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Abstract

In this work, a novel graphite intercalation compound (GIC) particle electrode was used to investigate the adsorption of
Reactive Black 5 (RB5) and the electrochemical regeneration in a three-dimensional (3D) electrochemical reactor to recover
its adsorptive capacity. Various adsorption kinetics and isotherm models were used to characterise the adsorption behaviour
of GIC. Several adsorption kinetics were modelled using linearised and non-linearised rate laws to evaluate the viability of
the sorption process. Studies on the selective removal of RB5 dyes from binary mixture in solution were evaluated. RSM
optimisation studies were integrated with ANOVA analysis to provide insight into the significance of selectivity reversal
from the salting effect of textile dye solution on GIC adsorbent. A unique range of adsorption kinetics and isotherms were
used to evaluate the adsorption process. Non-linear models best simulated the kinetic data in the order: Elovich> Bang-
ham > Pseudo-second-order > Pseudo-first-order. The Redlich—Peterson isotherm was calculated to have a dye loading capac-
ity of 0.7316 mg/g by non-linear regression analysis. An error function analysis with ERRSQ/SSE of 0.1390 confirmed the
accuracy of dye loading capacity predicted by Redlich—Peterson isotherm using non-linear regression analysis. The results
showed that Redlich—Peterson and SIPS isotherm models yielded better fitness to experimental data than the Langmuir type.
The best dye removal efficiency achieved was ~93% using a current density of 45.14 mA/cm?, whereas the highest TOC
removal efficiency achieved was 67%.
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Introduction

Organic contaminants such as dyes and pigments are recal-
citrant pollutants highly resistant to environmental biodeg-
radation. These pollutants are often discharged into water
from industrial effluents such as dye and paint manufactur-
ing, food processing, textile, etc. Most of these dyes are
synthetic, which means they can be highly toxic and car-
cinogenic if it finds its way into the food chain. Therefore,
there is an urgent need to remove the dyes from liquid waste
until they fall below a specific concentration acceptable to
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environmental regulatory authorities. There are several ways
to remove dyes from water, such as adsorption (El-Kammah
et al. 2022; Noorimotlagh et al. 2019), membrane filtration
(Ma et al. 2022; Mansor et al. 2020), chemical coagulation
and flocculation (Lau et al. 2014; Szyguta et al. 2009), pho-
tocatalytic degradation (Fernandes et al. 2019; Tekin 2014),
electrocoagulation/electroflotation (Balla et al. 2010), Fen-
ton process (Suhan et al. 2021), electrochemical oxidation
(Kumar and Gupta 2022; Song et al. 2010) etc. Adsorption
is an attractive and effective approach to removing con-
taminants from water, particularly when the adsorbent is
cheap, has minimal sludge generation and does not require
an additional pre-treatment process (Sultana et al. 2022).
The adsorption method is simple and cost-effective, and high
dye removal efficiency can be achieved (Chaiwichian and
Lunphut 2021). Several attempts have been made to elec-
trochemically regenerate activated carbon adsorbents (Nar-
baitz and McEwen 2012; Xing et al. 2023). However, low
electrical conductivity of liquid media limited the energy
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required to regenerate activated carbon adsorbents (Karimi-
Jashni and Narbaitz 2005). Activated carbon adsorbents have
a high degree of porosity, which affects its ability to regen-
erate successfully. Offsite thermal regeneration is required
for activated carbon. However, exhausted activated carbon
is often disposed into a landfill or incinerated, which may
contribute to secondary pollution. Hence, graphite intercala-
tion compound (GIC) can be used as an alternative to remov-
ing dissolved organic contaminants from water. GIC can be
electrochemically regenerated in situ by an electrochemical
oxidation process. It is electrically conductive and requires
a short adsorption time to reach equilibrium (Mohammed
et al. 2012). However, the specific surface area of GIC is
significantly smaller than activated carbon.

Previous studies have shown that the combined adsorp-
tion and electrochemical regeneration of GIC can maximise
dye removal efficiency (Hussain et al. 2015b; Mohammed
et al. 2012). Optimising operating conditions allows the for-
mation of chlorinated breakdown products to be minimised
during electrochemical regeneration to prevent side reactions
(Hussain et al. 2015a). However, there is a lack of studies
focusing on the adsorption models used to model GIC using
statistical analysis and comparison of linear and non-linear
regression models to describe the adsorption mechanisms
of GIC. In this paper, we report the kinetics and isotherm
studies used to examine the adsorption behaviour of GIC.
In addition, the effect of current density in the subsequent
electrochemical oxidation process was also investigated to
optimise the dye and TOC removal efficiencies.

Materials and methods
Adsorbate

Reactive Black 5 (RB5) dye, with an empirical formula
of C,4H,NsNa,0,oS¢ was purchased from Sigma-Aldrich
with the product number 306452. The chemical structure of
the Reactive Black 5 dye is shown below. A stock solution
of 100 mg/L was prepared from the dissolution of RBS in
water.

Adsorbent preparation

The adsorbent used in this study is an expandable graph-
ite intercalation compound (GIC) purchased from
Sigma—Aldrich (P/N: 808121). At least 75% of the flakes
were larger than 300 microns (See Supplementary Mate-
rial S1). GIC has no porous structure and a relatively low
electroactive surface area of approximately 1 m%/g (Hussain
et al. 2016). It is highly conductive, with 0.8 S/cm (Asghar
et al. 2014).
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Determination of pH point of zero charge (pH,,)

The point of zero charge (pzc) of the GIC adsorbent was
determined using a pH meter (Eutech instruments, PC 2700).
A mixture of 50 mg GIC in 40 mL of distilled water con-
taining 0.1 M HCl and 0.1 M NaOH to adjust the pH levels
ranging between 3 and 12. The pH was measured after 24 h
of equilibration at an ambient temperature of 22.5 °C. The
pH,,. is defined as the pH at which the surface charge of the
GIC adsorbent is neutral.

Adsorption studies

The adsorption kinetic studies were performed to determine
the adsorption system's reaction order and identify the rate-
limiting process. The adsorption studies were performed for
Reactive Black 5 dye at various initial concentrations using
a GIC adsorbent dosage of 23 g/L, which was within the
ratios of adsorbent concentration estimated across different
works of literature such as Hussain et al. (2015b), Liu et al.
(2016) and Purkait et al. (2007). The mechanical agitation
speed was adjusted to 300—400 rpm at 22 °C. The adsorption
time was between 0 and 120 min until the adsorption equi-
librium for various initial dye concentrations was reached.
In order to investigate the effect of salt on the selectivity of
GIC, adsorption experiments were carried out using sodium
chloride (NaCl, > 99%, Sigma-Aldrich, Australia) at con-
centration ranging from 1 to 10 g/L. The adsorbent load-
ing, g, (mg/g), is to be determined from the initial and final
concentrations at specific time intervals as given in Eq. (1):
g, = (C, Cf)v 1)
m

where C; and C; are the initial and final concentrations
(mg/L) of Reactive Black 5 solution, V is the volume (L)
of a solution, and m is the mass (g) of the adsorbent used.
Microsoft Excel Solver Add-In (2022) was used to perform
graphical plots, curve fitting and mathematical models for
adsorption kinetics and isotherms by comparing the experi-
mental and theoretical data. The chi-square test is a criti-
cally important error function in determining the best fit of
isotherm model applicable to the tested adsorption system.
It estimates the difference in squares between the theoreti-
cal data based on the predicted model and the experimental
data collected and then divides each difference by the cor-
responding experimental value.

