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ABSTRACT

This research was centred on the synthesis and characterization of lignite-derived graphite (LDG)
as an alternative adsorption material for eliminating nonylphenol ethoxylate (NPE) from aqueous
solutions. The characterization of LDG revealed distinctive morphological traits, consisting of tubu-
lar structures and densely packed layers. These structural attributes augment adsorption capacity
when compared to traditional materials by increasing surface area and establishing intricate path-
ways that facilitate NPE transport. To achieve this goal, the impacts of variables such as pH, con-
tact time, initial concentration, and temperature on NPE removal via LDG were investigated. The
study indicated that NPE adsorption onto LDG occurs rapidly, with equilibrium attained within a
mere 5 min. Moreover, it was determined that LDG effectively operates across a broad pH range.
The acquired data were elucidated using the pseudo-second-order kinetic model, providing the most
accurate representation of the adsorption process. Furthermore, the Dubinin—-Radushkevich iso-
therm analysis indicated the prevalence of a physical mechanism in the NPE adsorption onto LDG.
Throughout the study, characterization of the synthesized LDG was carried out through X-ray dif-
fraction, scanning electron microscopy, and Brunauer-Emmett-Teller analysis. In conclusion, this
study underscores the synergy between LDG’s distinctive physical and chemical properties, posi-
tioning it as a promising material for efficiently extracting NPE from contaminated water sources.

Keywords: Nanocomposite; Eco-friendly water treatment; Lignite-derived graphite; Nonylphenol

ethoxylate; Adsorption

1. Introduction

Endocrine-disrupting chemicals (EDCs) have emerged
as a prominent environmental concern in recent years, pri-
marily due to their inherent persistence, potential for bio-
accumulation, and capacity to interfere with the endocrine
system of both humans and animals [1,2]. Xenoestrogens,
a subgroup of EDCs, can be attributed to various sources,
including agricultural, industrial, and waste disposal activ-
ities, with notable examples being polychlorinated biphe-
nyls (PCBs) and dioxins [3]. Among the xenoestrogens,
nonylphenol ethoxylates (NPEs) represent a specific class
characterized as non-ionic surfactants [4]. Due to their
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favorable chemical properties and cost-effectiveness, NPEs
have been widely used in various sectors including indus-
try, households, agriculture, and commerce. Their functional
utility encompasses roles as antistatic agents, demulsifies,
emulsifiers, wetting-dispersing agents, detergents, and sol-
ubilizers. Notably, NPEs have achieved significant market
penetration, with previous estimates indicating that they
constitute approximately 80% of detergent usage [5]. This
statistic serves as a testament to the wide-ranging adoption
and utilization of NPEs in various domains.

The use of NPEs results in their release into the envi-
ronment through wastewater pathways [6]. Consequently,
NPEs have the potential to enter water bodies or wastewater
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treatment plants (WWTPs) [7]. The occurrence of NPEs in
water ecosystems, including rivers, lakes, and groundwa-
ter, has been documented in previous studies [5,7-9]. This
presence poses a significant concern due to the toxic and
estrogenic effects NPEs can have on fish and other aquatic
organisms [7,10]. Even when NPEs reach WWTPs, conven-
tional treatment systems lack the capacity to effectively
eliminate EDCs [11]. Moreover, NPEs have the poten-
tial to undergo biodegradation in both the environment
and WWTPs, leading to the formation of more toxic com-
pounds. These degradation products may exhibit increased
persistence in aquatic environments and become involved
in the water cycle [12,13]. Consequently, it is imperative
to implement appropriate treatment measures for NPEs
and their degradation products to mitigate their potential
highly toxic effects on both human health and ecosystems
before their release into the environment [14].

The adsorption process has garnered significant atten-
tion in wastewater treatment as an effective method for
removing pollutants. This is due to its simplicity, cost-ef-
fectiveness, and high removal efficiencies achieved [15-19].
A wide range of natural and synthetic adsorbents, such
as sand [20], clay [21], biochar [22], aminated adsorbents
[23], multi-walled carbon nanotubes [15], polyurethane
foam [24], and graphene oxide [25] have been utilized for
removing NPEs from aqueous solutions.

Previous investigations have demonstrated that the
adsorption of NPEs onto these adsorbent materials is pri-
marily governed by both the hydrophobic and hydrophilic
regions of the NPE molecules [20,21,26]. Specifically, the
oxygen present in the oxyethylene group within the struc-
ture of NPEs interacts with the surface of the adsorbent,
facilitating the strong adsorption of the ethoxylated non-
ionic segment onto the surface [27]. These findings provide
insights into the mechanisms underlying the adsorption
process and highlight the potential of utilizing adsor-
bents for the effective removal of NPEs from aqueous
environments.

Graphite, recognized as the most thermodynami-
cally stable form of carbon, is composed of graphene lay-
ers interconnected by covalent and metallic bonds [28].
When subjected to thermal or chemical treatments, graph-
ite undergoes expansion, resulting in the formation of
expanded graphite, which exhibits a remarkable adsorp-
tion capacity for organic pollutants [29,30]. The superior
adsorption performance of expanded graphite can be
attributed to its distinctive physical and chemical proper-
ties, including porosity, specific surface area, density, and
hydrophobic structure [19,29,31,32].

