separation of sodium chloride from ER solution 191 

 From our previous report, sodium chloride was successfully separated from ER solution 192 

by selective ionic precipitation process using hydrogen chloride gas.
6
 The ionic chemical 193 

precipitation technique removed 27 g of NaCl and by evaporative crystallization process 5.5 g of 194 

NaCl from 100 mL of ER solution. The sodium chloride was precipitated first and settled at the 195 

bottom of the reactor while purging HCl gas. Furthermore the removal of water molecules from 196 

the supernatant of ER solution after NaCl precipitation by evaporation induced the crystallization 197 

of NaCl and thus increased the yield of NaCl crystals. The cumulative yield of NaCl from 198 

reactive precipitation and evaporative crystallization was found to be 32.5 g per 100 mL of ER 199 

solution, i.e. the overall percentage recovery of NaCl from ER solution was 98.7 % (w/v). The 200 

recovered NaCl was washed with pure saturated sodium chloride solution to get pure sodium 201 

chloride.  202 

Separation of calcium sulphate from ER solution 203 

 The residual solution after NaCl recovery still contained sulphate ions along with trace 204 

amounts of other inorganic and organic salts. The sulphate ions from the residual solution were 205 

separated by reactive precipitation by the addition of neutralizing agent, calcium hydroxide. 206 

About 99.5 % (w/w) of sulphate ions was precipitated as calcium sulphate with the addition of 207 

Ca(OH)2 132 g/L, along with rise in solution pH.
7
 Then the neutralized ER solution was 208 

characterized (Table 1) and electrochemical oxidation was carried out for the removal of organic 209 

compounds.  210 
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Electrochemical oxidation of neutralized ER solution using Cu-graphite, Ti-MMO and 211 

SS304 as anode material 212 

The performance of electrochemical oxidation is decided by the nature of the anode 213 

material used and operating conditions.
22,23

 In the present investigation Cu-graphite, Ti-MMO 214 

and SS304 were selected as anode material (Cu-graphite as cathode material for all the three 215 

electrochemical cell) for the evaluation of organic pollutants removal from the neutralized ER 216 

solution in batch experiment.  217 

The parameters such as pH, COD and TKN were observed and assessed for the 218 

electrolysis of neutralized ER solution and the results are presented in Fig. 2 for the three 219 

selected electrode systems. The conditions for the above experiment were operated for different 220 

electrochemical oxidation time (teco) at temperature, 25°C; COD0, 1780 mg/L and TKN0, 180 221 

mg/L. The percentage removal of COD and TKN were found to be 89 % and 86 %; 88 % and 82 222 

% and 56 % and 55 % for Cu-graphite/Cu-graphite, Ti-MMO/Cu-graphite and SS304/Cu-223 

graphite electrode systems respectively at teco of 3 hr. Amongst the selected electrode systems, 224 

SS304 anode electrode in SS304/Cu-graphite system was rapidly corroded and large amount of 225 

iron precipitate was observed. But, Cu-graphite electrode as anode was found to exhibit 226 

significantly less amount of electrode mass loss than with SS304 and no loss of mass was noticed 227 

on Ti-MMO as anode material. This implies that the high oxygen evolution potential at SS304 228 

anode electrode etched the surface and led to precipitation of iron. The mass percentage loss of 229 

anodic electrodes SS304, Cu-graphite and Ti-MMO were recorded as 1.67, 0.007 and 0.00001 % 230 

(w/w) respectively for the teco of 3 hr. The pH of electrolyzed ER solution was decreased from 231 

7.5 to 3.44, 3.9 and 4 for SS304, Cu-graphite and Ti-MMO as anodic electrode systems 232 

respectively. This maybe attributed to the liberation of H
+
 ions at the cathode during the oxygen 233 
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generation at the anodic electrode surface by water molecules dissociation. However, Cu-234 

graphite and Ti-MMO anodic electrode systems were found to be dimensionally stable at this 235 

acidic pH and also at all the tested experiments. Hence, the Cu-graphite and Ti-MMO electrode 236 

systems were considered as ideal anode electrode materials over SS304 for the electrochemical 237 

oxidation of neutralized ER solution.
24

 238 

 The efficiency of electrochemical oxidation depends on the rate of generation of 239 

oxidants, diffusion of oxidants from electrode surface into bulk solution, solution temperature 240 

and solution pH.
25

 The reduction of oxygen at cathode surface generates hydrogen peroxide at 241 

anode electrode surface in electrochemical process in presence of  hydrogen ion.
26

