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a b s t r a c t

The current research evaluates the treatment of Reactive Red 241, an anionic textile dye, by electro 
coagulation/biosorption (EC/BS) coupled process in a new hybrid reactor. The composite biomass 
pellets, suspended in the reactor using a twin rotary bucket system, were exploited as biosorbent. 
The influencing operational parameters of current density, pH, biosorbent dosage, and initial dye 
concentration were elucidated for decolorization. An effective performance of hybrid reactor resulted 
in complete decolorization with lower energy requirement and operational cost. At optimum con-
ditions, color removal efficiency of 99.56% was obtained after 20 min at current density 21.7 mA/
cm2, pH 7, biosorbent dosage 8 g/L, and dye concentration 50 mg/L with specific electrical energy 
consumption of 1.7 kWh/kg dye, and operational cost of 0.307 $/kg dye. The results indicate the 
potential of electro coagulation/biosorption (EC/BS) coupled hybrid reactor for the effective treat-
ment of colored effluents.

Keywords: �Hybrid reactor; Electro coagulation; Biosorption; Biomass composite pellet, Reactive red 
241.

1. Introduction

Colored wastewater discharged from textile industries 
causes severe contamination of the water resources and 
poses a hazard to the environment [1] as it carries assorted 
dyes, suspended and dissolved solids, a high concentration 
of salts and various auxiliary chemicals [2]. Dyes are the 
main pollutant in textile wastewater that is detrimental to 
the life by causing various toxic and mutagenic effects and 
have low biodegradability owing to the conjugated ring 
type structure that imparts recalcitrant nature [3]. Dye treat-

ment in aqueous solution using various techniques have 
been studied such as adsorption [4], membrane process [2], 
advanced oxidation process [5], the biological process [6], 
flocculation [7], coagulation [8] and electrochemical method 
[9]. However, a continuous research is on the development 
of cost-effective, faster and efficient treatment method for 
industrial wastewater containing a diversity of pollutants.

Electro coagulation (EC) has emerged as an efficient 
electrochemical method for the treatment of dyes [10]. The 
numerous advantages of EC over other techniques include 
the elimination of the use of chemicals, low investment 
requirement, compact equipment requiring a small area, 
lesser sludge generation, eco-friendly operation and no sec-
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ondary pollutants formation [11]. EC utilizes electrons as 
reagents for the in-situ generation of the coagulants from 
sacrificial metal electrodes by passing the current. EC utiliz-
ing the aluminum metal electrodes involves the following 
chemical reactions [12].

Oxidation at the anode: ( )
3 3sAl Al e+ −→ + � (1)

Reduction at the cathode: ( )2 2
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Dye interaction:

( )s
Dye MonomericAlspecies Dye monomericAl+ → −   � (4)

( )s
Dye PolymericAlspecies Dye PolymericAl+ → −   � (5)

( ) ( )3 s
Dye Al OH particle+ →    � (6)

Polymerization: ( ) ( ) ( ) ( )3 3ns n s
nAl OH Al OH→ � (7)

The aluminum cations released at the anode undergo the 
chemical reaction with hydroxyl ions from the cathode to 
form amorphous Al(OH)3 flocs. Numerous monomeric and 
the polymeric hydroxide aluminum species are formed in 
the bulk of solution depending upon the prevailing pH that 
provides large surface area due to the gelatinous surface 
and causes dye entrapment by precipitation, coagulation 
and adsorption mechanisms [13]. Moreover, a high concen-
tration of electrolytes such as NaCl, Na2SO4, Na2CO3 in real 
textile dye bath effluents provides an inherent superiority 
to the application of EC treatment [14]. The NaCl acting 
as electrolyte not only reduces the voltage requirement for 
the E-C process by increasing electric conductivity but also 
generates strong oxidizing agents such as Cl2, hypochlorous 
acid, and OCl– that readily destroys the organic pollutants 
present in wastewater [15].