Natural flake graphite is commonly used as a start-
ing material for the production of expanded graphite. It is
treated with graphite intercalation compounds (GICs), such
as alkali metals and acids, to achieve the desired expanded
form [33-35]. However, the separation and purification pro-
cesses required to attain the desired purity level of natural
graphite are intricate and contribute to increased production
costs [36]. As an alternative, coal-based graphite materials
have been employed, although their widespread applica-
tion in the field of wastewater treatment may be hindered
by the reliance on high-grade coals such as anthracite and

bitumen [37-41]. Limited research has explored the use of
low-grade coal in graphite production [42,43].

Lignite, characterized by its high moisture and oxygen
content, low calorific value, and susceptibility to sponta-
neous combustion, represents the lowest grade of coal [44].
However, lignite possesses a porous structure that offers
potential for effective pollutant adsorption [45-48]. Previous
studies have demonstrated the production of activated
carbon, a widely utilized adsorbent material, from lignite
[43,47,49,50]. This indicates that lignite could serve as a
promising and cost-effective raw material for synthesizing
graphite with a highly porous structure. Although previ-
ous studies have focused on alternative materials for NPE
adsorption, NPEs removal with lignite-derived graphite
has not been studied.

In this study, we assessed the novel application of lig-
nite-derived graphite, referred to as lignite-derived graph-
ite (LDG), as an alternative material for removal of nonyl-
phenol ethoxylates (NPEs) in aqueous solutions, marking
the first instance of such evaluation in the literature. To
achieve this, we initially synthesized LDG using electro-
chemical techniques, incorporating sulfuric acid, and subse-
quently conducted comprehensive characterization studies.
Subsequently, we explored LDG’s capacity for adsorbing
Tergitol NP-10 from aqueous solutions, a novel inves-
tigation within the existing body of literature.

2. Materials and methods
2.1. Chemicals and instruments

The NPE-based surfactant, Tergitol NP-10 (C;H,,O,),
was acquired from Toronto Research Chemicals (North
York, ON, Canada). This product was in the form of a col-
orless viscous oil that exhibited high solubility in water. A
stock solution of NPE at a concentration of 1,000 mg/L was
prepared by dissolving Tergitol NP-10 in deionized water
(DIW) and subsequently diluted to the desired concentra-
tions prior to use. The DIW used for solution preparation
was obtained from the Smart2Pure™ Water Purification
System manufactured by Thermo Fisher Scientific Inc.,
(Waltham, MA, USA). Sulfuric acid (H,SO,) and sodium
hydroxide (NaOH) were procured from Sigma-Aldrich
(Saint Louis, MO, USA). Lignite was ground and sieved to
achieve a particle size smaller than 100 mesh, serving as the
initial precursor for the production of graphite originating
from lignite (LDG).

The concentration of NPE solutions was determined
using a high-performance liquid chromatography (HPLC)
system consisting of a Shimadzu LC-20AT instrument
equipped with a photodiode array detector (Shimadzu SPD-
M20A). NPE analysis was conducted using a reversed-phase
column, specifically the Inertsil ODS-3 (250 mm x 4.6 mm,
5 pm particle size) from GL Sciences. The mobile phase
employed was a mixture of ACN and 0.05 M ammonium
acetate (90:10, v/v), flowing at a rate of 1.0 mL/min. The
injection volume was set at 50 pL, and the absorbance wave-
length was fixed at 227 nm. The concentration of the NPE
solution was determined by calculating the peak areas
using external calibration standards, with a detection limit
below 0.080 mg/L.
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2.2. Synthesis of lignite-derived graphite

Lignite can be oxidized to graphite at the surface of the
anode located at the center of the cell in the presence of sul-
furic acid (H,SO,). The application of current enables the
intercalation of hydrogen sulfate HSO; and H,SO, into the
porous structure of lignite. The reaction of carbon in lignite
and HSO; and HSO, gives graphite bisulfate, according
to the Eq. (1).

24nC +3H,50, - C;

- HSO, -2H, SO, +H" + e~ 1)

Lignite-derived graphite (LDG) was synthesized using
a previously established electrochemical method [51,52]
with a slight modification. Briefly, an electrolytic cell was
divided into two sections (anode and cathode) by a mem-
brane. The anode, located at the center of the electrolytic
cell, was constructed from graphite. Cathode at the sides
of the cell was steel. The electrolytic cell operated in batch
mode and the synthesis of LDG was carried out at 18°C-2°C
under atmospheric conditions.

The suspension formed after synthesis was transferred
into a glass container and mixed with deionized water at
15°C-18°C for hydrolysis. The suspension underwent filtra-
tion, and the solid phase was washed with distilled water
until the pH reached a range of 5-7. The solid material was
then dried at 85°C for 24 h and subjected to calcination at
950°C to produce LDG. Samples were cooled down to
room temperature and transferred into screw cap vials for
storage.

