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Abstract

Aluminum is a valuable material, which can be used for water and wastewater treatment. It exists in metal as well as in salt 

form. The efficiency of water and wastewater treatment depends upon the technology applied to treat. Sugarcane industry 

is coming under those industries which have a large amount of freshwater and release large amount of effluent. The goal 

of this research work is to study the behavior of aluminum metal and salt for the treatment of sugar industry wastewater on 

chemical oxidation and electrochemical oxidation. The effect of pH, dosing, temperature and catalysis on metal and salt has 

been also studied with both treatment methods. The results show that maximum 90% of chemical oxygen demand and 94% 

of color removal can be achieved with an aluminum electrode (electrocoagulation) at optimum conditions, pH 7, current 

density 178 A/m2, electrode distance 20 mm, and salt solution 0.5 M NaCl. In the same way, 81% chemical oxygen demand 

and 85% color removal were achieved with alum for the 0.5 M lime solution, at 50 mM mass loading, 21 °C operating tem-

perature and optimum pH of 7, respectively. The sludge generated after treatment was also analyzed with settling filtration, 

thermal, FTIR and SEM.
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Introduction

Aluminum is the most abundant metal and the third most 

abundant element in the earth’s crust, after oxygen and sili-

con. It makes up about 8% by weight of the earth’s solid 

surface and it never occurs as a free element in nature [55]. 

It is a light, conductive, corrosion-resistant metal with a 

strong affinity for oxygen. This combination of properties 

has made it a widely used material, with applications in the 

aerospace, architectural construction and marine industries, 

as well as in wastewater treatment [11]. The aluminum salts 

with chloride, nitrate and sulfate are highly soluble and form 

a range of dissolved species on contact with water. The fate 

and behavior of aluminum in the aquatic environment are 

very complex [15]. Aluminum speciation, which refers to 

the partitioning of aluminum among different physical and 

chemical forms, and aluminum solubility are affected by a 

wide variety of environmental parameters, including pH, 

solution temperature, and dissolved organic carbon (DOC) 

content. Metals in solution may be present as dissolved com-

plexes, as “free” or aquo ions, in association with particles, 

as colloids or as solids in the process of precipitation [19].

In wastewater treatment, it can be used as an electrode in 

the electrocoagulation method, chemical salt as coagulant 

and sludge as red mud [56]. Aluminum salts are widely used 

as coagulants in water treatment process due to the effec-

tiveness in removing a broad range of impurities, including 

colloidal particles and dissolved organic substances [54, 60]. 

The mode of action is generally explained in terms of two 

distinct mechanisms: charge neutralization of colloids by 

cationic hydrolysis products and incorporation of impuri-

ties in an amorphous hydroxide precipitate. The relative 

importance of these mechanisms depends on factors such 

as pH and dosage [48]. Alternative coagulants, based on 

pre-hydrolysed forms of aluminum are more effective than 

the traditional additives in many cases, but their mode of 

action is not completely understood, especially with regard 

to the role of charge neutralization and hydroxide precipita-

tion. Electrocoagulation is another way to treat the water 

and wastewater in which aluminum is used as an electrode 

[32]. In the EC process, coagulation is generated in situ 
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by electrolytic oxidation of an appropriate anode material 

[42]. During this process, charged ionic species are removed 

from wastewater by allowing it to react with an ion having 

opposite charge, or with flock metallic hydroxides generated 

within the effluent [16, 21].

Aluminum in form plate has been used to treat the tex-

tile industry wastewater [12], dye wastewater [30], heavy 

metal [23], sewage water [42], petrochemical wastewater 

[31], dairy wastewater [13], hospital wastewater [20], etc. 

and in form of salt for leachate [52], dairy wastewater [36], 

pesticide wastewater [57], and tannery wastewater [43]. 

Aluminum is easily available, economically fit and highly 

efficient as compared to other metals for industrial effluent 

and drinking water treatment [41]. Sugar industry is one 

major high amount water consumer and discharges large 

quantity of wastewater [38]. Hence, with this information, 

an experimental was conducted to treat the sugar industry 

effluent with aluminum salt and electrode.

The main aim of this research work is to evaluate the 

performance and effectiveness of aluminum (salt and elec-

trodes) to treat the sugar industry wastewater by the chemi-

cal and electro-oxidation techniques. The experimental oper-

ating parameters, effect of initial pH, current density applied, 

and distance between electrodes were scrutinized for sugar 

industry wastewater.

