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During the electrocoagulation of indigo wastewater, the growth and morphology of flocs are greatly
affected by the electrolytic time, with flocs morphology directly related to the adsorption of indigo
dye. Therefore, understanding the morphology, structure and growth of flocs is important for the effec-
tive treatment of indigo dyeing wastewater. In this study, we investigated the relationship between flocs
morphology and indigo dye adsorption capacity using aluminum as anode, graphite as cathode and a
plate spacing of 3 cm at 180 r/min stirring and 240 mA constant current as the basic parameters for elec-
trocoagulation. Microscopically, the floc morphology was characterized by fractal dimension and average
particle size. Next, we assessed the kinetics and thermodynamics of the adsorption process. The results
showed that floc growth could aggregate, fragmentate and recombine with an increase in electrolysis
time. When the flocs grew and aggregated to the maximum particle size, they were loose in shape and
large in size, which was most conducive to the adsorption of indigo dye. According to the results of kinet-
ics and thermodynamics, flocs adsorped indigo dye via a monolayer physical adsorption process, with
Van Der Waals force as its binding force. Due to the weak adsorption power, the dye dissolved again
when the flocs were broken, suggesting that the growth of flocs should be controlled before the crushing
stage during the electrocoagulation process of indigo dyeing wastewater.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Indigo is a major dye used for the warp dyeing of denim fabrics
(Avinash et al., 2023). In actual production plants, 3 ~ 12 g of indigo
dye is used to dye one pair of jeans, which was provided by the
plant in China. However, since the utilization rate of the indigo
dye is only 80 %, a considerable amount of dye is left in the dyeing
wastewater (Julia et al., 2022). In addition, excessive amounts of
reducing agents under alkaline conditions are also used in the dye-
ing process, rendering the indigo dyeing wastewater not only dark
in color but also characterized by high alkalinity and chemical
oxygen demand with complex composition (Huangfu et al., 2021).
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Further, indigo is difficult to biodegrade due to its complex aro-
matic molecular structure and high stability (Nguyen and Juang
2013), and the use of chemical flocculation in dyeing plants to treat
indigo dyeing wastewater has led to issues such as high chemicals
dosage, flocculation rate and several difficult-to-be-controlled
effects, urging the need for newer alternative processes.

As one of the most promising water treatment processes, elec-
trocoagulation is widely used in the treatment of automotive paint
wastewater, textile printing and dyeing wastewater and laundry
wastewater (Mohtashami and Shang 2019; Naje et al., 2017;
Cestarolli et al., 2019; Dimoglo et al., 2019). During electrocoagula-
tion, the metal ions produced by electrolysis are good coagulants
that hydrolyze near the anode to form a series of reactive interme-
diates (Shahedi et al., 2020), destabilizing the dispersed particles in
the wastewater and causing the unstable particles to aggregate and
form flocs (Bener et al., 2019). At the same time, the bubbles gen-
erated by the cathode make the flocs float up and can be removed
from the wastewater (Kamel et al., 2018). Compared to chemical
flocculation, the advantages of electrocoagulation include no
additional need for flocculants, good decolorization, less sludge
production, etc. (Aljaberi et al., 2022; Kumar et al, 2003;
Nidheesh et al., 2021; Singh et al., 2021).
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Up to now, most studies on the treatment of textile printing and
dyeing wastewater by electrocoagulation technology have focused
on optimizing different wastewater types. Ozyonar et al. (Ozyonar
et al, 2022) evaluated dye decolorization at current densities
between 50 ~ 100 A/m? and achieved 97 % decolorization when
the current density exceeded 50 A/m?, and found that the high cur-
rent densities increased anode losses and electrical energy con-
sumption. Merzouk et al. (Merzouk et al., 2011) reported that the
initial pH affected not only the types of metal hydrolysis products
but also the cathodic hydrogen bubble size. The generation of min-
imal bubbles from hydrogen bubbles near the neutral pH favors
particle aggregation and air flotation. Khorram et al. (Khorram
et al., 2018) showed that the optimal decolorization time for elec-
trocoagulation was about 20 min, and similar to the initial pH, the
electrolysis time also impacted the yield and morphology of flocs.
Hendaoui et al. (Hendaoui et al., 2021) optimized the parameters of
electrocoagulation using the response surface method and
revealed that the decolorization rate after treatment was 93.97 %
at a dye concentration of 60 mg/L, pH of 7.5, voltage of 47 V and
an inlet flow rate of 2 L/min. Zhang et al. (Zhang et al., 2023) con-
structed a coupled system of peroxi-alternating current (AC) elec-
trocoagulation, which enhanced the floc adsorption capacity and
the COD removal rate, as well as less energy consumption and uni-
form corrosion of the electrode.