2 2Cl Cl e− −→ + � (8)

2 2Cl H O HOCl H Cl+ −+ → + + � (9)

HOCl H OCl+ −→ + � (10) 

Biosorption (BS) of textile dyes onto various lignocellu-
losic biosorbents such as roots [16], peanut shell [17], leaves 
[4], bagasse [18] and sawdust [19] with high removal effi-
ciencies makes it a non-toxic, eco-friendly and economical 

technique due to abundance availability, renew ability, and 
biodegradability of these materials. The application of pol-
lutant adsorption on an industrial scale has certain intrin-
sic drawbacks when adsorbents are utilized in powdered 
forms such as time-consuming solid-liquid disengagement 
step required after treatment, the risk of clogging and the 
high cost of separation [20,21]. The pelletized adsorbents 
offer various advantages like easy separation after treat-
ment, good mechanical properties, easy stabilization and 
lesser clogging risk [20–22]. Due to diverse pollutants in 
real textile industry effluents, the application of a single 
treatment method has certain limitations while the hybrid 
techniques have proved to be more efficient, feasible and 
require compact reactors reducing the capital cost require-
ments [23–25]. 

In current research, treatment of Reactive Red 241 (RR-
241), an anionic textile dye, by electro coagulation/bio-
sorption (EC/BS) coupled process in a new hybrid reactor 
was performed. The composite biomass pellets prepared 
from a mixture of two biosorbents of Sapindus Mukorossi 
dead leaves powder (DLP) and powder micro crystalline 
cellulose (MCL), were exploited as biosorbent and sus-
pended in the reactor using a twin rotary bucket system. To 
the author’s knowledge, the current study is the first report 
on the application of novel Sapindus Mukorossi dead 
leaves based pelletized biosorbent with electro coagula-
tion hybrid process. Moreover, the new reactor geometry 
containing the rotary buckets (not present in conventional 
EC reactors) was studied with the biosorbent pellets sus-
pended in the solution. The color abatement was exam-
ined as a function of influencing operational parameters 
of current density, pH, biosorbent dosage, and initial dye 
concentration. The kinetic study, specific electrical energy 
consumption, unit electrode consumption and operational 
cost were evaluated. 

2. Materials and methods

2.1. Chemicals

The textile dye [Reactive Red 241] used in the current 
study was obtained from Archroma (Switzerland) and 
used without any further purification. The analytical grade 
chemicals Sodium chloride, HCl, and NaOH were procured 
from Sigma-Aldrich (USA). The chemical structure with 
properties of the dye is shown in Fig. 1. Micro crystalline 
cellulose was obtained from FMC Biopolymers (USA). The 
dead leaves of Sapindus Mukorossi were gathered from the 
vicinity of the local trees.

2.2. Biomass composite pellets preparation

The two biosorbent materials of Sapindus Mukorossi 
dead leaves powder (DLP) and powder micro crystalline 
cellulose (MCL) were used to prepare the biomass compos-
ite pellets. The dead leaves collected from the vicinity of the 
local trees were washed several times to remove all dirt and 
extraneous materials until pH of wash water was neutral-
ized. The moisture of leaves was removed by air drying at 
room temperature and then oven drying at a temperature 
of 60°C for 24 h. The leaves were then ground and sieved 
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through 70 mesh sieves to obtain Sapindus Mukorossi 
dead leaves powder (DLP). The micro crystalline cellulose 
(MCL) was used as received with an average particle size 
of 200 µm. A formulation was prepared by mixing the DLP 
and MCL in a weight ratio of (1:1) and ultra-pure deionized 
water was then added 20% by weight as a mass wetting 
agent. The wet biomass was converted into pellets using 
a locally made pellet mill by an extrusion process. The 
obtained pellets were dried at 60°C in the oven for 6 h and 
stored in airtight containers. 

2.3. Hybrid reactor setup

The hybrid reactor setup shown in Fig. 2, consists of a 
Pyrex glass rectangular tank having a capacity up to 4 L 
with dimensions of 21 cm (length) * 10.2 cm (width) * 19 cm 
(height). Two flat rectangular aluminum plate electrodes 
were mounted vertically in the reactor and set 2 cm apart 
parallel to each other. The effective submerged electrode 
area was 48.39 cm2. The electrode plates were attached to a 
local made DC power supply (LPS 6030) as a current gen-
erator. Air was dispersed into the reactor for flotation and 
mixing purpose by two porous spargers at the bottom of 
the reactor. Two closed cylindrical perforated rotary buck-
ets made of plexi glass having 3.4 cm (diameter) and 7.8 
cm (length) each, were suspended in the reactor to hold 
the biomass composite pellets. The rotary buckets were 
connected to the rpm control box through coupling rods 
with interconnected dual motor assembly to assign the 
same rpm at a single time in a clockwise direction.