Materials and methods

Materials

The wastewater used for the experiments was arranged 

from Bhoramdev Sugar Industry Ltd., Kavardha (C.G.), 

India. The composition of effluent before and after treat-

ment is reported in Table 1. Analytical grade chemicals from 

Merck Limited, Mumbai, India, were used for analysis. The 

aluminum sheet was used as electrode and it was arranged 

from the local market.

Experimental methods

The complete setup of an experiment program is shown in 

Fig. 1. The batch electrocoagulation cell used in the exper-

imental study was constructed of plexiglass and the con-

figuration is given in Table 2. The electrode arrangement 

consisting of four aluminum plates was used to connect 

the parallel electrodes in a monopolar mode (anodes and 

cathodes are in parallel connection, the current is divided 

between all the electrodes in relation to the resistance of the 

individual cells). The electrodes were connected to a DC 

power supply. Suspensions were stirred using a magnetic 

stirrer adjusted to an optimal rate (300 rpm) to attain the 

highest efficiency of turbidity removal. A digital thermom-

eter (range 140 °C) was employed to measure the tempera-

ture of the suspensions, respectively. The current that flows 

through the cell and the voltage across the electrodes were 

measured with an ammeter and a voltmeter, respectively. 

Before each electrocoagulation run, the electrodes were 

washed with 15% HCl solution to remove surface grease, 

and impurities on the electrode surfaces were removed by 

means of dipping electrodes for 1 min in a normal water 

solution.

Coagulation method is carried out in Jar test apparatus 

0.20 dm3 of SIWW was taken in a 0.50-dm3 glass beaker. 

The pH of the effluent was noted and the initial pH (pH0) 

was adjusted by adding aqueous NaOH (1 M) or  H2SO4 

(1 M) solution in the range of pH 2–10. A known amount 

from 20 to 50 mM of the coagulant was added to the efflu-

ent and flash-mixed for 5 min by a magnetic stirrer and, 

thereafter, slowly mixed for 30 min. The effluent sample was 

Table 1  Characteristic of sugar industry wastewater

Except color and pH all values are in mg/L

S. no. Characteristics Quality

1 Color Dark yellow

2 pH change 5.5

3 COD 3682

5 Phosphate 5.9

6 Protein 43

7 Total solid 1287

8 Suspended solid 340

9 Dissolved solid 947

10 Chloride 50

11 Hardness 900

Fig. 1  Electrocoagulation experimental setup
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then taken in a glass cylinder and kept quiescent for 6 h. The 

supernatant liquor was centrifuged and analyzed for its COD 

value. These steps were repeated at different dosages of the 

coagulant. The filtration characteristics of the solid residue 

formed in the treated effluent were studied using an ordinary 

zero haze grades.

Analytical procedure

The COD of the samples was determined by the standard 

dichromate reflux method [33]. The chloride concentration 

was determined by the standard titrimetric Volhard method 

[58]. Sulfates and the phosphates were determined using 

standard methods [33]. The concentrations of the metal 

ions in the filtrate and the residue were determined using an 

atomic absorption spectrometer (GBC, Model Avanta, Aus-

tralia). The protein content was determined by the Bradford 

method [14]. The color of the sample was measured in terms 

of the absorbance at λ = 420 nm using a UV–Vis spectropho-

tometer (Model Lambda 35) from Perkin Elmer Instruments, 

Switzerland. The residual organics in the treated effluent 

were analyzed by Fourier transform infrared (FTIR) spec-

troscopy (Bruker Optics, VERTEX80). After the electrolysis 

experiment, the microstructure and thermal characteristics 

of the by-products, i.e., the sludge, were also examined by 

field emission scanning electron microscopy (FE-SEM, 

HITACHI, S-4700) and thermogravimetric analysis (TGA, 

SHIMADZU, DTG-60H). Filter paper (pore size 7–11 µm) 

was supplied by S.D. Fine Chemicals Ltd. The filter paper 

was supported on a ceramic Buchner funnel and gravity fil-

tration was carried out.

Results and discussion

Reaction occurrences

Mechanism with metal

Aluminum metal has been used as electrodes successfully 

in EC systems to treat water and wastewater. During elec-

trochemical reactions, metal electrodes dissolved and form 

coagulant species with metal hydroxides [7]. Metal anode 

dissolution is accompanied by hydrogen gas evolution at 

cathodes, bubble capture and floating, and suspended solid 

formation, thus removing contaminants [8, 9]. When alu-

minum electrodes are used, the electrochemical reactions 

occurring are the following.