The adsorption performance of flocs determines the flocculation
efficiency (Liu et al., 2021). Their size, shape, structure and other
morphological characteristics also play an important role in trans-
porting and removing impurity particles from water. The types of
hydrolysis products and floc morphology during electrocoagula-
tion vary depending on water quality and operating conditions
(Nasrullah et al., 2020), and optimizing the operating conditions
could improve the flocs’ structure. Harif et al. (Harif et al., 2012)
compared the effects of electrocoagulation and chemical floccula-
tion on the structural change and growth of flocs and found that
flocs formed by electrocoagulation had a porous structure that
could be easily broken. A pH of 6.5 was found to be favorable for
the recombination of crushed floc. Lee et al. (Lee et al., 2016) stud-
ied floc growth and structural changes using salt water for electro-
coagulation and showed that high current density caused floc
growth to reach a stable state faster by promoting anode dissolu-
tion to produce more flocs but did not affect structural progress.

In this study, we investigated the influence of floc morphology
on indigo adsorption by analyzing the structural changes of flocs
with time in actual indigo-dyeing wastewater using fixed parame-
ters such as electrode material, current density, plate spacing and
initial pH value. General-purpose microscopy was used to observe
and record the floc growth process. Zeta potential changes were
monitored using a Zeta potential meter, and fractal dimension
and mean particle size were used to characterize the changes in
floc structure. Further, X-ray Diffraction (XRD) and Energy Disper-
sive Spectrometer-mapping (EDS-mapping) analyses of floc sedi-
ments were performed to clarify the relationship between floc
morphological characteristics and indigo dye removal during elec-
trocoagulation. Kinetic and thermodynamic studies were also con-
ducted to explore the adsorption characteristics of flocs on indigo
dye and the underlying adsorption mechanism to provide a theo-
retical basis and technical reference for the electrocoagulation pro-
cess of indigo dyes.

2. Materials and methods
2.1. Materials

Samples of indigo dyeing wastewater were obtained from Xin-
dadong Textile Co., located in Hebei, China. All aluminum plates
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and graphite plates (40 mm x 40 mm x 1 mm) were purchased
from Shanghai Chuxi Industrial Co., Ltd (China). In addition,
hydrochloric acid (HCI, AR), sodium hydroxide (NaOH, AR) and sul-
furic acid (H,SO4, AR) were provided by Tianjin Zhengcheng Chem-
ical Co., Ltd (China).

2.2. Experimental methods

Here, we used an electrode combination of aluminum as the
anode and graphite as the cathode. The electrolysis cell (Cylindri-
cal, 75 mm in diameter and height) was filled with 250 mL of
wastewater, and the initial pH was adjusted to 7. The electrodes
were inserted into the wastewater, parallel with the distance
between electrode plates fixed at 3 cm. The electrocoagulation
reaction was performed at a stirring speed of 180 r/min using a
240 mA current with a DC power supply (RXN-1503, Zhaoxin Elec-
tronics Co., Ltd., China). Based on the preliminary study, other
experimental parameters were selected here according to this ref-
erence (Zhang et al., 2023).

Due to the high chromaticity of the raw wastewater, it was
diluted by a factor of 2 to examine the effects of electrolysis time
on dye removal and floc growth. To assess the effects of the initial
dye concentration, the raw wastewater was dilutedto 1, 1.2, 1.5, 2
and 3 times and the reaction was conducted for 30 min. To exam-
ine the impact of temperature on the adsorption effects, the reac-
tions were conducted at 25, 30, 35, 40 and 45°C for 30 min, focusing
on the changes in dye removal rate at 25, 35 and 45°C (298, 308
and 318 K) for 30 min.