 The quantified 242 

concentration of H2O2 generated in the electrolyzed ER solution was found to be 162 mg/L, 154 243 

mg/L and 34 mg/L respectively for the Cu-graphite, Ti-MMO and SS304 anodic systems. The 244 

oxidation of organic pollutants in neutralized ER solution maybe explained by generation of 245 

hydrogen peroxide under electrolytic acidic conditions. The higher concentration of hydrogen 246 

peroxide was observed in Cu-graphite and Ti-MMO anodic systems than SS304 material as 247 

anode system. This could be explained as, high active surface area of the graphite material and 248 

presence of large functional sites in Ti-MMO material (owing to the porous structure) 249 

responsible for the generation of hydrogen peroxide than SS304 electrode material. The 250 

elimination of TKN concentration in neutralized ER solution was achieved by generation of 251 

hypochlorous acid, that converts nitrogen containing organic pollutants into chloramine and then 252 

into molecular nitrogen. Thus, there was a significant reduction in COD and TKN of neutralized 253 

ER solution by electrochemical oxidation using Cu-graphite/Cu-graphite and Ti-MMO/Cu-254 

graphite electrode systems than SS304/Cu-graphite system.   255 

 256 
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Effect of current density on removal of organic pollutants in neutralized ER solution 257 

The influence of operating current densities (j) for the reduction of COD and TKN 258 

concentration from neutralized ER solution was studied at 10, 20, 50 and 100 mA/cm
2
 as shown 259 

in Fig. 3a-f. The reduction of COD and TKN were evaluated and they were reduced from 1780 260 

mg/L to 180 mg/L, 200 mg/L and 780 mg/L & TKN from 180 mg/L to 24 mg/L, 32 mg/L and 80 261 

mg/L respectively for Cu-graphite, Ti-MMO and SS304 as anodic systems at operating current 262 

density, 50 mA/cm
2
 and teco, 120 min. The increase in current density beyond 50 mA/cm

2 
did not 263 

oxidize the organic pollutants significantly with all the electrode systems. The results indicate 264 

that the available concentration of oxidants in the electrochemical oxidation system was 265 

sufficient enough to oxidize the pollutants in the neutralized ER solution at 50 mA/cm
2
. 266 

However, too high operating current density was not practiced in the present study for the 267 

electrochemical oxidation of organic pollutants present in the neutralized ER solution, to avoid 268 

the formation of halogenated organic compounds. Since, there are reports on the prevention of 269 

chloro and bromo organic compounds formed by operating at low current density.
27

  270 

The increase in electrochemical oxidation time (teco) increased the elimination of COD 271 

and TKN from neutralized ER solution for three selected electrode systems (Cu-graphite/Cu-272 

graphite, Ti-MMO/Cu-graphite and SS304/Cu-graphite), and the evaluated equilibrium 273 

electrochemical oxidation time was found to be 120 min for the studied operating current 274 

densities. Furthermore, Fig 3 shows that the rate of COD and TKN removal was (17.6 & 1.67, 16 275 

& 1.26 and 15.5 & 0.6 mg COD/min & mg TKN/min for the Cu-graphite, Ti-MMO and SS304 276 

anodic electrolysis system) found to be high in the initial period of 30 min and then the rate of 277 

organic pollutant removal was decreased (9.3 & 1.3, 9.1 & 1.1 and 5.1 & 0.2 mg COD/min & mg 278 

TKN/min) and reached equilibrium at 120 min. The residual inorganic salt in neutralized ER 279 
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solution was responsible for the electrical conductance for all the applied current densities; 280 

thereby the required teco was also decreased for the electrochemical oxidation of neutralized ER 281 

solution.
28

 Moreover, the increase in electrochemical oxidation time stimulated the generation of 282 

secondary oxidant such as hypochlorite which was responsible for indirect oxidation of organic 283 

compounds in neutralized ER solution. Moreover, the increase in teco may act as a driving force 284 

for the movement of ionic solute in the electrochemical oxidation system by its electrical 285 

conductance.
29, 10

   286 

There are reports on the external addition of NaCl to remove color through the generation 287 

of hypochlorous acid and to increase the electrical conductivity in electrochemical oxidation of 288 

industrial dye effluents.
30, 31

 The neutralized ER solution itself contained residual inorganic salt 289 

and thus responsible for high electrical conductance and ease of current flow were observed in 290 

the electrochemical oxidation of neutralized ER solution. The increase in solution conductance 291 

resulted in the reduction of applied cell voltage and thus substantially decreased the electrical 292 

energy consumption.
32

 293 

Formation of free chlorine in electrolysis cell 294 

The generation of free chlorine gas during the electrochemical oxidation of neutralized 295 