The influence of the variables was examined at three dif-
ferent levels, and the values of the variables at each level are
shown in Table 1. The total number of experimental runs
was designed using the CCD method by Eq. (2):
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Table 1 Range and codification

Ind dent variabl Symbol — -1 0 +1 +
of the independent variable (xi) [Tcpenten vanaes ymee (x N
were used in the experimental Temperature, (°C) X, 30 36.0809 45 53.9191 60
design pH X, 3 46216 7 9.3784 1

Salt concentration (g/L) X3 1 2.8243 5.5 8.1757 10
n=2+2i+ n, ) adsorption-electrochemical treatment process consists of

where n is the total number of experimental runs, i is the
number of independent variables, and n, is the number of
centre points. A total of 20 experiments were designed. A
quadratic polynomial equation can be used to mathemati-
cally express the relationship between the independent vari-
ables and the responses, as shown in Eq. (3):

K K k=1 k
Y =0+ Z Pix; + Z Bix; + Z Z PiXix; + v (3)
i=1 i=1

i=1 j=it+l

where Y is the predicted response, f3, is the constant term, f,,
Py and B;; are the linear, second-order and interaction coef-
ficients, respectively, x; and x; are the independent variables,
and x;x; represents the first-order interaction between x; and
X;. k is the number of independent variables, and y is a ran-
dom error.

Adsorption and electrochemical regeneration

Electrochemical regeneration of GIC adsorbent was carried
out in a batch electrochemical cell, as shown in Fig. 1.
Direct anodic oxidation of dye pollutants occurs via
graphite anode, whereas indirect oxidation occurs via
electrogenerated highly reactive oxidising species such
as hydroxyl radicals and active chlorine species. The

Fig. 1 RBS textile dye waste-
water in the sequential batch
electrochemical reactor

Reactive Black 5

three essential steps: initial adsorption-regeneration and
re-adsorption via electrochemical treatment (Hussain et al.
2015b). In this experiment, 2,000 mL of the 100 mg/L of
RBS5 stock solution was subjected to electrochemical treat-
ment. The dye solution was poured into a sequential batch
reactor, and adsorption occurred when the air compressor
was switched on. The air was sparged into the bottom of the
chamber to facilitate mixing between GIC and dye solution.
The active area of each electrode used in the reactor was
70 cm?. The interelectrode distance between the anode and
cathode was 6.3 cm, and about 200 g of GIC was added to
fill the regeneration zone (12 cm deep and 5 cm thick) before
pouring the dye solution. The volume of the reactor chamber
was about 67 L. A 30 V DC power supply unit was con-
nected to the graphite anode and 316-grade stainless steel
cathode to facilitate an electrochemical redox reaction. The
cathodic compartment was filled with 0.3% (w/v) acidified
brine solution pH of 1-2 separated from the dye solution
by a Daramic membrane (Daramic, USA). The current sup-
ply ranged from 0.21 to 3.16 A, corresponding to a current
density of 3 to 45.14 mA/cm?.

Analytical methods

Surface characterisation of GIC can be performed using
IRAAffinity-1S, GladiaATR 10 Shimadzu Fourier Transform

Sequential batch
electrochemical reactor
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Infrared Spectroscopy (FTIR) by examining its surface
functional group or surface chemistry. Scanning Electron
Microscopy (SEM) is used to investigate the surface mor-
phology or textural properties of the GIC. A detailed analy-
sis of GIC characteristics using FTIR and SEM is shown in
Supplementary Material.

UV/Visible spectrophotometer (DR6000, Hach) deter-
mined the RB5 dye concentrations in solution at differ-
ent time intervals. The maximum absorption occurred at
a wavelength A=596 nm as specified by previous authors
Feng et al. (2022), Saroyan et al. (2019) and Droguett et al.
(2020). TOC-V CSH Shimadzu TOC analyser is used to
determine the degree of mineralisation of the Reactive Black
5 dye before and after the electrochemical treatment. A Hach
DR6000 UV/Visible Spectrophotometer was used to deter-
mine the RB5 concentrations in the samples. The Coefficient
of Variation (de Fouchécour et al. 2022) for UV-absorbance
analysis of RBS5 is approximately 0.31%, whereas for TOC
analysis is approximately 1.69%.

Results and discussion
Adsorption studies

The adsorption kinetics pertain to the uptake rate of RB5
adsorbates by GIC. Figure 2a shows the dye removal effi-
ciency for various initial dye concentrations ranging from
33.81 to 136.67 mg/L. The dye removal efficiencies for dif-
ferent initial dye concentrations fluctuated throughout the
adsorption period. This adsorption phenomenon indicated
that the dye molecules adsorbed onto the GIC adsorbent and
desorbed from the adsorbent surface back and forth due to
weak intermolecular interaction. Dye sorption usually occurs
when the dye molecules are diffused from the bulk liquid
onto the adsorbent surface through the solid-liquid interface
between the adsorbent surface and the bulk solution. The
dye molecules interact with the active sites on the surface
of the adsorbent through intermolecular interactions, which
are held by either van der Waals' forces, electrostatic interac-
tions, hydrophobic interactions, z—z electron donor—acceptor
interactions, hydrogen bonding etc. The binding process is
reversible if the solute-substrate interaction is held by weak
intermolecular forces such as van der Waals’ forces. The
binding process is irreversible if there is a strong electro-
static attraction between the solute and substrate. In addi-
tion, Fig. 2a shows the dye removal efficiencies for various
initial dye concentrations. It was found that the higher the
initial dye concentration, the lower the overall dye removal
efficiency due to the limited availability of active sites and
rapid uptake of adsorbates onto active sites.
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Figure 2b indicates that adsorbent loading increased
within the first 0-8 min for initial RB5 dye concentrations
ranging from 33.81 to 136.67 mg/L, eventually reaching
an adsorption equilibrium. However, continuous adsorp-
tion—desorption occurred throughout the experimental con-
ditions even after 100 min of adsorption time. The rise and
fall of adsorbent loadings strongly indicated that the dye
molecules continuously adsorbed and desorbed from the
surface of the GIC adsorbent due to weak intermolecular
interactions. This indicated the reversibility of the solute-
substrate binding process.