2.3. Testing and characterization
(1) Standard curve of indigo dyeing wastewater

The content of indigo dye in raw wastewater was calculated
using the HG/T 2750-2012 “Indigo” determination method. The
absorbance of wastewater with different dye concentrations (raw
wastewater diluted 10, 20, 30, 40 and 50 times) was measured
using a UV-visible spectrophotometer (JH756, Shanghai Jinhua
Technology Co., Ltd., China) at the maximum absorption wave-
length of 670 nm of indigo dyeing wastewater. Fig. 1 shows the
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Fig. 1. Standard curve of dye concentration and absorbance.
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dye concentration-absorbance standard curve of indigo dyeing
wastewater.

(2) Removal rate of indigo dye

The absorbance of the supernatant of the wastewater before
and after treatment was measured using a UV-visible spectropho-
tometer, the dye concentration was calculated according to the
standard curve of indigo dyeing wastewater, and the dye removal
rate was calculated according to the following formula.

Co—C
n= C
0

Here, Cy represents the initial concentration of indigo wastew-

ater dye, mg/L and C; indicates the concentration of indigo dye
in the supernatant after the reaction, mg/L.

x 100% (1)

(3) Microscopic observation of flocs

A plastic dropper with a larger diameter (to avoid damaging the
structure of larger flocs) was used. An appropriate amount of solu-
tion containing flocs was taken from the wastewater system and
dropped onto the center of the glass slide. The morphological
structure of flocs was observed under an optical microscope (XP-
202E, Shanghai Bimu Instruments Co., Ltd, China), magnified 100
times. The images were processed using the Image-Pro Plus image
processing software to calculate the average particle size and frac-
tal dimension of the flocs (Liu et al., 2021).

(4) Determination of Zeta potential

Five sets of samples were taken immediately at different loca-
tions in the 3 cm plane below the liquid surface after the electro-
coagulation reaction, and their average Zeta potential was
measured using a microelectrophoresis instrument (JS94K, Shang-
hai Zhongchen Digital Technology Equipment Co., Ltd.).

(5) Average particle size of flocs

Due to the irregularity of the floc morphology, 15 positions
were observed for each sample for statistical analysis. Equivalent
circles of equal-area flocs obtained by two-dimensional planar pro-
jection were used to directly represent the average particle size of
individual flocs, which was calculated as follows.

d= 2\/% (2)

where, d represents the floc equivalent circle diameter measured in

um, and A is the floc two-dimensional projection area measured in
2

um-,

(6) Fractal dimension of flocs

The fractal dimension Ds of the floc was calculated based on the
relationship between the projected area A and the perimeter P of
the floc, as shown in Equation (3). The slope of the two-
dimensional fractal dimension of the flocs was obtained according
to the double logarithm of the projected area and perimeter.

Ao PP (3)

where, A represents the two-dimensional projection area of the floc,
measured in pm?; P is the two-dimensional projection perimeter of
the floc, measured in pm; and Dy is the two-dimensional fractal
dimension of the floc.
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(7) Floc settling process

At the end of the reaction, the solution was transferred from the
electrolysis cell to a 100 mL measuring cylinder and allowed to
stand for 15 min. The settling process of the flocs was recorded
by photographing.

(8) Analysis of sediments

The sediments formed by electrolysis at different times were
measured using an X-Ray Diffraction (XRD, D/MAX-2500, Rigaku,
Japan) to obtain information on the composition and relative con-
tent of the flocculent sediments. The sediment’s elements, such as
C, O, S and Al, were measured using Bruker energy spectrometer
(EDS-mapping, QUANTAX, Beijing Bruker Technology Co., Ltd.,
China) to show the distribution status of the sediment elements
and the main adsorbed substances.

3. Results and discussion
3.1. Effect of electrolysis time on the removal rate of indigo dye

It was reported that electrolysis time affects the dye removal
effect by influencing the floc yield (Asfaha et al., 2022). Other con-
ditions were set to the same, and we conducted multiple sets of
experiments with different electrolysis times to study the effect
of electrolysis time on dye removal. As shown in Fig. 2, our results
showed that within 30 min of electrolysis, the dye removal rate
increased significantly with increasing electrolysis time and
reached maximum (95.28 %) at 30 min. Although extending the
electrolysis time to 50 min showed a decrease in the dye removal
rate, a continuous increase in electrolysis time re-increased the dye
removal rate. The floc yield increased with the increase of electrol-
ysis time, while the dye removal rate decreased and then
increased, indicating that the change in floc morphology during
the electrocoagulation process also had a certain degree of influ-
ence on the removal rate.