ER solution was estimated for the evaluation of efficiency and their removal of excess 296 

concentration. The chlorine gas generated at the anodic surface is converted into hypochlorous 297 

acid (HOCl) and hypochlorite ion as indicated in equations (2) and (3). The algebraic sum of 298 

dissolved chlorine gas, hypochlorous acid and hypochlorite is termed as free chlorine. 299 

Hypochlorite ion is the major component of free chlorine in the normal pH range of waste water 300 

(≥7.5).  301 

−−
+→ eClCl 22 2                                                 (1) 

302 
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−+
++→+ ClHHOClOHCl 22                                                                                 (2) 

303 

−+
+→ OClHHOCl

                                                                                                  (3) 
304 

Fig. 4a, b, c shows the evolution of free chlorine concentration for the electrochemical oxidation 305 

system of Cu-graphite/Cu-graphite, Ti-MMO/Cu-graphite and SS304/Cu-graphite electrode 306 

systems. The results revealed that the increase in current density increased the free chlorine 307 

concentration significantly with all the three selected electrode system. The maximum 308 

concentration of free chlorine was found to be 38, 21, 32 mg/L for the anodic systems of SS304, 309 

Ti-MMO and Cu-graphite at current density, 100 mA/cm
2
 and teco, 120 min. As expected, the 310 

increase in operating current density and electrochemical oxidation time increased the 311 

concentration of free chlorine in the electrochemical oxidation of ER solution. The free chlorine 312 

gas generated was responsible for the indirect oxidation of organic pollutants present in the 313 

neutralized ER solution.
33,34

 Ammonia oxidation took place due to an indirect oxidation with 314 

electro-generated hypochlorous acid, according to a mechanism analogous to the breakpoint 315 

chlorination reactions.
35-37

 316 

There are many reports on the probability of formation of halogenated organic 317 

compounds (TTHMs) with free chlorine gas. The direct surface discharge of TTHMs are harmful 318 

to aquatic organisms.
38,39

 To evaluate the formation of halogenated organic compounds as 319 

TTHMs, the electrolyzed ER solution was eluted (dialysed) after adsorption onto C18 column 320 

using n-hexane. The solvent extracted compound was analyzed through Gas Chromatography. 321 

Figure 5a shows the evaluated concentration of total trihalomethanes (TTHMs) with respect to 322 

the applied current densities for teco of 120 min. The results revealed that the increase in current 323 

densities increased the formation of TTHMs concentration significantly. Among the selected 324 
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electrode systems, SS304/Cu-graphite system generated TTHMs by 120 µg/L and the other 325 

systems such as Cu-graphite/Cu-graphite and Ti-MMO/Cu-graphite generated considerably 326 

lower concentration (32 µg/L and 38 µg/L) of TTHMs than the permissible limit (100 µg/L).  327 

The problem of excess free chlorine and TTHMs discharge can be minimized by 328 

adsorbing the electrolyzed products onto activated carbon material. Hence, in this present 329 

investigation, TTHMs and excess free chlorine concentrations were reduced by-passing through 330 

a column packed with mesoporous activated carbon (MAC). The concentration of free chlorine 331 

in the electrolyzed ER solutions and after passed through a MACPB column is illustrated in Fig. 332 

5b. The results revealed that, the concentration of TTHMs concentration after passing through 333 

MACPB column was evaluated to be negligible with Cu-graphite and  Ti-MMO anodic 334 

electrode systems, and for the SS304 anodic system the maximum concentration of TTHMs was 335 

found to be 11 µg/L. However, the concentration of liberated TTHMs was within the permissible 336 

limit (100 µg/L). Hence, the integrated MACPB column and electrochemical oxidation system 337 

can be considered as a viable technique for the removal of organic pollutants without generating 338 

hazardous products in the presence of high inorganic salt concentration in ER solution.  339 