On the other hand, pseudo-second-order kinetic models
showed an excellent curve fitting between experimental and
theoretical data (Fig. 3a), indicating that it is suitable to
describe the adsorption—desorption kinetics in experimen-
tal studies. Non-linearised pseudo-first-order kinetic models
yield better fitness than the linearised pseudo-second-order
kinetic model (Table 1). The desorption process increased
dye concentration in the bulk liquid, creating a greater
concentration gradient and a greater diffusion flux of dye
adsorbates re-adsorbing onto the GIC adsorbent surface.
Although the adsorption kinetics of RB5 exhibited a slow
rate-limiting step, the high concentration gradient improved
the surface diffusivity or diffusion flux of the dye adsorbates
onto the GIC adsorbent surface, reaching a rapid equilibrium
point within 3 min of adsorption time.

The Bangham model is derived from the generalisation
of the Weber and Morris model (Largitte and Pasquier 2016;
Sumanjit et al. 2016). The kinetic data obtained from this
model can be used to determine the slow limiting step in
the adsorption system, as shown in Table 1. The equation
indicates that q denotes the dye loading per mass of adsor-
bent (mg/g), € and k represent kinetic constants. This kinetic
model can be used to verify whether the rate-limiting step
influences the pore or surface diffusion.

Furthermore, a novel three-stage kinetic model was used
to describe the adsorption of RB5 onto GIC adsorbent. The
model is based on the concept of mass conservation for RB5
combined with three distinct stages of adsorption onto GIC
(Choi et al. 2007): 1) the first portion of the plot represents
an instantaneous stage or external surface adsorption; 2) the
second portion of the gradual stage in the plot represents the
rate-limiting intraparticle diffusion; and 3) the third portion
for a constant stage represents the aqueous phase which no
longer interacts with GIC. The analytical three-stage kinetic
model can be validated with the kinetic data from the batch
experimental study involving RBS5 adsorption onto the GIC.

The significance of developing a three-stage kinetic model
for each initial dye concentration through modelling studies
stems from strong evidence that different stages of adsorp-
tion exist in the kinetic models. The first stage involves a
sharper portion of the adsorption curvature, representing
the rapid decrease in the aqueous phase concentration. Dye
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Fig.2 a The changes in dye removal efficiencies over a period of time for various initial dye concentrations; b the adsorbent loading of Reactive

Black 5 dye onto GIC over adsorption time from O to 120 min

molecules diffuse into the bulk solution, moving across the
solid-liquid interface and binding to the active sites on the
external surface of the adsorbent by instantaneous adsorp-
tion. The second gradual decline portion represents the slow
rate-limiting adsorption influenced by intraparticle or sur-
face diffusion. In contrast, the third constant line portion rep-
resents a minimal change in aqueous phase concentration or

indicates equilibrium has been reached. Compared to stand-
ard kinetic expressions, pseudo-second-order equation, and
Elovich kinetic equation, these three-stage kinetic models
are purely empirical. They do not discriminate between the
different adsorption stages, such as instantaneous versus
rate-limiting adsorption (Choi et al. 2007).
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X 136.67 mg/L (Experimental)
55.45 mg/L (Bangham Theoretical Model)
e 113.07 mg/L (Bangham Theoretical Model)

Fig.3 a The linearised form of the pseudo-second-order Kinetic
model for Reactive Black 5 dye adsorption onto GIC adsorbent. The
orange and blue lines represent linear regression analysis; b Bang-
ham’s kinetic model by non-linear regression method represents
the slow rate-limiting step of surface diffusion and intraparticle dif-
fusion of RB5 dye onto GIC adsorbent; ¢ The pseudo-first-order
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@ 55.45 mg/L (Experimental)
113.07 mg/L (Experimental)
33.81 mg/L (Bangham Theoretical Model)
=—72.06 mg/L (Bangham Theoretical Model)
e 136.67 mg/L (Bangham Theoretical Model)

kinetic model by non-linear regression analysis for Reactive Black 5
dye adsorption onto the GIC adsorbent; d The pseudo-second-order
kinetic model by non-linear regression analysis for Reactive Black 5
dye adsorption onto the GIC adsorbent; e The Elovich kinetic model
for Reactive Black 5 dye adsorption onto GIC adsorbent; f The three-
stage kinetic model for RB5 dye adsorption onto GIC adsorbent
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Fig.3 (continued)

In a kinetic batch system, the adsorbate in the aqueous
phase binds to the active sites on the adsorbent surface in a
finite system, resulting in the decline of the aqueous phase
concentration. In the first two stages of adsorption, the
instantaneous adsorption in the first stage involves instanta-
neous adsorption followed by slow rate-limiting adsorption
in the remaining stage as it moves towards the equilibrium

point. The rate-limiting adsorption, which involves the entire
mass transfers of adsorbate in the aqueous phase, moves
towards the solid phase of the adsorbent through surface
diffusion until it fills the active sites of the adsorbent with
adsorbate, thereby reaching adsorption equilibrium. The
second stage of the adsorption process primarily accounts
for time-dependent adsorption, followed by the third stage,
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Fig.3 (continued)

where the aqueous phase concentration remains constant  that some portion of the Reactive Black 5 adsorbate was
throughout batch adsorption. Furthermore, it can be deduced  adsorbed onto the external site of the GIC adsorbent within
that the existence of instantaneous adsorption (&,) implies  a transient period of time. The higher the initial adsorbate
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concentration, especially when the initial dye concentration
increased from 33.81 to 136.67 mg/L, resulted in a lower
&, value for both two and three-stage kinetic models. The
lower &, values compared to &, values, as the initial adsorb-
ate concentration increased, indicated higher intraparticle
diffusion. The continuous decrease of the aqueous phase of
adsorbate concentration within 2-3 min indicated that the
surface diffusion was still ongoing due to the availability
of surface area or active sites on the particle size of GIC
adsorbent. Due to the continuous decrease in the aqueous
phase of adsorbent concentration, the final stage of kinet-
ics had not reached the equilibrium point. Nonetheless, all
three stages of kinetic models fitted well with the experi-
mental data, with slight differences between the o and &,
values for initial adsorbate concentrations ranging between
33.81 and 72.06 mg/L of RB5 dye. Moreover, the higher
the initial adsorbate concentration, the more pronounced the
three stages, with an especially more distinctive appearance
of the second stage due to higher g,(c0) value. This result
demonstrated that different adsorption stages largely depend
on the initial adsorbate concentration and the adsorbent's
physicochemical properties or surface characteristics. The
instantaneous adsorption (&,) of GIC adsorbent decreased
from 0.1064 to 0.0209 as the initial adsorbate concentration
increased from 33.81 to 136.67 mg/L. As the initial adsorb-
ate concentration increased, the fast decline in instantaneous
adsorption became more pronounced. A high concentration
gradient between the bulk liquid solution and the external
site of the adsorbent would result in greater surface dif-
fusivity. As the initial adsorbate concentration increased,
high competition between adsorbate molecules reduced the
number of active sites available for adsorption, resulting
in a decrease in f§ values and, consequently, a reduction in
adsorption rate followed by reduced a values. As the ini-
tial adsorbate concentration increased, the instantaneous
adsorption portion of the parameter, &, value decreased
while the two-stage parameter, &, value increased, leading
to a longer equilibrium time. Conversely, the higher &, value,
the lower the second-stage adsorption, which may result
in a relatively long reaction time until the active sites are
filled. However, integrating the third stage model improved
the system's flexibility with greater f yields, resulting in a
relatively short duration of the second stage. On the other
hand, the three-stage kinetic model improved the flexibil-
ity of second-stage adsorption by increasing the g yields,
thereby compensating the instantaneous portion of &, and
shortening the equilibrium time for the complete reaction.
However, a higher g value, especially at initial adsorbate
concentration ranging between 33.81 and 136.67 mg/L, indi-
cated limited aqueous mass transfer due to relatively high
aqueous phase concentration. For a system with high initial
adsorbate concentration and small particle sizes, the three-
stage model is more suitable for determining the correct o