3.2. Growth process of flocs
To understand the changes in floc morphology during electroco-

agulation, they were observed microscopically at different reaction
times (Fig. 3). Based on the observed results, the floc growth
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Fig. 2. Effects of electrolysis time on dye removal rate.
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(d)

®

Fig. 3. Flocs growth process: (a) 10 min; (b) 15 min; (¢) 20 min; (d) 25 min; (e) 30 min; (f) 40 min; (g) 50 min; and (h) 60 min.

process could be divided into three stages: aggregate growth, frag-
mentation, and reorganization (Nasrullah et al., 2020). In the first
30 min of the reaction, with the prolongation of electrolysis time,
the flocs were continuously adsorbed and aggregated to form lar-
ger and more irregular flocs. Following 30 ~ 50 min of electrolysis,
the flocs were broken, their size was abruptly reduced, the floc
branches were also reduced, and the flocs became more regular.
When the electrolysis time exceeded 50 min, the flocs gathered
together to form newer and larger-sized flocs. The pollutant
removal was better with larger floc sizes (Chen et al., 2020). The
electrocoagulation reaction time was controlled at about 30 min
to obtain a higher dye removal rate.

3.3. Zeta potential and floc morphology at different electrolysis times

Flocculation is a complex physicochemical process that can be
broadly classified into the following four aspects: compressed dou-
ble layer, charge neutralization, adsorption bridging, and net-trap
sweeping (Wang et al., 2002). The formation of bridges between
suspended particles by the electrostatic attraction of flocculant or
coagulant polymers helps agglomerate the particles into larger
flocs. On the other hand, net-trap sweeping involves capturing
smaller particles within the growing floc structure, effectively
removing them from the wastewater (Wang et al., 2020). During
the electroflocculation, the negative of Zeta potential indicates
the flocculation mainly depends on charge neutralization; the clo-
ser the zeta potential is to 0, the more favorable it is for the coag-
ulation of floc particles and the higher the flocculation efficiency
(Lopez-Maldonado et al., 2014). The effect of electrolysis time on
the absolute value of Zeta potential in Fig. 4 shows that the Zeta
potential of the solution continuously tended to become closer to
zero as the electrolysis time increased, indicating that the initial
stage of the reaction relied mainly on charge neutralization for
flocculation. After an electrolysis time of > 25 min, the Zeta poten-
tial changed little and fluctuated between —10 ~ -15 mV. At this
point, a large number of flocs were observed in the solution, and
the flocculation in the system mainly relied on adsorption bridging
and net-trap sweeping.

A larger fractal dimension of flocs usually indicates a more com-
pact floc structure and vice versa (Lee et al., 2016). Fig. 5 illustrates
the effects of electrolysis time on the fractal dimension of flocs. In
the initial 15 min, the fractal dimension of the flocs was larger
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Fig. 4. Effects of electrolysis time on the absolute value of Zeta potential.

because the electric neutralization occurred mainly at the begin-
ning of the reaction, indicating that the flocs were smaller in size
and denser in structure at this time. As the electrolysis time
increased, the system mainly underwent adsorption bridging and
webbing sweeping. When the morphological irregularity of the floc
increased and the structure became looser, a gradual decrease in
fractal dimension was observed. At 30 ~ 50 min, the flocs were
broken, the overall structure was more compact than before, and
the fractal dimension tended to increase. At 60 min, the fractal
dimension of the flocs was larger than at 30 min because the struc-
ture of the broken flocs was denser and less branched than before.
In addition, Fig. 5 also shows the effects of electrolysis time on the
average floc size, which showed an opposite trend to the fractal
dimension. In the initial stage of the electrocoagulation reaction,
the charge neutralization destabilized the system, and the metal
hydrolysis salts generated by electrolysis collided with the pollu-
tants to rapidly form flocs; thus, the floc size increased significantly
in the first 30 min, and the average floc size was larger. When the
reaction time exceeded 30 min, the floc structure was looser, and
under the condition of external agitation, the water shear
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Fig. 5. Effect of electrolysis time on the fractal dimension and average particle size
of flocs.

destroyed the floc, causing the flocs to break and decrease in size
rapidly (Yu et al., 2022). When the reaction continued, the new
flocs would take the broken flocs as the nuclei, which increased
the average size of the flocs again at 50 ~ 60 min.