At the anode:

At the cathode, depending on pH:

The generated Al3+
(aq) ions combine with water and 

hydroxyl ions to form corresponding hydroxides and/or 

polyhydroxides as follows:

1. Monomeric species such as Al(OH)2+, Al(OH)2
+, and 

Al(OH)4
− by Eqs. 8, 9 and 10.

2. Polymeric species such as  Al2(OH)2
4+ and Al (OH)5

2+.

(1)Al(s) → Al3+
(aq)

+ 3e
−.

(2)2H2O(l) + 2e
−
→ H2(g) + 2OH(aq),

(3)2H(aq) + 2e
−
→ H2(g).

Table 2  Characteristics of EC 
(Al plate)

S. no.

Electrode

 1 Material (anode and cathode) Aluminum

 2 Shape Rectangular may be square

 3 Size 7.5 cm × 7.5 cm

 4 Thickness 2 mm

 5 Plate arrangement Parallel

 6 Effective electrode surface area 56.25 cm2

Reactor characteristics

 1 Make Perspex glass

 2 Reactor type Batch mode

 3 Dimensions (cm) 10.7 × 10.7 × 13.7

 4 Volume  (dm3) 1.5

 5 Electrode gap 20 mm

 6 Stirring mechanism Magnetic bar

Power supply

 1 Voltage range 0–30 (V)

 2 Current 0–5 (A)
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3. Amorphous and less soluble species such as Al(OH)3 by 

Eq. 11 and  Al2O3.

Considering only mononuclear specification, the concen-

tration of the various Al forms present in solution was cal-

culated by Holt et al. [34] depending on pH. Al complexes 

acting as coagulants are adsorbed on oil particles and thus 

neutralize the colloidal charges, resulting in destabilization 

of the emulsion. This phenomenon is similar to the action 

of chemical coagulants in conventional chemical treatment. 

Hydrogen bubbles formed at the cathode can adsorb on the 

flocculated species and induce their flotation. The bubbles 

formed also reduce fouling of the cathode surface which 

could occur due to the formation of deposits. Sometimes, 

NaCl is usually employed to increase the conductivity of the 

water or the wastewater to be treated. The presence of the 

chloride ion in solution has been reported to decrease pas-

sivation of the aluminum surface and thereby increase the 

efficiency of electrocoagulation processes [35]. The chloride 

ion has been attributed a role in the pitting corrosion of the 

metal surface.

Mechanism with salt

In aluminum derivatives, alum  (Al2(SO4)3·nH2O) is a cheap 

and regular salt, and widely used as a coagulant in water and 

wastewater treatment. The aqueous chemistry of aluminum 

is complex and upon the addition of an aluminum coagulant 

in water treatment, multiple reaction pathways are possible. 

The type of interactions between the chemical coagulant and 

contaminants determines the mechanism of coagulation. The 

predominance mechanisms observed during conventional 

coagulation with metal coagulants are adsorption charge 

neutralization and sweep coagulation. For aluminum salts, 

the mechanism of coagulation is controlled by the hydrolysis 

species [22]. The positively charged polyhydroxy complexes 

such as  [Al8(OH)20]
4+ in the pH range between 4 and 7 are 

the effective flocculants. Oversaturation and formation of 

amorphous hydroxide precipitate [Al(OH)3](s) enmesh col-

loidal particles in a “sweep floc”. Many other monomeric 

and polymeric species reported are

Monomers:

[Al(OH)]2+, [Al(OH)2]
+,  [Al2(OH)2]

4+, and [Al(OH)4]
−.

Polymers:

(4)Al
3+ + H2O → Al(OH)

2+ + H
+

,

(5)Al (OH)
2+ + H2O → Al(OH)

+

2
+ H

+
,

(6)Al (OH)
+

2
+ H2O → Al(OH)3 + H

+
,

(7)Al (OH)3 + H
2
O → Al(OH)

−

4
+ H

+
.

[Al6(OH)15]3+,  [Al7(OH)17]4+,  [Al8(OH)20]4+, and 

 [Al13(OH)34]
5+.