value. The instantaneous portion, &, increased significantly
for both high and low initial adsorbate concentrations, pos-
sibly due to particle attrition. The increase in the instan-
taneous portion, % resulted in a smaller &, value, which
indicated that a higher instantaneous portion inadvertently
reduced the second-stage reaction duration. Moreover, the
increase in the instantaneous portion, &, strongly indicated
RBS5 adsorbed onto GIC. On the other hand, using a high
mechanical stirring rate, significantly greater than 700 rpm,
can result in particle attrition, leading to small particle sizes.
Small particles have a high surface area, resulting in high
instantaneous adsorption. The continuous adsorption—des-
orption cycles can affect the  value. In contrast, changes in
vy values indicated prolonging or shortening reaction times,
especially for the third stage. The balance between a and 8
values can be discerned through the presumption that the
system may experience mass losses from the solution due
to the mineralisation process.

Furthermore, the Elovich equation was initially used to
examine the adsorption processes and is suitable for sys-
tems involving heterogeneous adsorbing surfaces (Wu et al.
2009). The characteristic curve of the Elovich equation
resembles those of Lagergren's first-order equation and intra-
particle diffusion model (Wu et al. 2009). The data obtained
from Table 2 shows that Elovich kinetic model is the best fit
for the experimental data. Moreover, Elovich kinetic model
is the most appropriate model to describe the adsorption
kinetics of RB5 with R? values greater than 0.9999. In addi-
tion, Fig. 3e shows the rapid rising to instant approaching
equilibrium of the low-lying characteristic curve, which
indicates rapid adsorption kinetics. The increasing sur-
face diffusion flux driven by a large concentration gradient
between solid-liquid interphase facilitated the rapid diffu-
sion of RBS5 adsorbate onto the surface of GIC, resulting in
fast-approaching equilibrium. In addition, Fig. 4 shows the
point of zero charge, pH,, relative to solution pH on the
ionisation of GIC adsorbent.

Adsorption isotherms

Various isotherm models concerning Fig. 5 are stipulated in
this subsection. The Langmuir adsorption isotherm assumes
that a homogenous monolayer exists on the surface of the
adsorbent, with no interaction between the adsorbed mol-
ecules and its neighbouring adsorption sites (Elemile et al.
2022). Moreover, Langmuir adsorption isotherm was ini-
tially developed to describe gas—solid interphase adsorption
on both carbon and graphite-based adsorbent. This isotherm
model is usually based on two common assumptions: 1)
the forces of interaction between adsorbed molecules are
negligible, and once an adsorbate occupies an active site
on the surface of the adsorbent, no further sorption takes
place. In addition, Langmuir isotherm refers to homogenous
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Table 2 Summary of linear and non-linear kinetic parameters for adsorption of RB5 dye onto GIC adsorbent

Adsorption Kinetics parameters for Reactive Black 5 dye onto GIC adsorbent by using the pseudo-first-order non-linear equations

Cp (mg/L) Geexp (ME/E) k; (min™") Ge.cal (ML) R?
33.81 0.4210 0.8014 0.4210 0.9984
55.45 0.3796 1.1009 0.3796 0.9899
72.06 0.4509 0.5417 0.4509 1.0000
113.07 0.4509 0.4012 0.4509 0.9968
136.67 0.9777 0.0248 0.7089 0.9925
Pseudo-first-order equation Non-Linear Form Plot

(klt )
— e\ 2303 = —9%4
A=c¢e Qe = o

q, versust

Adsorption kinetics parameters for Reactive Black 5 dye onto GIC adsorbent using the pseudo-second-order linear equations

Co (mg/L) Qe exp (ME/2) k, (g/mg min) Qe cat (ME/E) R’
33.81 0.4210 2.0166 0.2712 0.9869
55.45 0.3796 0.6807 0.2521 0.9781
72.06 0.4509 0.4158 0.2532 0.9754
113.07 0.4509 0.6631 0.2488 0.9500
136.67 0.9777 0.0493 0.2476 0.7603
Pseudo-second-order equations Linear Form Plot

t_ 1 L
9@ ka g
Bangham kinetic parameters by non-linear regression method for Reactive Black 5 dye adsorption onto GIC adsorbent

t
—versust
9

C, (mg/L) Geexp (ME/R) k (min~") 0 e cal (M) R?
33.81 0.4210 0.2574 0.1358 0.4932 0.9999
55.45 0.3796 0.1744 0.2032 0.4615 0.9710
72.06 0.4509 0.2352 0.1638 0.5154 0.9999
113.07 0.4509 0.1987 0.2167 0.5607 0.9999
136.67 0.9777 0.1651 0.2467 0.5379 0.9999
Bangham Equation Non-Linear Form Plot
q=k log.(Q)versuslog,(t)
Adsorption kinetics parameters for Reactive Black 5 dye onto GIC adsorbent by using the pseudo-second-order non-linear equations
Cy (mg/L) Qe exp (M/2) K (min”") Qe cat (M) “
33.81 0.4210 1.8148 0.4164 0.9945
55.45 0.3796 0.9969 0.3714 0.9968
72.06 0.4509 1.0761 0.4433 0.9996
113.07 0.4509 0.7819 0.4405 0.9873
136.67 0.9777 0.0224 0.7079 0.9957
Pseudo-second-order equation Non-Linear Plot
_ Gkt q,versust
4@ = 1+q kst

Kinetics parameters for adsorption of Reactive Black 5 dye on GIC by using the Three-stage kinetic model

C, (mg/L) q; (t) (mg/g) q (1) (mg/g) o p Y & & R’

33.81 0.1564 0.4210 0.1711 0.1461 3.4830 0.1064 0.2864 0.9550
55.45 0.0414 0.3796 0.2254 0.1839 7.4240 0.0172 0.1574 0.9547
72.06 0.0598 0.4509 0.4132 0.2924 9.2199 0.0191 0.1439 0.9547
113.07 0.0989 0.4509 0.1266 0.1124 11.9101 0.0201 0.0917 0.9546
136.67 0.1242 0.9777 0.1457 0.1272 6.6720 0.0209 0.1645 0.9546

@ Springer



International Journal of Environmental Science and Technology

Table 2 (continued)