Specific energy consumption (W) 340 

 The specific energy consumption for the electrochemical oxidation of neutralized ER 341 

solution on COD and TKN removal for Cu-graphite/Cu-graphite, Ti-MMO/Cu-graphite and 342 

SS304/Cu-graphite systems were evaluated using the Eq (4) and (5). 343 

  )101/(

)101/()/()(
,

6

3

3

×∆

×
=

−

COD

StVI
kWhmW v

                                                                  (4) 
344 

  )101/(

)101/()/()(
,

6

3

3

×∆

×
=

−

TKN

StVI
kWhmW v

                                                                  (5) 
345 
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Where ‘t’ is the time of electrochemical oxidation in hours, V is the average cell potential, I is 346 

current (A), Sv is the sample volume in litres and; ∆COD and ∆TKN are the difference in COD 347 

and TKN in time “t” in mg/L. 348 

Fig. 6a,b shows the cumulative specific energy consumption for the specific removal of 349 

COD and TKN of the operating current densities (j). The increase in operating current density 350 

increased the specific energy consumption for the removal of both COD and TKN in neutralized 351 

ER solution for three selected electrode systems. The specific energy consumption for the 352 

selected electrode systems was in the order to be Cu-graphite/Cu-graphite< Ti-MMO/Cu-353 

graphite< SS304/Cu-graphite.  354 

Kinetic model study 355 

 Kinetic study on the removal of COD and TKN from neutralized ER solution was based 356 

on the applied limiting current density in electrolysis for Cu-graphite/Cu-graphite, Ti-MMO/Cu-357 

graphite and SS304/Cu-graphite systems. The limiting current density could be related to 358 

[COD]0 by the mathematical expression  359 

0)( ][CODnFkj CODmL =                                                                                                             (6) 
360 

where jL is the limiting current density (mA/cm
2
) at the instant t, n is the number of electrons 361 

transferred, F is  the Faraday constant (96487 C/mol), km(COD) the average mass transport 362 

coefficient (m/s) based on COD removal. Then, the rate of COD removal (r) can be expressed as 363 

[30] 364 

][)( CODk
nF

j
r CODm

L
==

                                                                                                        (7) 
365 

From the mass balance of the whole system operating under batch mode, we get 
366 
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r
v

A

dt

CODd
−=

][
                                                                                                                    (8) 

367 

Where A is the electrode area (m
2
) and v is the total volume of the solution (m

3
) being processed. 

368 

Integration and simplification yield 
369 

t
v

Ak

COD

COD CODmt )(

0][

][
ln( −=

                                                                                                     (9) 
370 

Similarly the removal  of TKN in neutralized ER solution is 
371 

t
v

Ak

TKN

TKN TKNmt )(

0

)
][

][
ln( −=

                                                                                                    (10) 
372 

The calculated mass transfer coefficient (km) for the removal of COD was found to be 6.34x10
-5

 373 

ms
-1

; 5.86x10
-5

 ms
-1

 and 2.1x10
-5

 ms
-1 

respectively
 
for Cu-graphite/Cu-graphite, Ti-MMO/Cu-374 

graphite and SS304/Cu-graphite electrode systems. In the case of TKN removal, the Km were 375 

5.13x10
-5

 ms
-1

; 4.4x10
-5

 ms
-1

 and 2.06x10
-5

 ms
-1 

respectively for Cu-graphite/Cu-graphite, Ti-376 

MMO/Cu-graphite and SS304/Cu-graphite electrode systems.  377 

The mass transport coefficient obtained from Eq (9 & 10) was used to calculate the critical COD 378 

(CODcr):  379 

m

cr
AFk

COD
4

1
=                                                                                                                   (11) 380 

CODcr maybe regarded as the COD below which organic pollutants in the neutralized ER 381 

solution were oxidized with mass transfer limitation. The calculated CODcr was found to be 104, 382 