The alum as the coagulant is capable of achieving signifi-

cant organic removal. The pH of the water during coagula-

tion has profound influences on the effectiveness of coagula-

tion for organic removal. Organic removal is much better in 

slightly acidic condition. For water of higher organic con-

tent, the optimum pH is displaced to slightly more acidic 

values.

Effect of initial pH on COD and color removal

To examine effects of the initial pH on COD and color 

reduction of wastewater, the experiment was carried out at 

initial COD 3682 mg/l, CD 78 A/m2 time 120 min and ED 

20 mm as shown in Fig. 2a, b. It is seen that COD and color 

reduction were increased with increase in pH, after certain 

optimum pH decrease. It is found that when pH is 2, 4, 6, 7, 

8, and 10, the COD reduction was 32.1%, 45%, 53.1%, 60%, 

51.2%, 41.9% and color reduction 43%, 54%, 57%, 67%, 

64%, 49%, respectively. From results, the maximum and 

minimum reductions were found at pH 7, and pH 2 and 10. 

It might because aluminum ions may be found in different 

forms and phases, depending on the pH and chemical char-

acteristics of the solution [24]. At pH values less than 4, alu-

minum ions that are released from electrodes can be found in 

the form Al(H20)6
3+, while, at a pH range of 5–6, aluminum 

may be in the forms Al(OH)2+ and Al(OH)2+. When the 

pH rises to higher values (5.5–8), aluminum changes to the 

form Al (OH)3, which means more removal of pollutant and 

stability; pH values greater than 8 may cause a dissolution 

of aluminum as ions again and decrease the removal effi-

ciency. Based on the effect of pH on the chemical form of 

aluminum, it is expected that electrocoagulation efficiency 

would be dependent on pH, to some extent [26, 41].

The efficiency of alum coagulant in the treatment 

of SIWW was also tested at different pH values. It was 

observed that with increase in pH from pH 2 to 7, COD 

reduction increased to 23%, 36%, 47%, 55%, 64% and 70% 

while color reduced to 24%, 40%, 50%, 58%, 69%, and 

75% at pH 2, 3, 4, 5, 6, and 7, respectively. The maximum 

COD and color reduced to 70% and 75% at pH 7. When 

process was carried out from pH 8 to 10, the COD reduced 

to 67%, 65%, and 60% and color reduced to 66, 61, and 

59%, respectively, at pH 8, 9 and 10 as shown in Fig. 2c, 

d. The aluminum cation compound reacts with negatively 

charged colloid of wastewater and neutralized it. Impurities 

and colloids can be adsorbed onto the hydroxide precipitate. 

The colloids present in the solution can be either entrapped 

inside the hydroxide flocs formed, or enmesh to the surface 

of hydroxides. The enmeshment is defined as sweep coagu-

lation [1–6, 27].
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Effect of dosing (current density and mass loading)

The effect of current density on COD and color removal effi-

ciencies is depicted in Fig. 3a, b. It can be ascertained that 

the removal efficiency increases with applied current density. 

The removal efficiencies of COD were 52%, 60%, 69%, 79%, 

and 74% and color reduction 64%, 67%, 73.5%, and 82 78% 

at 44.5 A/m2, 89 A/m2, 133.5 A/m2, 178 A/m2 and 222.5 A/

m2 of current densities, respectively. The effectiveness of 

current density on increasing removal efficiency slows down 

at higher current densities. The rate of anodic dissolution of 

aluminum is increased at higher current densities, resulting 

in a greater amount of coagulant and precipitant production. 

Consequently, this results in higher removal efficiency of 

organics. Bubble size decreases, while bubble generation 

rate increases with current density, which results in higher 

removal efficiency of organics via  H2 flotation, in addition 

to the effect of coagulation [50, 53].

Available data indicate that the COD and color reduc-

tion efficiency increase from 68 to 78% and 70 to 82% 

by increasing the alum dose from 20 to 50 mM shown in 

Fig. 3c, d. Further increase in dose decreased COD and 

color removal. The predominant removal mechanism at low 

doses of alum is adsorption and charge neutralization [37]. 

However, at high doses of coagulant is sweep floc coagula-

tion by enmeshment in the aluminum hydroxide precipitate 

[59]. Further increase of the alum dose from 50 to 60 mM 

decreases COD reduction by 78% and color reduction by 

72%, respectively. Therefore, the optimum dose of alum that 

enhanced maximum removal of COD and color was taken 

as 50 mM [46].