2.4 Experimental and analytical methods

The synthetic colored wastewater was produced by 
dissolving the specific amount of RR-241 in distilled water. 
The batch experimental runs were performed by taking 2 L 
of colored wastewater at room temperature. For each run, 
2 g/L of NaCl electrolyte was added. The initial pH was set 
by aliquots of 1 M NaOH or 1 M HCl to the desired value 
by pH meter (Model Hanna HI9811-5). The twin rotary 
buckets were loaded with the desired amount of biosorbent 
pellets at the start of each run and the bucket rpm were set. 
The applied current density was set by a DC power supply. 
Before each run, the electrodes were first cleaned by wash-
ing with dilute HCl along with the surface rubbing using 
fine grade emery paper and then washed with ultra pure 

deionized water and used after drying [29]. For each exper-
imental run, the samples taken at fixed time intervals were 
filtered and analyzed for absorbance by UV-Vis spectropho-
tometer (Perkin Elmer Lambda 35). The decolorization effi-
ciency were determined by equation:

( ) 1 2

1

%COL

C C
Y

C
−

= � (11)

where C1 and C2 correspond to the initial and final concen-
trations (mg/L). The specific electrical energy consumption 
(SEEC-kWh/Kg dye) in hybrid reactor for treatment of 
RR-241 by the equation [26]. 
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where U is applied voltage (V), I is current intensity (A), 
t is time (h), V is solution volume (m3), Yt is the decolor-
ization efficiency. The unit electrode material consumption 
(UMC-kg/kg dye) was determined by the equation [26].
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Fig. 1. RR-241 dye structure and properties.

Fig. 2. Hybrid reactor setup.
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where A is the atomic weight of aluminum (26.98 g/mol), 
(n = 3) is the number of electrons transferred, and F is Fara-
day’s constant (96487 C/mol) respectively.

2.5. Characterization techniques

The functional groups at the surface of biosorbent pel-
lets were characterized by (FTIR) Fourier transform infra-
red spectrometer (Bruker, Alpha-E) among 500–4000 cm–1 
range. The texture at surface and morphology of biosorbent 
pellets along with elemental analysis were characterized by 
scanning electron microscope (SEM) linked with an (EDX) 
energy dispersive X-ray spectrometer (Tescan, Vega LMU). 
The specific surface area of biosorbent pellets, pore size, and 
pore volume were determined by Brunauer-Emmett-Teller 
(BET) surface area and pore size analyzer (Quantachrome, 
NOVA1200e).

The flocks generated by the EC in solution were col-
lected and dried in an oven at 105°C for several hours to 
remove all the moisture and then converted to powder 
form by mortar and pestle. The functional groups associ-
ated with the flocks were identified by FTIR spectrometer 
(Bruker, Alpha-E) among 500–4000 cm–1 range. The visual 
surface morphology of flocks was characterized by SEM-
EDX spectrometer (Tescan, Vega LMU).

3. Results and discussion

3.1. Characterization results

The FTIR of unloaded and dye-loaded biosorbent pellets 
exhibiting characteristics peaks among 500–4000 cm–1 wave-
length range is given in Fig. 3(a). The sharp peaks obtained at 
1119.81 cm–1, 1056.35 cm–1 and 987.74 cm–1 are the character-
istics of a C-O stretch of carboxylic acid and C-N, N-H vibra-
tions of amine [26,27]. The peaks at 3280.44 cm–1 and 3286.54 
cm–1 correspond to the O-H stretch of the hydroxyl group 
and water adsorbed. The peaks at 1643.47 cm–1 and 1644.07 
cm–1 are characteristics of stretching vibrations of C=O car-

bonyl group. The peaks in the lower region at 868.93 cm–1, 
783.96 cm–1 and 653.80 cm–1 represents C-H bending [26,27]. 
The drift in the peaks confirms the presence of RR-241 mole-
cules on the biosorbent pellets surface.