3.4. Analysis of floc settling process and sediments

The floc structure also affected the floc settling process. Fig. 6
shows the flocs for settling of 15 min after different electrolysis
times. At the beginning of the reaction, due to the small particle
size of the flocs, some flocs floated on the surface of the solution
with the gas generated by the system.

The particle size of the flocs increased continuously with the
reaction, and at 30 ~ 40 min of electrolysis, the flocs were in a pre-
cipitated state after settling (Fig. 6(f), 6(g)). At 50 min of electroly-
sis, the system was in the floc fragmentation stage, whereby
the particle size was small, with some of the flocs floating
under the action of air. After extending the electrolysis time to
60 min, the flocs underwent reorganization, the particle size
increased again, and all precipitated after settling. It was also
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noticed that the flocs produced by electrolysis at 30 min or less
were darker in color than those produced by electrolysis at
40 ~ 60 min, possibly related to the adsorption of the broken flocs
by the newly generated flocs when they reorganized.

Based on the above experiments and obtained results, it was
clear that there was a strong correlation between floc morphology
and electrolysis time. Fig. 7 illustrates the XRD spectra of floc sed-
iments at different electrolysis times and shows that the diffraction
peak positions and morphologies of the floc sediments formed
under different times did not differ significantly, indicating that
the structures of the formed substances were similar. Compared
with the identified standard spectra, the flocs were aluminum-
based oxides, but the intensity of the diffraction peaks varied con-
siderably between the flocs at different electrolysis times.

A stronger diffraction peak intensity of the same substance is
associated with better crystallinity, suggesting a better selective
orientation (Doumeng et al., 2021). We found that the crystallinity
of the floc sediments formed by electrolysis at 30 min was better,
decreased during the floc fragmentation phase and increased again
after reorganization.

XRD analysis further confirmed that electrolysis at 30 min was
more beneficial for floc generation. Combined with the EDS-
mapping results in Fig. 8 at 40 min and 60 min, the floc particle size
formed after 30 min electrolysis was larger and contained more C-
element (purple color), indicating greater adsorption of indigo dye.
In contrast, at 40 min of electrolysis, there was a significant
decrease in the C- element, which could be due to a drop in adsorp-
tion capacity as a result of floc fragmentation and size reduction.
After fragmentation and reorganization, the floc size increased
again, the adsorption effect was enhanced, and the amount of
dye adsorbed increased (Fig. 8).

3.5. Effects of initial concentration on dye removal rate

The effects of the initial dye concentration on the removal
effects of indigo were investigated by diluting the wastewater at
different multiples for an electrolysis time of 30 min (Fig. 9). When
the initial dye concentration in the wastewater was lower than
60 mg/L, the dye removal rate was maintained at about 95 %, indi-
cating that when the number of flocs produced by the electrocoag-
ulation reaction was certain, it could create an effective adsorption
effect to remove dyes from the wastewater. When the initial

2=

Fig. 6. Effects of floc settling at different electrolysis times: (a) 5 min (b) 10 min; (c) 15 min; (d) 20 min; (e) 25 min; (f) 30 min; (g) 40 min; (h) 50 min; and (i) 60 min.
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Fig. 7. XRD spectra of sediments at different electrolysis times.

concentration of the wastewater continued to increase, the dye
removal rate began to decrease, and the dye removal rate was only
75.29 % under the original wastewater conditions, suggesting that
the initial dye concentration of the wastewater was too high for
the removal of dyes. The amount of flocs produced by the electric
device within a certain period of time is limited, which is deter-
mined by the theoretical Faraday efficiency of the electric unit.
Additionally, there is also an upper limit to the adsorption capacity
of the flocs (Markus et al., 2020). When the initial concentration of
wastewater is too high, the amount of flocs generated during the
experiment is insufficient to adsorb all pollutants, resulting in a
lower removal rate of pollutants.