112 and 314 mg/L for Cu-graphite/Cu-graphite, Ti-MMO/Cu-graphite and SS304/Cu-graphite 383 

electrode systems. Thus, the CODcr indicated that the removal of COD from the ER solution was 384 

limited by kinetic control.  385 
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The limiting current density, jlim predicts the stoichiometric requirement of current density for the 386 

electrochemical oxidation of neutralized ER solution and it was calculated by using the 387 

following equation 388 

                                                                                        (12) 389 

 390 

the calculated jlim, were found to be 43.52, 40.25 and 14.43 mA/cm
2
 respectively for Cu-391 

graphite/Cu-graphite, Ti-MMO/Cu-graphite and SS304/Cu-graphite electrolysis systems. Hence, 392 

the required optimum current density for the treatment of neutralized ER solution was found to 393 

be 50 mA/cm
2
. It is justified that, slightly higher amount of applied current density was required 394 

for effective removal of COD to overcome the system resistance in electrolysis.   395 

Fluorescence spectroscopy analysis on electrochemical oxidation of neutralized ER solution 396 

The composition and structure of fluorophores in wastewater are variable and essentially 397 

unknown. Hence, researchers have tended to favour simple techniques for the evaluation of 398 

treatment of fluorophores in wastewater. This can be done by comparing visual identification of 399 

fluorescence peaks in effluent before and after electrochemical oxidation of treatment 400 

process.
40,41

  401 

The excitation emission matrixes (EEM) of the neutralized ER solution, solution after 402 

electrochemical oxidation and solution after passed through MACPB column were evaluated to 403 

validate the performance on organic pollutant removal. Fig. 7a shows a peak at 275-400/350-404 

550nm due to the presence of humic like organic substances in the neutralized ER solution. The 405 

neutralized ER solution after electrochemical oxidation showed a significant reduction in 406 

fluorescence intensity (Fig 7b). A green to blue color shift is associated with a decrease in the 407 

number of aromatic rings, elimination of fewer conjugated bonds in a chain structure of ER 408 

solution. Also, a shift in color indicates the conversion of a linear system to a non-linear systems 409 

0lim 4 CODFkj m=
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or/and elimination of particular functional groups including carbonyl, hydroxyl, and amine 410 

groups.
42,43 

This maybe due to generated chlorine gas oxidized organic pollutants in the ER 411 

solution and shifted to shorter emission wavelengths. Moreover, it can be explained by 412 

electrochemical oxidation processes succeeded in breaking chromophoretic groups within the 413 

structure, and thus reduced the fluorescence intensity. 414 

It is reported that natural organic substances of humic and fulvic acids are the two major 415 

precursors for the formation of TTHMs.
44

 In order to confirm the elimination of TTHMs, 416 

electrolyzed ER solution was passed into the MACPB column and recorded for its fluorescence 417 

intensity. Fig. 7c shows complete elimination of fluorescence intensity beyond 400 nm emission 418 

wavelength. Thus the proposed integrated electrochemical oxidation with MACPB column was 419 

successfully removed organic pollutants and the formed hazardous products was eliminated by 420 

MACPB column to meet the standards for surface water discharge of ER solution. 421 

Conclusions 422 

 Separation of inorganic salts and treatment of organic compounds from evaporated 423 

residue of reverse osmosis concentrate generated from leather industry was carried out for 424 

environmental sustainability. In our earlier studies, the separation of chloride and sulphate ions 425 

was achieved by selective ion precipitation technique. In the present investigation destruction of 426 

organic compounds was achieved by electrochemical oxidation using three different (Cu-427 

graphite/Cu-graphite, Ti-MMO/Cu-graphite and SS304/Cu-graphite) electrode systems. 428 

Furthermore, the generation of halogenated organic compounds was successfully eliminated by 429 

passing through a packed bed mesoporous activated carbon column reactor. Thus, the present 430 

investigation elucidated the integrated electrochemical oxidation and MACPB column could be a 431 

viable option for the treatment of organic pollutants and its surface discharge.   432 
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 547 

Tables 548 

Table 1: Characteristics of saturated ER solution and neutralized ER solution 549 

Parameters Saturated ER solution Neutralized ER solution 

pH 8.67 7.52 

Total dissolved solids 474.2 371.58 

Chemical Oxygen Demand 1.78 1.78 

Total kjeldhal nitrogen 0.18 0.18 

Ammonical-nitrogen 0.03 0.03 

Chloride 215.94 235.95 

Sulphate 127.15 0.03 

Sodium 125.92 3.27 

Calcium 1.44 130 

Magnesium 0.51 0.51 

* All the values except pH are expressed in g/L 550 

 551 

 552 

 553 
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