The SEM-EDX images of unloaded and dye-loaded 
biosorbent pellets are shown in Fig. 4 (a, b). The unloaded 
condition SEM image (Fig. 4a) indicates the porous irregu-
lar surface of biosorbent pellets and dye-loaded SEM image 
(Fig. 4b) shows the pore coverage by the dye molecules. The 
EDX peaks revealed the presence of main elements of C, 
O, P and Ca. The increase in weight % of C from 13.26% to 
25.81% was observed after dye loading (Table 1).

The determined results of the (BET) analysis of biosor-
bent pellets exhibited the specific surface area of 13.18 m2/g, 
the average pore diameter of 46.72°A and total pore volume 
of 3.41×10–2 cm3/g.

The FTIR spectrum of unloaded and dye-loaded Al 
flocks in 500–4000 cm–1 wavelength region is shown in 
Fig. 3b. The broad peaks observed at 3331.27 cm–1 and 
3315.32  cm–1 correspond to the O-H stretch vibrations of 
Al(OH)3 formed in the solution [13,28]. The sharp peaks at 
1637.49 cm–1 and 1636.38 cm–1 indicate H-O-H stretching 
vibrations. The peaks at 1066.7 cm–1 represent the Al-O-H 
stretching vibrations of Al flocks [13,28]. The peaks at 
668.76 cm–1 and 727.63 cm–1 correspond to the Al-O stretch-
ing [13,28]. The drift in the peaks owing to the O-H and 
N-H stretching of dye molecules confirms the dye removal 
mechanism by Al flocks [28].

Figs. 4c, d show the SEM-EDX images of unloaded and 
dye-loaded Al flocks. The unloaded SEM image (Fig. 4c) 
revealed an amorphous, porous and gelatinous texture of 
the surface. A smoother surface was observed (Fig. 4d) after 
the dye loading. The EDX peaks showed the presence of ele-
ments of Al, O, C, Cl, and Na. The elemental composition is 
shown in Table 1. Similar results have been reported [13, 28].

3.2. Comparison of processes

The RR-241 decolorization was studied as function of dif-
ferent processes (BS, EC, EC/BS). The experimental results 

   
Fig. 3. FTIR of (a) Biomass pellets (b) Al Flocks.
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(Fig. 5) showed that the lowest decolorization efficiency of 
34.01% was achieved in case of the only BS while the max-
imum removal efficiency of 99.9% was obtained in case of 
(EC/BS) coupled process after 60 min treatment. The deco-
lourization efficiency achieved after 20 min operation for the 
various processes were, BS 19.9%, EC 78.29%, EC/BS 99.56% 
respectively. The EC/BS coupled process was found to be 

the most efficient among the studied processes to decolorize 
the RR-241 solution in shorter time periods with a lower cur-
rent density requirement. The efficiency of the EC/BS cou-
pled process lies in the synergistic mechanisms taking place 
simultaneously in the reactor, like BS providing sorption 
sites for dye molecules, EC causing the dye abatement by 
electro-generated flocs. Furthermore, the parametric studies 
were performed on EC/BS coupled process.

3.3. Effect of current density

The current density affects the EC process reaction rate 
by controlling the metal ions concentration, coagulant pro-
duction, rate, and size of bubbles formed thereby inducing 
mass transfer and mixing in the aqueous solution [29–31]. 
For the electrochemical reactions, the reaction rate is linearly 
related to the applied current density [15]. The three current 
densities of 15.49 mA/cm2, 21.7 mA/cm2, and 32.03 mA/
cm2 were applied to evaluate the RR-241 decolorization 
in EC/BS coupled process. The experimental results rep-
resented in Fig. 6, revealed a positive influence of applied 
current density on decolorization efficiency. The decoloriza-
tion efficiencies of 89.38%, 99.56% and 99.9% were achieved 
at applied current densities of 15.49 mA/cm2, 21.7 mA/cm2 

and 32.03 mA/cm2 after 20 min. The increased removal effi-

  

  
Fig. 4. SEM-EDX of (a) Unloaded biomass pellets (b) Loaded biomass pellets (c) Unloaded Al Flocks (d) Loaded Al Flocks.