3.6. Effect of reaction temperature on dye removal rate

Fig. 10 shows the effect of reaction temperature on the removal
rate of indigo dye. When the reaction temperature was increased
from 25°C to 45°C, the removal rate of indigo dye decreased from
95.28 % to 94.62 %, indicating that an increase in temperature
was not favorable to dye removal. The removal rates of dyes were
further determined at an electrolysis time of 30 min at 25, 35 and
45%C, as shown in Fig. 11. Within 15 min of electrolysis, the
increase in temperature was favorable to the dye removal, possibly
because charge neutralization mainly occurred in the early stage of
the reaction, and the increase in temperature accelerated the ther-
mal movement of particles in the system and increased the chance
of collision between pollutants and flocs removal rate. When the
reaction proceeded for 15 ~ 30 min, the dye removal rate
decreased slightly with the increase in temperature. At this time,
there were more flocs in the system, and the structure was

 cn 1 J o JENALYS]

5260
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relatively loose. At higher temperatures, the shearing effect of
the thermal movement of water molecules destroyed the net-
catching and sweeping action, which broken the flocs and resulted
in the suspension of microflocs.

3.7. Kinetic process of indigo dye removal by electrocoagulation

To further reveal the mechanism of dye adsorption by flocs and
investigate the kinetic properties of indigo dye adsorption by flocs,
three classical kinetic models, first-order, second-order and quasi-
first-order, were used to simulate the changes in dye removal at
different initial dye concentrations using equations (4) to (6)
(Singh et al., 2017; Gong et al., 2022).

First-order kinetic model:

Ce = Coe ™! (4)
Second-order kinetic model:
1 1

Quasi-first-order kinetic model:

Co=Co+ (Co— Cole kot (6)

Where, C; represents the dye concentration at time t of electro-
coagulation, measured in mg/L; Co indicates the initial dye concen-
tration, measured in mg/L; t is the reaction time, measured in min;
k is the first-order rate constant, measured in min'; k, is the
second-order rate constant, measured in mg-L"'-min~'; k; is the
apparent quasi-first-order rate constant, measured in min~—'; and
C. is the dye concentration at equilibrium, measured in mg/L.

The first-order kinetic model suggests that there is a surface
reaction, where the adsorption process is only related to the adsor-
bent concentration and is limited by the diffusion rate of the
adsorbed substance into the adsorbent. The second-order kinetic
model indicates that chemical adsorption is a rate limiting step
in the adsorption process. The quasi-first-order kinetic model is
similar to the first-order kinetic model, and its rate equation is gen-
erally applicable to situations where the concentration of one reac-
tant is much larger than that of another reactant, while indigo dye
was the main substance in this experiment, and its concentration is
much greater than other chemical substances (Jodo. 2023; Lagoa
et al,, 2009; Ricardo et al., 2022). According to the fitted curves
of the three kinetic models corresponding to different initial dye
concentrations in Fig. 12 and the results of the fitted parameters
of the kinetic equations in Table 1, we found that the quasi-first-
order kinetic equations had the highest fit, and the fitted correla-
tion coefficients R?> were all greater than 0.999 when the initial
dye concentration was below 62.05 mg/L, and the accuracy of the
fit increased as the concentration decreased. The quasi-first-order
rate constant was the largest for the initial concentration of dye
at 62.05 mg/L, indicating a faster adsorption rate and greatest
dye adsorption efficiency under this condition. The above analysis
showed that the adsorption behavior of flocs in indigo dyeing
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wastewater using aluminum as an anode was theoretically non-
primary kinetic but could be equivalent to the kinetic behavior of
primary reactions. In this experiment, the adsorption of indigo
dyes mainly relied on flocs. Therefore, the transfer rate of indigo
dyes from wastewater to flocs directly determined the overall
adsorption rate, and the effect of wastewater concentration on
the adsorption rate proved that diffusion rate was a limiting factor
in the adsorption process.

3.8. Adsorption isotherms

The common isothermal adsorption models were of the Lang-
muir, Freundlich and Redlich-Peterson types. The Langmuir
isothermal adsorption model usually assumes the adsorption of
molecules on the adsorbent surface as a single molecular layer
adsorption. The Freundlich type represents an empirical model
where the adsorption constants are related to the surface coverage
but have no practical significance. The Redlich-Peterson type was
developed by combining the Langmuir adsorption model and the
Freundlich adsorption model to explain the adsorption process
between physical and chemical adsorption. It should be clear that
these adsorption isothermal models were derived at equilibrium.
The adsorption process of indigo dye by flocs was a dynamic pro-
cess and it was difficult to reach a true equilibrium, therefore, in
order to investigate the adsorption mechanism of indigo dye by
flocs, the Langmuir, Freundlich and Redlich-Peterson equations
were used to fit the experimental results. The three isothermal
adsorption equations are shown in Equations (7) to (9) (Moneer
et al., 2021; Yasmine et al., 2014; Wu et al., 2021).