Effect of temperature

The effect of current density on temperature change was 

carried out at different CD at ED 2 cm, pH 7 and reac-

tion time from 20 to 120 min, as shown in Fig.  4a. It 

was found that the temperature was 29, 32, 38, 49, 58 

and 65 °C increase with an increase in time at CD 178 A/

m2, respectively. The reason behind the increase in tem-

perature is due to the breaking of a bond of pollutant and 

electric energy converted into heat energy. Temperature 

affects the floc formation, reaction rates and conductiv-

ity. As conductivity decreases temperature rises. Under 

Fig. 2  Effect of pH on electrooxidation and chemical oxidation using aluminum electrode and salt. a COD, b color reduction CODo = 3682 mg/l, 
CD = 89 A/m2, ED = 20 mm, pHo = 5.5, To = 25 °C, c COD, d color reduction
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galvanostatic conditions, an increase in solution resistance 

leads to a higher voltage and thus greater power consump-

tion (V = I × R). While current is set to drive constant, the 

voltage increases as resistance do, forcing the system to 

dissipate extra power (P = V × I) in the very same space 

mostly as heat, leading to a temperature increase. It has 

been suggested that when the temperature is too high, 

there is a shrinkage of large pores of the Al(OH)3 gel, 

which causes the formation of dense flocs that are more 

likely to deposit on the electrode surface [17, 18].

The effect of temperature also has been studied for 

coagulation, which is shown in Fig. 4b. The experiment 

was carried out at different temperatures from 15 to 31 °C. 

The result shows that at 21 °C and 6 h retention time, 78% 

COD and 82% color reductions were found. The reduction 

of COD and color was deceased when at low temperature 

and high temperature of the sample. It may be because the 

variation of sample temperature during coagulation may 

lead to non-representative floc formation and the convec-

tion currents will interfere with settling [1–6, 27].

Effect of catalyst

To increase the reaction, catalyst has been used for both 

experiments. The effect of catalyst for electrocoagula-

tion process at optimum condition was carried out which 

is shown in Fig. 5a. To examine the effect of a support-

ing electrolyte, electrocoagulation tests were conducted at 

two NaCl dosages (0.3, and 0.5 M) and compared with a 

test without the addition of NaCl at the same operational 

variables. Sodium chloride was selected because of its low 

toxicity at moderate levels, its reasonable cost, effective bac-

tericidal action and the fact that the chloride species avoid 

inhibition phenomena at the surface of sacrificial anodes 

[25]. With the addition of NaCl salt in wastewater sample, it 

was observed that a maximum of 90% COD and 94% color 

reductions was found at 0.5 m catalysis loading at 120 min 

of electrolysis, which is high as compared to 0.3 M NaCl 

dose (84% COD and 90% color) and without dosing (81% 

COD and 84% color reduction) of NaCl salt. The addition 

of sodium chloride may often be necessary to increase the 

Fig. 3  Effect of current density and mass loading on electrooxidation and chemical oxidation processes using aluminum plate and salt. a COD, b 
color reduction CODo = 3682 mg/l, ED = 20 mm, pH = 7, c COD and d color reduction



341International Journal of Industrial Chemistry (2019) 10:335–347 

1 3

electrical conductivity of the wastewater and to improve the 

performance and effectiveness of the electrochemical pro-

cess [40, 49].

To examine the effect of catalyst for the coagulation 

process, lime was used at 0.3 M and 0.5 M of dosing, 

which is shown in Fig. 5b. Generally, lime is used for 

increasing or decreasing the pH of the wastewater as the 

acidic nature of alum always reduces the pH of sample 

and lime increases the pH [10]. By this, combined effect 

of mass loading at pH 7 was studied. The result shows 

that 81% COD and 85% color reductions were found at 

4 h of retention time as compared to without dosing of 

lime (73% COD and 78% color reductions at 6 h reten-

tion time) and 0.3 M dosing lime (79% COD and 83.5% 

color reductions). This attributes to alum, which reacts 

instantaneously and will proceed to other end products in 

the presence of lime. Lime also reduced the retention time 

for the coagulation process to 2 h as compared to without 

lime sample. Further increase in lime dose will decrease 

the COD and color reduction, due to an increase in pH of 

the sample. In place of lime, caustic soda and soda ash 

are also used to improve the alkalinity in water treatment 

plant [44, 51].

Sludge analysis

Settling

The slurry obtained from EC treatment was subjected to 

sedimentation tests in a 0.5-dm3 graduated glass cylinder. 