Table 1 
EDX elemental composition (weight %) of biosorbent pellets 
and Al Flocks

Element C O Ca P Al Cl

Unloaded 
biosorbent 
pellets

13.26 54.04 18.16 14.54 – –

RR-241 loaded 
biosorbent 
pellets

25.81 50.26 9.4 5.75 – –

Unloaded Al 
Flocks

7.24 57.90 – – 30.86 0.49

RR-241 loaded 
Al Flocks

7.40 57.49 – – 32.68 2.43
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ciency at higher current density may be because at high cur-
rent density, the rate of bubble generation increases while 
the size of bubble decreases, which facilitates the pollutant 
separation process [11]. By enhancing the current density, 
the anodic oxidation of aluminum plates is enhanced gen-
erating more Al3+ ions that lead to increase in the concen-
tration of metal hydroxide coagulants M(OH)n that forms 
more flocs for dye entrapment [32].

The economics of the EC depends on the applied 
current density as a higher current density increases the 
operational cost by enhanced electrode and power con-
sumption but reduces the required treatment time and the 
capital cost by reduction in reactor size, therefore the opti-
mum current density must be applied as excess may cause 
the dissipation of electric energy into heat energy thereby 
increasing the wastewater temperature and thus making 

the process uneconomical [15]. At higher current density, 
the temperature of the solution rises thereby enhancing 
the sorption efficiency by inducing more mass transfer 
due to a reduction in solution viscosity and kinetic energy 
enhancement increasing the sorbent-sorbate collision fre-
quency [33]. 

3.4. Effect of pH

pH is the primary parameter that controls the efficiency 
of the EC process by augmenting the generation of various 
monomeric and polymeric metal hydroxides in solution 
which are strongly solution pH dependent [29,34]. The pH 
effect was assessed by altering pH in the range 5–9. The 
obtained results, shown in Fig. 7, revealed that the neutral 
pH 7 was most suitable for the RR-241 abatement with the 
highest decolorization efficiency. It was observed that the 
decolorization efficiency enhanced from 95.5% to 99.9% 
with pH increase from pH 5 to pH 7 and then decreased to 
89.7% at pH 9 after 60 min of treatment. The decolorization 
efficiencies of 92.56%, 99.56%, and 87.64% were achieved at 
pH 5, 7 and 9 respectively after 20 min. The highest effi-
ciency at pH 7 can be ascribed as at neutral pH, the formed 
Al(OH)3 has the minimum solubility which precipitates and 
traps the dye colloidal species by adsorption as dominant 
phenomena which are then separated from the solution by 
H2 and air flotation at a faster rate to the surface [29,35]. 
At acidic pH, the Al3+ ions are the dominant species and 
various monomeric and polymeric aluminum hydroxide 
complexes are generated with the rise in the pH, which 
are finally transformed into the amorphous solid Al(OH)3 
that acts as coagulant to cause charge neutralization and 
adsorption of pollutant while at alkaline pH, Al(OH)4

–
 is 

the main species which are not effective for adsorption due 
to high solubility and cause repulsion of anionic dye mole-
cules thereby the decolorization capacity is diminished and 
decrease in Al(OH)3 occurs [13,32]. 

Fig. 6. Effect of current density on decolorization efficiency (Co 
(RR-241) =50 mg/L; pH = 7; Biosorbent dosage = 8 g/L; Bucket 
rotational speed = 40 rpm).

Fig. 7. Effect of pH on decolorization efficiency (Co (RR-241) =50 
mg/L; j = 21.7 mA/cm2; Biosorbent dosage = 8 g/L; Bucket rota-
tional speed = 40 rpm).

Fig. 5. Decolorization efficiency as a function of different pro-
cesses (Co (RR-241) = 50 mg/L; j = 21.7 mA/cm2; pH = 7; Biosor-
bent dosage = 8 g/L; Bucket rotational speed = 40 rpm).
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( ) ( )3 4
Al OH OH Al OH
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When pH is lower than 6, various cationic hydrolysis 
species are formed [Al(OH)2

+, Al(OH)2+, Al6(OH)3+
15, Al8(OH)7+

20, 
Al13(OH)5+

34], that destabilizes the anionic dye by charge neu-
tralization due to the opposite charges. The lowest solubil-
ity of [0.03 mg Al/L] exists at pH 6.3 and rises when the 
solution becomes alkaline or acidic thereby favoring the 
dye coagulation. The results revealed the role of Al(OH)3 as 
a superior coagulant species in the E-C process as described 
by various researchers [26,36,37]. 