Langmuir isothermal adsorption equation:

Ko Ce
=11k C @)

Freundlich isothermal adsorption equation:

g = Ke - C'" (8)
Redlich-Peterson isothermal adsorption equation:

Kg-C.

- e 9
1+0(~Ceﬂ ()

de

where, g, is the adsorption amount of equilibrium concentration Ce,
measured in mg; qn is the maximum monolayer adsorption
amount, measured in mg; K, is the Langmuir adsorption equilib-
rium constant; Kg represents the Freundlich adsorption equilibrium
constant; n represents the Freundlich adsorption equation expo-
nent constant; Kg represents the Redlich-Peterson adsorption equi-
librium constant; o represents the Redlich-Peterson adsorption
equation exponent constant; and B represents the Redlich-
Peterson adsorption equation exponent constant, ranging between
0and 1.

According to the fitted curves of the three isothermal adsorp-
tion equations in Fig. 13 and the results of the correlation coeffi-
cients in Table 2, the fits using the Langmuir, Freundlich and
Redlich-Peterson isothermal adsorption models were 0.9073,
0.7691, and 0.9534, respectively. The fits using the Langmuir and
Redlich-Peterson isothermal adsorption models were relatively
good, while the Freundlich isothermal adsorption model was less
well-fitted. Although the Redlich-Peterson isothermal adsorption
model had the best fit, the value of B had already exceeded the
range of values, suggesting that the equation had been transformed
into the Langmuir equation. Therefore, the Langmuir isothermal
adsorption model could more accurately describe the adsorption
process of indigo dye by flocs, indicating that the adsorption of
indigo by flocs was single molecular layer adsorption.
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Fig. 12. Three kinetic models for indigo dye removal by electrocoagulation: (a) fir
kinetic fitting curve.

Table 1
Kinetic model parameters.

Initial concentration (mg/L) First-order kinetic

4
30 30 Tnitial concentration (mg/L)

(B WOLYEAPUIIN0D akQa

20

. . 3 0 -
Time (min) 30 30 [Initial concentration (mg/L)

Raw wastewater
Dilute 1.2 times
Dilute 1.5 times
Dilute 2 times
Dilute 3 times

eeeee

4
30

0 Initial concentration (mg/L)

st-order kinetic fitting curve; (b) second-order kinetic fitting curve; and (c) quasi-first-order

kq R?

Second-order kinetic Quasi-first-order kinetic

ka R? Ce kp R?
31.03 0.1840 0.9894 0.0149 0.9906 1.62 0.2217 0.9998
46.54 0.1774 0.9906 0.0095 0.9876 2.34 0.2114 0.9998
62.05 0.1857 0.9878 0.0076 0.9922 3.41 0.2267 0.9994
77.57 0.1159 0.9864 0.0032 0.9740 5.63 0.1459 0.9973
93.08 0.0511 0.9879 0.0009 0.9913 15.93 0.0774 0.9986
3.9. Adsorption thermodynamics
20
Since the variation of temperature affects the adsorption pro- o0
cess of indigo dye, we analyzed the thermodynamic parameters £ 18}
of adsorption (Gibbs free energy [AG°], enthalpy change [AH?] ~
and entropy change [AS®)]) based on the equations shown below é‘ 16 L
(Velyana et al., 2020; Sahin et al., 2022; Widodo et al., 2022): g
% & 14
K; =22 10 < 14
1TG (10) S
g 12
AS®  AH° g~
InKy = R T RT (1) e A Experimental data
o 10+ —— Langmuir
0 = —— Freundlich
AG” = —RTInK, (12) =] reun
< 8 —— Redlich-Peterson
where, Ky is the equilibrium rate constant for the adsorption; qe is A
the equilibrium adsorption volume, measured in mg/L; C. is the 6 i ! . : : : . ' . '
equilibrium concentration, measured in mg/L; R represents the gen- 0 2 4 6 8 10 12
eral gas constant, taken as 8.314 kg/(kmol-K); and T indicates the

absolute temperature, K; AS?, AH® and AG® were used to represent

the standard molar Gibbs entropy, enthalpy, and free energy,
respectively.