Kinetics parameters for adsorption of Reactive Black 5 dye on GIC by using the Three-stage kinetic model

C, (mg/L) a O mge)  q O (mgg) « p v & & R?
Three-Stage Kinetic Equation 0 =a.(0) = g.(c0)C = —aC[l _ a0 ] Plot
¢,(0 = ¢q,(0) = ¢( )ar () 40 = q,(0) + g>(0)
% = _ac[l B ﬂ:&)]vc(t) +M|q, +q,] = VG, Clyversust
o _ (1-&)(1-&-p%)
G (=& -p&ewpl-ri)
_ May() _ Mgy() _ (=4-p5)a
&= Ve, &= Ve, - B8E
Elovich kinetic parameters for adsorption of Reactive Black 5 dye onto GIC adsorbent
CO (mg/L) qe,exp (mg/g) a ﬁ qe,cal (mg/g) R2
33.81 0.4210 3.6758 18.3320 0.4908 0.9999
55.45 0.3796 0.3652 13.9796 0.4592 0.9999
72.06 0.4509 1.2161 15.0065 0.5126 0.9999
113.07 0.4509 0.3677 11.2163 0.5533 0.9999
136.67 0.9777 0.35422 12.3529 0.5072 0.9999
Elovich Kinetic Equation q, = %ln(aﬁt +1) Plot
q,versust

adsorption with a second assumption that there is no trans-
migration of the adsorbate molecules in the plane perpen-
dicular to the surface of the adsorbent (Shahbeig et al. 2013).
This isotherm model has the following hypotheses (Shahbeig
et al. 2013):

(1) The monolayer adsorption is approximately one mol-
ecule in thickness.

(2) Adsorption usually takes at specific homogenous active
sites within the surface of the adsorbent.

(3) Once an adsorbate occupies an active site, no further
sorption takes place at that particular site.

(4) The free energy at the adsorption site is relatively con-
stant and independent of the degree of adsorbate occu-
pation on the active site of the adsorbent.

2.5 1
|
2 1
1
15 :
1
1 1
1
o 0.5 :
|
0
05 O 2 ;3\ 10 12
1
-1 ' pH,, =6.04+0.03
1.5 !

pH

initial

Fig.4 Point of zero charge of GIC particle electrode

(5) The strength of attractive intermolecular forces depends
on the distance between the adsorbate molecule and the
active site of the adsorbent, indicating that the further
away the adsorbate is from the adsorbent surface, the
lower the attraction.

(6) The physicochemical structure of the adsorbent is con-
sidered to be homogeneous.

However, the Langmuir isotherm model's main limitation
is its validity in low-pressure constraints. Another drawback
of Langmuir isotherm is that it assumes uniform monolayer
adsorption of adsorbate or solute at a specific homogenous
active site. In reality, this rarely occurs in the presence of
high adsorbate concentration, which results in rapid satu-
ration of active sites caused by competition adsorption
phenomena or interaction between adsorbates on different
active sites. The ongoing adsorption and desorption pro-
cesses affect the accuracy of the assumption for a mecha-
nistic model.

Two significant assumptions are related to the derivation
of Temkin isotherm (Chu 2021): (1) There is a uniform dis-
tribution of heterogeneous binding sites on the solid sur-
face; (2) The binding energy varies linearly over different
binding sites. Temkin isotherm is often used to characterise
the environmental adsorption of contaminants, but it suffers
from dimensional inconsistency (Chu 2021). The dimen-
sionally inconsistent formulation, as shown in Table 3, may
affect the accuracy of the representation of fitted theoretical
data against the experimental data. Two undesirable features
relate to the fitted curve: (1) any initial dye concentration
beyond 100 mg/L does not accurately predict the saturation

o’
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Fig.5 a Langmuir adsorption isotherm for RB5 onto GIC adsorbent
by linear regression method; b Langmuir adsorption isotherm for
RB5 onto GIC adsorbent by non-linear regression method; ¢ Fre-
undlich adsorption isotherm for RB5 onto GIC adsorbent by linear
regression method; d Freundlich adsorption isotherm for RB5 onto
GIC adsorbent by non-linear regression method; e Temkin adsorption
isotherm for RB5 onto GIC adsorbent by linear regression method;
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f Temkin adsorption isotherm for RB5 onto GIC adsorbent by non-
linear regression method; g SIPS adsorption isotherm for RB5 onto
GIC adsorbent by linear regression method; h SIPS adsorption iso-
therm for RB5 onto GIC adsorbent by non-linear regression method;
i Redlich—Peterson isotherm modelling by linear regression method;
Jj Redlich—Peterson adsorption isotherm for RB5 onto GIC adsorbent
by non-linear regression method
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Fig.5 (continued)

limit, especially at high concentrations, resulting in more
significant disparities between theoretical and experimental
data; (2) The second undesirable feature is present in both
low and high regions. This indicates that the experimental
values are less than the accepted values, giving the average
relative errors negative values. Nonetheless, the inherent
deficiencies in Temkin formulation do not entirely restrict
its ability to correlate the equilibrium data to a significant
degree of precision. In other words, the fitting of the Temkin
equation to an equilibrium data and experimental profile is
still within a validity range despite some minor deviations
at both high and low concentrations. Some minor deviations
could be attributed to the ongoing desorption process within
the adsorption system.

Furthermore, SIPS isotherm combines Langmuir and
Freundlich models and is appropriate for characterising
heterogeneous adsorption systems at various pressures and
temperatures (Tzabar and ter Brake 2016). The SIPS model
has been found to fit liquid adsorption data remarkably well,
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1.0
08 SIPS (Non-Linear Model)
an
= 1
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£06 T L
] T
< 0.4 ; I I }
0.2 -
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~ 08 Linear Model) T T
= T
= 1
é 0.6 T
Q T
o
0.4 ; I I ;
0.2 it
0.0
0 50 150

especially for liquid—solid adsorption systems. Although the
results showed that the adsorption systems are suitable for
RB5 contaminant, the apparent SIPS formulation may con-
ceal problematic application issues. The application issues
are expounded as follows (de Vargas Brido et al. 2023): (1)
the dubious practice of using linear versions of the SIPS
equation to fit the experimental profile; (2) the inherent
mismatches between the SIPS and Langmuir—Freundlich
equations; and (3) the trivial practice of correlating the
SIPS equation to experimental data. To overcome the inher-
ent deficiencies, SIPS combined the characteristics of the
Freundlich model to assume that the amount of adsorbate
increases indefinitely with pressure, resulting in a distribu-
tion function correlated with an increase in the infinite num-
ber of active sites available for adsorption.