The time course of the settling of sludge for aluminum elec-

trode and salt in terms of the dimensionless height of the 

solid–liquid interface (H/H0) is shown in Fig. 6. The Kynch 

theory was used to analyze the settling process [45]. The 

parameters such as sedimentation velocity (uc), concentra-

tion C(t), and the sedimentation flux were calculated. The 

sedimentation velocity (uc) was found from the slope of the 

tangent at a given solid concentration, C. The concentra-

tion of sludge at time t was determined using the following 

expression:

Fig. 4  Effect of temperature on COD and color reduction at optimum 
loading and pH for a electrocoagulation, b coagulation processes 
using aluminum electrode and salt

Fig. 5  Effect of catalysis on COD and color reduction at optimum 
loading and pH for a electrocoagulation, b coagulation processes 
using aluminum electrode and salt
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The value of Cu, i.e., the concentration of the solids 

required in the underflow, for the treated effluent was found 

to be 75 kg/m3. The maximum value of [{(1/C) − (1/Cu)}/uc] 

was found to be 4.54 × 103 m2/kg s. Using these values, the 

area of the sedimentation tank for any effluent flow rate thus 

can be calculated as follows:

where vf volumetric flow rate of the effluent  (m3/s) and C0 

the initial solid concentration (kg/m3).

From Fig. 6 it can be seen that the settling rate is very 

fast during the zone settling region for the aluminum elec-

trode. The settling rate becomes very slow, as the solids 

(8)C =

C0 × Total height

Height of suspension after time t
.

(9)A = vfC0

(

1∕C − 1∕Cu

)

uc

,

settling enter compression region. It is also seen that the 

compression region for aluminum electrode-settled sludge 

is much denser than that of alum salt-settled sludge. Anal-

ysis of residue obtained after electrooxidation and chemi-

cal oxidation (Al metal and salt) at optimum pH is men-

tioned in Table 3.

Filtration

The filtration characteristics of the EC-generated 

sludge–slurry can be studied using either a plate and frame 

filter or a rotary vacuum filter [40]. Gravity filtration can 

also be used for generating experimental data. Gravity fil-

tration can be considered as a constant pressure filtration 

by neglecting the effect of change in the hydrostatic head 

on the total pressure. The force balance for the gravity 

filtration using a filter paper on a Buchner funnel can be 

written as per MaCabe et al. [39]:

where Δt is the time interval of filtration (s), ΔV  is the fil-

trate volume collected up to that time interval  (m3), C is the 

solid concentration in the slurry (kg/m3), V is the total liquid 

filtrate volume collected up to the time interval t  (m3), µ is 

the viscosity of the liquid filtrate (Pa s), ΔP is the pressure 

drop across the filter = �gh (Pa), A is the filtration area  (m2), 

Rm is the resistance of the filter medium (/m), and α is the 

specific resistance to filtration, also called as SCR.

After recording the observations on the volume of the 

filtrate as a function of time, a plot Δt∕ΔV  may produce 

a straight line, which is shown in Fig. 7. The values of Rm 

5.72 × 10−12 and α 2.24 × 1014 were observed for aluminum 

plate and Rm 1.56 × 10−12 and α 1.30 × 10−14 for aluminum 

salt at optimum pH. It was calculated from the slope and 

the intercept, which is given in Table 4.

(10)
Δt

ΔV
=

��C

A2 ΔP
⋅ V +

�

AΔP
⋅ Rm,

0
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1
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)
mc(

t
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gie
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g
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a
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Fig. 6  Settlability of colloidal at optimum pH and loading on elec-
trocoagulation and chemical coagulation processes using aluminum 
electrode alum salt