14 16 18 20

Equilibrium concentration (mg/L)

Fig. 13. Fitting of adsorption isotherm.
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Fig. 14. Plot of InK, versus 1/T: (a) raw wastewater; (b) dilution 2 times; and (c) dilution 3 times.

The raw wastewater was diluted at different multiples to inves-
tigate the thermodynamic process of indigo dye adsorption by
flocs. Based on the fitting results of Fig. 14 and the thermodynamic
parameters of adsorption in Table 3, we found that the enthalpy
change AH° of adsorption during the reaction was negative,
indicating that the adsorption process of indigo dye was exother-
mic and increasing the temperature was not conducive to the

adsorption. This finding is consistent with the trend shown by
the effect of temperature on dye removal in 3.6. The absolute value
of AH® was between 4 ~ 10 kj/mol, which indicated that the
adsorption force between indigo dye and floc was van der Waals
force. Both adsorption and desorption were present in the adsorp-
tion system, and AS® was the sum of both (Hussain, et al., 2021). As
the initial concentration of the dye increased, AS® gradually

Table 2
Constants and correlation coefficients of isothermal adsorption models.
Isothermal adsorption model Constants
Langmuir Qm/(mg) K./(L-mg™") R?
21.3074 0.5139 0.9073
Freundlich Kg/(mg-(L-mg ~')!/m) 1/n R?
9.3085 0.25702 0.7691
Redlich-Peterson Kg/L of/(L-mg )P B R?
7.1679 0.1467 1.2848 0.9534

Table 3
Thermodynamic parameters of adsorption.
Initial concentration (mg/L) AHC/(k]-mol~) AS®/(J- K "-mol 1) AG°/(k]-mol 1) R?
298 K 308 K 318K
31.03 —6.3855 3.5696 —7.4357 —7.4261 —7.4027 0.9916
46.54 —7.3253 0.3570 —7.4406 —7.4226 -7.4116 0.9734
93.08 —8.5938 —17.6605 —-3.3217 —3.2153 —2.9483 0.9700
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decreased, indicating a gradual decrease in the disorder of the
adsorption system. A larger absolute value of AG® suggested a
greater adsorption driving force (Jayakumar et al., 2021). The
AG? < 0 of the adsorption process proved that the adsorption of
indigo dye by flocs was spontaneous. The absolute value of AG°®
decreased with increasing temperature, confirming that warming
was not favorable for the adsorption of indigo dye. AG® was in
the range of —20 ~ 0 kJ/mol for physical adsorption and ranged
between —400 and —80 kJ/mol for chemisorption (Politano et al.,
2018). The AG® ranged between —20 and 0 kJ/mol at the experi-
mental temperature, suggesting that the process of indigo dye
adsorption by flocs was physical adsorption.

4. Conclusion

We investigated the effects of floc structure on dye removal rate
by observing the floc growth process in indigo dyeing wastewater
treated with electrocoagulation. As the electrolysis time pro-
gressed, the flocs underwent the following processes: aggregation,
adsorption, fragmentation, and reorganization. When the flocs
reached their maximum average particle size, their structure was
relatively loose, and the removal rate of indigo reached the maxi-
mum of 95.28 %. In addition, the flocs formed under such condi-
tions had a higher density and tended to sink rather than float
after the reaction. The kinetic and thermodynamic results showed
that the adsorption of indigo dye by floc conformed to the quasi-
first-order kinetics, and the adsorption rate was affected by diffu-
sion. When the initial dye concentration was 62.05 mg/L, the
adsorption rate and efficiency were the highest. The adsorption
of indigo dye on the floc occurred through the physical adsorption
of a monolayer, with van der Waals force as the binding force. Due
to this weak adsorption, dye redissolution occurred when the flocs
were broken and recombined. Therefore, controlling the flocs
growth at the limit of the aggregation and adsorption stage could
yield larger and looser flocs, which was beneficial for the floccula-
tion effect. Theoretically, the relationship between the electrocoag-
ulation effect of indigo dyeing wastewater and main parameters of
the electrochemical process has been fully confirmed, which
showed important guiding significance for promoting the indus-
trial application of electrocoagulation technology in the field of
dyeing wastewater.
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