On the other hand, SIPS derived another distribution
function to predict a finite number of active sites available
on the adsorbent surface. To make this derivation method
workable, SIPS incorporated exponent n, ranging between 0

(]
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Table 3 Summary of linear and non-linear parameters for isotherm models for the adsorption of RB5 dye onto GIC adsorbent

Linear and non-linear parameters of isothermal models for the sorption of Reactive Black 5 (RB5) dye onto GIC adsorbent

Two-parameter isotherms

Isotherm models Linear method

Non-linear method

Langmuir q,, (mg/g) 0.6166 qy, (mg/g) 1.4369
B 0.0671 b 0.0091
R? 1.0000 R? 0.9992
1 1 1 1 _ bK,C,
r=Gr)ers 9 = Tc,

Freundlich Kp (L/mg) 0.2263 Kg (L/mg) 0.0464
n 0.7133 n 1.7179
R? 1.0000 R? 0.9999
lOge (Qe) = IOge (KF) + %IOge (Ce) q, = [(FC;l

Temkin A 0.1568 A 0.1568
B 0.2381 B 0.2381
R? 1.0000 R? 1.0000
¢. = 210z, ) + £l 1og, (c,) g. = Blog, (AC,)

b b
RT p= RT
=== " B

b b

Three-parameter isotherms

Isotherm models Linear method Non-linear method

SIPS A 0.0176 A 84.9456
K (L/g) 0.0019 K (L/g) 2.5727%x107°
n 0.3751 n 0.5840
R? 1.0000 R? 0.9999
ﬂs lOge (Ce) = —lOge (?) + lOge (as) qde = qm((KvCe) /(1 + KTCE) )

Redlich—Peterson A 0.1076 A 5.2680
B (L/mg) 0.6249 B (L/mg) 113.5293
R? 0.9999 i 0.4176

2
log, (S—) = plog, (C,) —log, (A) R 0.9999
_Ac,
e = Tl

and 1, to make the adsorption systems more manageable at
an extensive range of pressures. Since Freundlich isotherm
only approximates the adsorption behaviour of the system,
the value of 1/n can only range between 0 and 1; therefore,
the equation only accounts for a limited range of pressure.
Given the status of adsorption systems, the Langmuir—Fre-
undlich equation is interconvertible with the SIPS formula-
tion (de Vargas Brido et al. 2023). No meaningful insights
can be gained by fitting the Langmuir—Freundlich and SIPS
equations separately to similar experimental data sets and
comparing their degrees of precision. Hence, the SIPS equa-
tion may lack mechanistic relevance.

More interestingly, a three-parameter Redlich—Peterson
isotherm equation is introduced to amend the inaccura-
cies and inherent deficiencies of two-parameter Langmuir

A
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and Freundlich isotherm equations. The Redlich—Peterson
isotherm equation is more accurate than Langmuir and
Freundlich equations in describing the adsorption sys-
tems using GIC adsorbent, which is consistent with Wu
et al. (2010). Unlike Langmuir and Freundlich isotherms,
the Redlich—Peterson isotherm equation incorporates
additional parameters such as A, B and f to increase the
accuracy and precision of curve fitting between analytical
and experimental data. Moreover, the Redlich—Peterson
isotherm balances the Langmuir and Freundlich systems
and incorporates the benefits of both models rather than
conflicts between the two systems. In addition, the degree
of curve fitting for linearity and non-linearity of isotherm
equations depends on the types of experimental adsorption
systems. Occasionally, a linearised form of an isotherm
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equation may yield a better fit for experimental data than
a non-linearised form of equation, depending on the type
of adsorption system.

According to Table 3, the sum of the squares error (ERRSQ/
SSE) values for Redlich—Peterson and SIPS isotherms were the
lowest compared to other values of isotherm models, result-
ing in a better fit between theoretical and experimental data.
Although ERRSQ/SSE is the most widely reported error func-
tion in isotherm modelling, the major disadvantage is its poor
error prediction at high-pressure conditions, which may reflect
the true nature of adsorption complexity (Serafin and Dziejar-
ski 2023). The hybrid fractional error function (HY BRID) was
initially developed to improve the curve fitting of the sum of
squares error (ERRSQ/SSE) to account for low relative pres-
sure condition by dividing it by the measured experimental
values at equilibrium condition (Serafin and Dziejarski 2023).
The hybrid fractional error function (HYBRID) was selected
as the optimal error function to ascertain and analyse the iso-
therm models to characterise the finest fit between theoretical
and experimental data. In addition, the sum of absolute errors
(SAE) is a similar error function to ERRSQ/SSE, confirming
that non-linear, three-parameter Redlich—Peterson and SIPS
isotherm models provided the finest fit between theoretical
and experimental data. In Table 3, it was observed that the
hybrid fractional error function for Redlich—Peterson and
SIPS isotherms, in conjunction with the chi-square test (% 2),
yielded the overall best-fitting performance compared to other
isotherm models. It can be deduced that HYBRID and x2
error function analyses are significant tools in evaluating the
isotherm modelling because they are statistically robust and
well-established measurement tools for accurate curve-fitting
models. The benefits of having both HYBRID and x 2 error
function analyses are due to balances between the influence of
both large and small error values in HYBRID measurement,
whereas comparative evaluation of model deviation between
predicted and experimental values by taking into account the
uncertainty in experimental modelling in x 2 error function
analysis. Based on this reasoning, HYBRID and x 2 error
functions provided the best principal method for determining
and analysing the accuracy and precision of isotherm mod-
els to yield the finest curve fitting between theoretical and
experimental data. Among other error functions, Marquardt’s
percent standard deviation (MPSD) measures the geometric
mean of the error distribution modified in accordance with
the degrees of freedom in the isotherm models (Serafin and
Dziejarski 2023). On the other hand, Marquardt created the
average relative error (ARE) to minimise the fractional error in
statistical distribution over a range of relative pressure condi-
tions (Serafin and Dziejarski 2023). The chi-square values of
Redlich—Peterson and SIPS were approximately 0.9925 com-
pared to chi-square values of 0.2769 and 0.1472 for Langmuir
and Freundlich isotherm models, respectively. Hence, the

larger the chi-square values, the greater the probability that
the isotherm models were statistically significant, indicating
that Redlich—Peterson and SIPS isotherm models were a bet-
ter fit for the experimental data compared to Langmuir and
Freundlich isotherm models. The coefficient of determination
was calculated using Excel Solver Add-In (2022). In terms
of mechanistic phenomena, the predicted amount of adsorbed
adsorbate reached an equilibrium state closely resembling
the observed amount of adsorbed adsorbate at the equilib-
rium state, thereby validating the predictability of isotherm
models to describe the experimental data. On the other hand,
the G-statistic values for Redlich—Peterson and SIPS iso-
therm models were 0.4682 and 0.4683, respectively. Hence,
it indicated that the deviance for the isotherm models from
the experimental data was statistically significant compared
to Langmuir and Freundlich isotherm models with G-statistic
values of —6.5832 and —7.5650, respectively. Hence, this indi-
cated that the Redlich—Peterson and SIPS isotherm models had
better goodness-of-fit.