3.5. Effect of biosorbent dosage

The biosorbent dosage effect on the decolorization 
by EC/BS coupled process was studied and Fig. 8 rep-
resents the experimental results obtained that compare 
the process with no biosorbent and 4, 8 and 12 g/L biosor-
bent dosage. The removal efficiencies of 87.27%, 94.11%, 
99.56%, and 99.9% were obtained after 20 min by load-
ing biosorbent dosage of 0 g/L, 4 g/L, 8 g/L and 12 g/L 
respectively. The results revealed enhancement in dye 
removal efficiency and reduction in the required treat-
ment time with biosorbent dosage. The high biosorbent 
dosage provides increased sorption sites for the dye mole-
cules and high surface area [27,38,39] that increases decol-
orization efficiency. 

3.8. Effect of initial RR-241 concentration

The influence of initial RR-241 concentration on decol-
orization efficiency was assessed at 20 mg/L, 50 mg/L, 
and 80 mg/L and the obtained results are given in Fig. 9. 
A reduction in the decolorization efficiency was observed 
with the rise in the RR-241 concentration. The decoloriza-
tion efficiencies of 99.9%, 99.56% and 91.75% were achieved 
with 20 mg/L, 50 mg/L and 80 mg/L RR-241 initial con-
centration respectively after 20 min. At a specific current 
density, a fixed amount of metal ions is produced in the 
reactor that leads to the formation of coagulants which 
becomes limited when higher dye concentration is used 
and also a specific biosorbent dosage provides a fixed num-
ber of sorption sites for the contaminant. Consequently, 

with a rise in the RR-241 concentration, the treatment time 
to achieve maximum dye removal increases due to a lim-
ited number of aluminum hydroxide coagulants produced 
at the start of the reaction and increases continuously with 
time [10,40,41]. 

3.9. Decolorization kinetics

The linear plot of 1st order and 2nd order models are 
shown in Fig. 10 and Table 2 gives the kinetic parameter 
values for the processes. The first order model was applied 
in two phases for (Fig. 10), the initial transition phase 
(0–20  min) and the settling phase (20–60 min). The experi-
mental results gave the good fit to the first order kinetics. At 
optimum values, the determined value of rate constant K1 
was 0.105 (min–1) with an R2 value of 0.988 (Table 2).

3.10. Cost analysis

The operational cost (OC) of hybrid reactor for the 
treatment of RR-241 was determined based on the main 
cost components of electrical energy and electrodes con-
sumption.

OC a SEEC b UMC= × + × � (15)

OC is the operational cost ($/kg dye), a is the electric 
energy cost ($/kWh), SEEC is the specific electrical energy 
consumption (kWh/kg dye), b is the aluminum cost ($/kg) 
and UMC is the unit electrode material consumption (kg/
kg dye). The local electric energy cost was ($ 0.11/kWh), the 
aluminum cost in the local market was (2.27 $/kg). At opti-
mum conditions, the SEEC was 1.7 kWh/kg dye, and UMC 
was 0.053 kg/kg dye, the determined OC was 0.307 $/kg 
dye.

4. Conclusions

The new (EC/BS) hybrid reactor performed efficiently 
and resulted in complete decolorization of RR-241 aqueous 
solution and with lower energy requirement and opera-
tional cost. At optimum conditions, color removal efficiency 
of 99.56% was obtained after 20 min at current density 

Fig. 8. Effect of biosorbent dosage on decolorization efficiency 
(Co (RR-241) = 50 mg/L; j = 21.7 mA/cm2; pH = 7; Bucket rota-
tional speed = 40 rpm, Time = 20 min).

Fig. 9. Effect of RR-241 initial concentration on decolorization 
efficiency (j = 21.7 mA/cm2; pH = 7; Biosorbent dosage = 8 g/L; 
Bucket rotational speed = 40 rpm).
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21.7 mA/cm2, pH 7, biosorbent dosage 8 g/L, and dye con-
centration 50 mg/L with specific electrical energy consump-
tion of 1.7 kWh/kg dye, and operational cost of 0.307 $/kg 
dye. The decolorization followed first order kinetics with 
K1 = 0.105 min–1. The results indicate the potential of electro-
coagulation/biosorption (EC/BS) coupled hybrid reactor 
for the effective treatment of colored effluents.
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