Table 3  Analysis of residue 
obtained after EC (Al plate) at 
different pH

S. no. Parameter/pH Aluminum electrode Alum salt

1 Weight of residue (kg/m3) 7.53 12.46

2 Color Gray Dark brown

3 Nature Tough to grind and flakey Easy to 
grind and 
flakey

4 Size (mm) 0.1–5 1–5

5 Approximated drying period (h) 12 12

6 COD reduction (%) 90 81

7 Color reduction (%) 94 85

8 Optimum pH 7 7

9 Loading 178 A/m3 50 mM
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Thermal analysis

The thermogravimetric analysis (TGA), differential thermo-

gravimetric analysis (DTGA) and derivative thermal analysis 

(DTA) of scrum sludge and supernatant dried mass thermal 

characteristics were determined in the oxidizing (air) atmos-

phere at a heating rate of 10 K/min with air flushing rate of 

0.2 dm3/min. Figure 8a shows the TG, DTA and DTG traces 

of the sugar industry aluminum metal-treated wastewater. In 

contrast to the TGA behavior of the precipitate, the waste-

water TG traces show only about 2.6% decrease in weight 

up to 102 °C. However, there has been a sudden drop in 

the weight of about 4.67% from 100 to 200 °C on account 

of vaporization of volatiles and moisture. The maximum 

rate of weight loss of 0.43 mg/min at 135 °C was observed 

with an exothermic heat evolution of 792 MJ/kg recorded 

at the peak temperature of 282 °C. The rate of weight loss 

from 200 °C onwards was slow up to 400 °C losing weight 

of 9.87%. Beyond 400 °C, there has been a steady weight 

loss of about 3.4% up to 1011 °C, leaving the ash fraction of 

79.44% as the residue. Figure 8b shows the TG, DTA and 

DTG traces of the aluminum salt-treated wastewater under 

similar heating conditions. In contrast to the TGA behav-

ior of the precipitate, the composite wastewater TG traces 

show only about 3.65% decrease in weight up to 100 °C. 

However, there has been a sudden drop in the weight of 

about 8.79% from 100 to 202 °C on account of vaporiza-

tion of volatiles and moisture. The maximum rate of weight 

loss of 0.41 mg/min at 112 °C was observed with an exo-

thermic heat evolution of 102 MJ/kg recorded at the peak 

temperature of 332 °C. The rate of weight loss from 202 °C 

onwards was slow up to 500 °C losing weight of 34.52%. 

Beyond 500 °C there has been a steady weight loss of about 

3.71% up to 1011 °C. It is found that the organics of the 

precipitate get oxidized leaving behind the ash fraction of 

49.28% at 1011 °C as a residue. The comparison of the two 

residues shows that the precipitate obtained after treatment 

gets oxidized at a higher temperature range than that of the 

sugar industry wastewater. This may be due to the presence 

of more stable compounds formed during electrochemical 

treatment in the presence of an aluminum electrode. The alu-

minum electrode material combined with colloidal of efflu-

ent and settled down in the bottom of the electrochemical 

reactor. Generally, thermal degradation data (TGA, DTA and 

DTGA) were used to analyze the kinetic models available in 

the literature [29, 47].

Fourier infrared transform study

The aluminum metal plate shows a very good reduction in 

COD (90%) and color (94%) for the treatment of SIWW. 

After treatment, the supernatants obtained were dried for 

the study of FITR. The IR spectral studies of waste samples 

(metal and salt treated) provide useful information on the 

presence of different functional groups. 10–15 mg of sam-

ple was dispersed in 200 mg of spectroscopic-grade KBr to 

record the spectra. Scans were collected at a resolution of 4/

cm. The wave numbers ranged from 4000 to 500/cm. Sugar 

industry wastewater sample exhibits broadband covering the 

region 3150–2800/cm suggesting the presence of hydrogen-

bonded υ(OH) group. A broadband at 1500/cm due to δ(OH) 

further suggests the presence of the hydroxyl group, which 

is shown in Fig. 9a. A strong band at 1254/cm confirms the 

presence of sulfate group possibly attached with metal ions. 

In addition, the presence of conjugated carbon–carbon bond 

is indicated by the presence of a medium intensity band at 

1462/cm.

Dried sludge obtained after treatment with aluminum salt 

gave relatively sharper but still broader band at 3400/cm. 

This is possibly due to the breaking of hydrogen bonds and 

the presence of either free hydroxyl or coordinated hydroxyl 

Fig. 7  Filterability of slurry at optimum pH and loading on electroco-
agulation and chemical coagulation processes using aluminum elec-
trode alum salt

Table 4  Filterability of the treated wastewater

S. no. Flocculants Initial pH Finial pH Kp × 10−12 (s/m6) β × 10−6 (s/
m3)

C (kg/m3) α × 10−14 (m/kg) Rm × 10−12

1 Aluminum (metal) 7 7.3 0.66 16 4.35 2.24 5.72

2 Aluminum (salt) 7 6.5 0.67 4.366 6.58 1.30 1.56
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group. This also suggests the precipitation of the component 

bearing the hydroxyl group present in either complexed or 

free form. Absence of the band due to the sulfate group in 

this component indicates the removal of a sulfate group as 

a water-soluble component. The band at 986/cm is possibly 

due to the presence of metal oxide, which is further sup-

ported by the appearance of two bands at 596 and 480/cm 

due to υ(M–O), which is shown in Fig. 9b. From this analy-

sis, it was confirmed that aluminum forms complexes and 

precipitated at the bottom of the EC (Fig. 10).