In contrast, Langmuir and Freundlich’s deviance for the pre-
dicted models and experimental data was significantly smaller
than expected, indicating that the comparative models were
statistically insignificant. Unlike the actual goodness-of-fit test,
the G-statistic test does not calculate the probability of obtain-
ing the experimental results from something more extreme.
Instead, it utilizes the experimental data to calculate a test sta-
tistic to determine how far the experimental data deviates from
the theoretical results based on null expectation. To support
this mathematical relationship, the chi-square calculation is
then used to estimate the probability of obtaining that value
of the G-test statistics. This indicated that the G-test statis-
tic is more efficient than the chi-square test in measuring the
goodness-of-fit, provided that the values between the experi-
mental and theoretical data must be statistically significant or
contingent upon the overall significance of the models (Osorio
et al. 2024). In Table 4, MPSD errors for Redlich—Peterson and
SIPS isotherms were the lowest compared to other isotherm
models, verifying the statistical significance of HYBRID
and x 2 error function tools, indicating the best curve fitting
characteristics of the isotherm models. Hence, the following
is the categorisation of error functions based on the findings
obtained from the RBS5 adsorption system, starting from the
left with the error function that provides the best curve fitting
between the experimental and theoretical isotherm models:

x2> HYBRID > ERRSQ/SSQ > ARE
> EABS > MPSD > ¢ > R?
In contrast to two-parameter isotherm models, the three-
parameter isotherm models were characterised by relatively
low HYBRID and ERRSQ/SSE values. In accordance with

HYBRID, %2 and ERRSQ/SSE, the degrees of curve fitting
of all isotherm models are ranked in the following order:

a
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Redlich — Peterson > SIPS > Temkin
> Freundlich > Langmuir

By interpreting the above sequential order, it is evident
that Redlich-Peterson and SIPS isotherms are the most
appropriate models for verifying research associated with
RBS5 adsorption systems involving GIC.

Electrochemical oxidation of reactive black 5

The experimental studies demonstrated that 12 mA/cm?* was
the minimum current density required to reduce RB5 con-
centration in water significantly. Both dye and TOC removal
percentages increased continuously beyond 12 mA/cm?.
This indicated that more intermediate oxidation products
were subsequently mineralised into CO, and H,O. A higher
current density of 45 mA/cm? could eventually eliminate
residual RBS in water, resulting in a 93% mineralisation
efficiency and 67% TOC removal rate (Fig. 6). In addi-
tion, electrolysis can effectively remove RBS from water
by destroying its molecular structure through the cleavage
of azo bonds. However, some RB5 molecules may not be
wholly mineralised into inert CO, and H,O. In addition,
Fig. 6 represents the effect of current density on the min-
eralisation and RB5 removal efficiencies. The greater the
current density, the greater the removal efficiencies of RB5
and TOC. On the other hand, Fig. 6 shows the effect of cur-
rent density on the annual electricity cost for TOC, which
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varied due to the buildup of side reactions at a current den-
sity greater than 20 mA/cm?. The mineralisation of RB5
molecules into CO, at higher current density also contrib-
uted to the loss of intermediate transformation species in
water, impacting the ionic conductivity of aqueous media.
In terms of technoeconomic analysis, the electricity cost
per hour of electrolysis using 34 mA/cm? of current density
was amounted to 49.59 AUD/kg of RBS5 and 334.52 AUD/
kg of TOC. Furthermore, Fig. 7 shows the effect of cur-
rent density on the electrochemical regeneration efficiency
of GIC particle electrodes in the presence of RB5-polluted
wastewater. High current density led to surface roughening
of the GIC, causing changes in the surface physicochemical
properties of GIC. Fresh GICs initially have acidic quinone
and carboxyl groups on its surface. Upon electrochemical
regeneration, these functional groups increase in quantity.
A sustained regeneration leads to the formation of basic
lactones, which offsets the relative amounts of acidic func-
tional groups. The increase in adsorption can be attributed to
strong surface acidic functionalities. Subsequent adsorption
and regeneration cycles lead to a greater formation of basic
functional groups, which outnumbers the amount of surface
acidic functional groups, reducing adsorption (Nkrumah-
Amoako et al. 2014). The presence of anions in the solution
may increase the electrostatic repulsive forces between GIC
and RB5 molecules at the solid-liquid interface, reducing
the ability of GIC to adsorb RBS5 effectively.

24 mA/cm2 45.14 mA/cm2

RB5 Removal Efficiency (%)

Fig.6 Effect of current density on dye and TOC removal efficiencies. Each experiment comprises 20 min of adsorption and 10 min of regenera-
tion at a range of current densities from 3 to 45.14 mA/cm? and 30 V. The error bars represent the coefficient of variation of 2.32%
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Fig.7 Electrochemical regeneration efficiency of GIC particle electrodes in the presence of RB5-polluted wastewater

Optimisation study using three-dimensional
response surface plots

This experimental study investigated the effect of operat-
ing parameters such as temperature, pH and salt concen-
tration on the RB5 and TOC removal efficiencies using
surface response methodology (Kanneganti et al. 2022)
integrated with central composite design (Medeiros et al.
2022). Other constant variables included an initial RB5
concentration of 50 mg/L, an adsorption time of 10 min
and an adsorbent dosage of 20 g/L. The batch experi-
mental runs were conducted in accordance with the CCD
Design of Experiment to visualize the effects of interac-
tive variables on targeted responses using RSM optimiza-
tion techniques. A general result demonstrated that when
the temperature and pH or salt concentration increased,
the RB5 and TOC removal efficiencies also increased as
shown in RSM and contour plots of Figs. 8a—j.

The experimental results were evaluated and approxi-
mated using the mathematical expressions or functions of
various targeted responses, such as dye and TOC removal
efficiencies presented in regression equations in coded
units:

Y, =32.7-0.46x, —2.56x, — 1.35x,
—0.0015x;x; + 0.116x,x, — 0.004x5x5 4)
+ 0.0493x,x, + 0.0549x,x;3 — 0.077x,x;

a
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Y, =12.6 - 0.177x; — 1.06x, — 0.71x; — 0.00064x, X,
+ 0.0484x,x, — 0.0006x3x5 + 0.0181x,x, (5)
+ 0.0233x,x5 — 0.0190x,x;

Furthermore, Table 5 shows the ANOVA analysis of
RBS5 removal efficiency. The F-value of pH variable was
5.60, which was significantly greater than the P-value
of 0.039. On the other hand, Table 6 shows the ANOVA
analysis for TOC removal efficiency with the F-value of
pH variable at 5.90, which was significantly greater than
the P-value of 0.036, whereas the F-value of temperature
was 0.31 and the P-value was 0.589, indicating that the
temperature variable had no significant interactive effect
on the overall GIC adsorption efficiency. The following
represents the Pareto chart that visualises the interactive
effects of various operating variables on the RB5 and TOC
removal efficiencies. The Pareto chart in Fig. 9a shows the
bars representing one of the independent variables, pH,
crosses the reference line with an absolute value of 2.228.
This indicates that only pH value produced a statistically
significant effect on the dye removal efficiency with less
than the a-value of 0.05. Similarly, the synergistic effect
of combined temperature and pH, temperature and salt
concentration and pH and salt concentration (AB, AC, BC)
etc., did not produce a statistically significant effect on
the dye removal efficiency. A similar trend was observed
for Fig. 9b, indicating that pH significantly impacted the
TOC removal efficiency. Overall results showed that salt
concentration had no significant effect on the selectivity
reversal of GIC adsorption of RB5 compared to the pH
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Fig. 8 (continued)
Table5 ANOVA analysis of Source DF AdjSS AdjMS F-Value P-Value
interactive variables on the RB5
removal efficiency Model 9  119.095 132328 130 0.344
Linear 3 87.817 29.2724 2.87 0.090
Temperature 1 2.577 25769  0.25 0.626
pH 1 57.194  57.1940 5.60 0.039
Salt Concentration (g/L) 1 28.046 28.0463 2.75 0.128
Square 3 6.818 22725 022 0.879
Temperature*Temperature 1 0.213 0.2125 0.02 0.888
pH*pH 1 6.227 6.2272  0.61 0.453
Salt Concentration (g/L)*Salt Concentration (g/L) 1 0.010 0.0103  0.00 0.975
2-Way Interaction 3 24.460 8.1534  0.80 0.522
Temperature*pH 1 8.761 8.7614  0.86 0.376
Temperature*Salt Concentration (g/L) 1 13.755 13.7548 1.35 0.273
pH*Salt Concentration (g/L) 1 1.944 1.9440 0.19 0.672
Error 10 102.105 10.2105
Lack-of-Fit 5 74423 14.8847  2.69 0.151
Pure Error 5 27.682 5.5364
Total 19 221.200
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Table 6 ANOVA analysis

) Source DF AdjSS AdjMS  F-value P-value
for determination of the
significance of interactive Model 9  17.6369 195966 139 0.308
z;;‘g‘;‘:llfcsyon the TOC removal Linear 3 126960 4.23201  3.00 0.082
Temperature 1 0.4407 0.44071 0.31 0.589
pH 1 8.3332 833320 5.90 0.036
Salt Concentration (g/L) 1 3.9221 392210 2.78 0.127
Square 3 1.1761  0.39205 0.28 0.840
Temperature*Temperature 1 0.0376  0.03764 0.03 0.874
pH*pH 1 1.0783  1.07831 0.76 0.403
Salt Concentration (g/L)*Salt Concentration (g/L) 1 0.0003  0.00026  0.00 0.989
2-Way Interaction 3 3.7648  1.25493  0.89 0.480
Temperature*pH 1 1.1836  1.18359 0.84 0.382
Temperature*Salt Concentration (g/L) 1 24637 246371 1.74 0.216
pH*Salt Concentration (g/L) 1 0.1175 0.11749  0.08 0.779
Error 10 14.1232 141232
Lack-of-Fit 5 10.1346  2.02693 2.54 0.165
Pure Error 5 3.9886 0.79772
Total 19 31.7602
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Fig.9 a Pareto chart represents the significant effect of three different factors, including the interactive effects on the dye removal efficiency, and
b Pareto chart represents the significant effect of three different factors, including the interactive effects on the TOC removal efficiency

effect. The combined effect of temperature and salt con-
centration selectively induced RB5 adsorption by GIC
in the presence of pH changes relative to pH,,.. Initially,
RBS5 dye solution had a pH of 5. When the solution pH
was greater than pH,,., GIC adsorbent became negatively
charged, increasing its ability to adsorb more RB5 dye
molecules due to GIC surface ionisation. On the GIC sur-
faces, 7—x electron donor—acceptor interactions played a
significant role in the selectivity of the adsorption process.
The adsorption of RB5 anionic dye on GIC surface, where
an anion-x repulsive interaction was strong due to solu-
tion pH greater than pH,,.. However, the presence of Na*
ions from salt solution negated the GIC surface charges,

increasing its attraction towards anionic dye via attrac-
tive cation-w and multivalent interactions. In addition, the
adsorption process on GIC adsorbent was mainly domi-
nated by 7z—=z and electrostatic interactions. The follow-
ing represents the ANOVA analysis for the significance
of interactive variables on the RB5 removal efficiency:
In addition, Table 5 represents the difference between
the CCD-RSM optimised and validated results. At a typi-
cal temperature of dye wastewater at 30 °C, pH 7, and
NaCl concentration of 5.50 g/L, the RB5 and TOC removal
efficiencies were 14.19% and 4.71%, respectively, using
CCD-RSM optimisation. These targeted responses were
validated with the experimental results, which showed that
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Table 7 Comparison between optimised and non-optimised experimental results

CCD-RSM optimisation result

Temperature (°C) pH Salt concentration (g/L)

TOC removal efficiency (%) RBS5 removal efficiency (%)

30 7 5.5

4.71 14.19

Experimental result for validation

Temperature (°C) pH Salt concentration (g/L)

TOC removal efficiency (%) RBS5 removal efficiency (%)

30 7 5.5

4.64 13.99

RBS5 and TOC removal efficiencies closely resembled the
optimised values, verifying the validity of RSM optimisa-
tion (Table 7).

Conclusion

RB5 can be removed successfully using combined adsorp-
tion and electrochemical oxidation processes. However,
the optimum removal rates needed to be evaluated using
CCD-RSM optimization. The results showed that pH had
the most significant effect on the GIC adsorption of RB5
compared to temperature and salt concentration. Although
salt concentration had a limited impact on the selectivity
of GIC towards RBS, it prevented the selectivity reversal
by regulating or reinforcing the balance of surface ioniza-
tion of GIC, making it more conducive to RB5 adsorption.
The changes in surface physicochemical properties of GIC
after several cycles of electrochemical regeneration can be
compensated by regulating the surface ionization of GIC,
albeit additional batches of adsorption must be performed
separately. In addition, the salting effect functions as a
regulatory mechanism to balance or induce the surface
ionisation potential of GIC adsorbent instead of directly
influencing the adsorption process, whereas pH relative to
the point of zero charge had a more stabilising effect on
the adsorption process. On the other hand, the electrostatic
interaction from the physical process helped to strengthen
the adsorption process. Although GIC adsorbents were
non-porous, indicating that the adsorptive capacity can be
exhausted rapidly, high electrically conductive GIC adsor-
bents can be electrochemically regenerated to recover its
active sites. The adsorption kinetics were found to follow
the Elovich kinetic model, which yielded the best fitness.
On the other hand, the adsorption isotherms were found
to follow both SIPS and Redlich-Peterson isotherm mod-
els with significantly fewer errors than other models in
accordance with error function analyses. Almost complete
removal of RB5 can be achieved within 30 min at a cur-
rent density of approximately 45 mA/cm?®. Although the
adsorptive capacity of GIC can be regenerated, further
work is needed to evaluate the intermediate breakdown

(]
’r @ Springer

products formed during the oxidation of RB5. In addi-
tion, more characterisation tests are required to examine
the changes in the surface chemistry of GIC after the
prolonged period of electrochemical regeneration. More
methods should be explored to minimise the likelihood
of particle attrition or corrosion during electrochemical
treatment.
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