Scanning electron micrograph

The scanning electron morphologies of metal- and salt-

treated sludge (dried) are shown in Fig. 8a, b. The sam-

ple that was treated with aluminum electrode has smaller 

particle sizes as compared to aluminum salt-treated sam-

ple. It indicates high porosity, inhomogeneous surface and 

Fig. 8  Study of thermo-
gravimetric analysis (TGA), 
differential thermogravimetric 
analysis (DTGA) and deriva-
tive thermal analysis (DTA) of 
SIWW. a Aluminum electrode 
(SW = 10.36); b aluminum salt-
treated wastewater (SW = 10.26)

Fig. 9  FTIR spectra of sugar industry wastewater (dried) a before 
treatment and b after treatment with aluminum
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particles varying in shape. Alum-treated sample sludge has 

bigger particle size and is easy to grind. The electrooxidation 

eliminates various pollutants in the wastewater by oxidation; 

meanwhile, the aluminum compound particles are formed 

including pollutants. When the aluminum compound parti-

cles are agglomerated with each other, the organics may also 

be included in the aggregates [28].

Cost estimation

The cost of electrochemical systems is critical for its appli-

cability to environmental problems and is normally not 

linked to the amount or nature of the pollutants, but is 

mainly attributed to the experimental conditions imposed. 

Electricity and electrodes can be considered to be the two 

major cost-involving components when applying ECT to 

wastewaters. Costs are also dependent on the wastewater 

conductivity, type and characteristics of wastewater, fluctua-

tion in the global parameters, and the extent of the destruc-

tion, and the type of sludge desired as well. Although ECT 

treatment costs are high, a crude estimate of ECT of SIWW 

is made. The cost of energy for SIWW treatment and the cost 

of aluminum electrode material consumed were obtained 

from the experimental results (without the use of any addi-

tive) and the sum was taken as the operating cost:

1. Energy consumption

  To treat the 1.4 dm3 of SIWW, energy consumption 

is approximately 22.85 kWh/h at an energy price in the 

Indian market = INR 8.75/kWh.

(11)Operating cost = Cenergy + Celectrode.

  Cost of energy per  m3 of SIWW treated = INR 8.75/

kWh × 22.85 kWh = INR 199.93.

2. Electrode consumption

  Aluminum required per  m3 of SIWW = 628 g/m3.

  Cost of aluminum sheets on bulk purchase (cleaning, 

cutting and placing) = INR 84/kg.

  Cost of aluminum per  m3 of SIWW treated = 0.628 

kg × INR 84/kg = INR 52.75/m3.

  Cost of energy + cost of electrode = 62.85 + 52.75 = 

INR 252.68 ($ = 3.60) per  m3 of SIWW treated.

Conclusion

To improve the industrial water use, water quantity and 

quality need to be considered. To avoid the unwanted 

release of contaminants to the environment, zero efflu-

ent discharge, which involves water reuse, recycling and 

regeneration, is the ultimate goal. It is concluded that alu-

minum compound has a good role in wastewater treatment, 

especially it shows high-performance addition with cataly-

sis. Maximum 90% (220 mg/L) COD and 94% of color 

reduction were found with 05 M NaCl catalysis, 20 mm 

electrode distances, 178 A/m3 current density at optimum 

pH 7 with electrochemical oxidation. It also shows 81% 

COD and 85% color reduction with 0.5 M lime solution, 

50 mM mass loading, and 21 °C operating temperature at 

optimum pH 7 with chemical oxidation. Aluminum elec-

trode shows good settling and filtration characteristics 

as compared to alum. The sludge (dried) generated after 

electrochemical treatment is small, flakey and grindable, 

which can be easily disposed. Otherwise, it can be used as 

fertilizer for agricultural crops. At last, electrocoagulation 

Fig. 10  Scanning electron micrograph of a untreated wastewater and b treated with aluminum
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treatment is found to be more efficient as compared to 

chemical coagulation treatment.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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