2.3. Characterization of lignite-derived graphite

Surface morphology of LDG was investigated with scan-
ning electron microscopy (SEM) using Quanta FEG 250 (FEI
Company, Hillsboro, OR, USA). TriStar II Plus (Micromeritics
Instrument Corporation, Norcross, GA, USA) was used for
determination total pore volume, pore-size distribution,
and surface area of LDG by using nitrogen adsorption-
desorption method. Pore volume and surface area were
determinate by applying the p/p, = 0.95 to the adsorption
data and using Brunauer-Emmett-Teller (BET) equation,
respectively. The Barrett-Joyner-Halenda (BJH) method
was employed for calculation of the pore-size distribution.
X-ray diffraction (XRD) patterns of the LDG were obtained
using an automated SmartLab (Rigaku Corporation, Tokyo,
Japan) instrument with Cu K-B radiation at 40 kV and
30 mA over the range (20) of 10°-90°, at a scanning speed
at 5°/min.

2.4. Adsorption experiments

Adsorption studies were conducted in batch reactors at
temperatures of 15°C, 25°C, and 35°C. LDG (3 mg/mL) was
mixed with 250 mL of Tergitol NP-10 solution at various
concentrations (400, 200, 100, 50 and 10 mg/L) in Erlenmeyer
flasks. The flasks were sealed with glass stoppers and shaken
at 215 rpm for 120 min. Samples were collected at regular
intervals and promptly filtered through 0.45 um mem-
brane syringe filters (Chromafil, Macherey-Nagel, Diiren,
Germany) to determine the remaining NPE concentration

in the aqueous phase. All experiments were performed
in triplicate.

The optimization of key parameters for the adsorp-
tion process was conducted as follows: The impact of pH
on the adsorption of Tergitol NP-10 was investigated
within a pH spectrum ranging from 2 to 10 at a constant
temperature of 25°C. The concentration of the NPE solu-
tion was maintained at 100 mg/L, while the pH of the
solution was adjusted using either 0.1 M H,SO, or 0.1 M
sodium hydroxide (NaOH) to achieve the desired pH lev-
els. Furthermore, the study assessed the influence of ini-
tial Tergitol NP-10 concentrations, which were set at 10,
50, 100, 200, and 400 mg/L, to elucidate their effect on the
adsorption process. Throughout these experiments, the
LDG dosage remained constant at 1.2 mg/mL. In addition,
the research delved into the adsorption characteristics of
Tergitol NP-10 onto LDG across a temperature range span-
ning 15°C, 25°C, and 35°C. The experimental conditions
for this phase involved a consistent LDG dosage of 3 mg/
mL, an initial NPE concentration of 100 mg/L, a pH level
of 6, and an adsorption duration of 120 min. These exper-
iments represent the optimization of parameters for our
study.

For kinetic studies, the adsorption experiments were
conducted at pH 6 and 25°C under continuous stirring,
using an LDG dosage of 1.2 mg/mL and Tergitol NP-10
dosages of 50, 100, 200, and 400 mg/L. The samples were
taken at0,0.5,1, 2, 3, 5, 10, 15, 30 and 120 min.

The NPE adsorption capacity (7, mg/g) of LDG was
calculated using Eq. (2):

1 —(C“Cf]xv @

m

where C, is initial concentration, C, is equilibrium concen-
tration of Tergitol NP-10 (mg/L), m is the mass of adsor-
bent (g) and V is the volume of the solution (L).

3. Result and discussion
3.1. Characterization of lignite-derived graphite

XRD patterns of lignite-derived graphite (LDG) is illus-
trated in Fig. 1 showing the effect of treating lignite with
concentrated sulfuric acid resulted with graphitization
revealed. The relatively weak peak observed in lignite,
along with the characteristic diffraction peak at 20 = 25.65°,
can be attributed to the abundance of disordered structures,
amorphous carbons, and the unique composition of lignite
[53,54]. In contrast, LDG exhibits a sharp diffraction peak at
20 = 26.48° representing the original ideal graphite crystal
[55]. The basal peak (002) at 26° remains nearly in the same
position for LDG as observed in lignite. The electrochem-
ical treatment of lignite results in significant crystalliza-
tion, as indicated by the pronounced and sharp (002) peak
observed in lignite-derived graphite (LDG). Furthermore,
the (10) band undergoes division, resulting in distinct
(100) and (101) peaks, while the emergence of (004) and
(110) peaks further confirm the crystalline transformation
in lignite [54,56]. The high peak density can be attributed
to the increased surface area of LDG compared to lignite.



P.S. Elibol, H. Erdogan / Desalination and Water Treatment 308 (2023) 170-182 173

The carbon crystal layer in the lignite did not undergo any
change during intercalation and the number of layers also
increased [57,58].

In order to illustrate the impact of the electrochemical
treatment on the morphological and surface area character-
istics, a SEM analysis was conducted, and the accompany-
ing images can be observed in Fig. 2. Morphology of lignite
presented a rough surface (Fig. 2a), while LDG obtained
as a result of electrochemical treatment resulted in tubular
formations (Fig. 2b). Tubular formations that comprise of
packed layers can provide higher surface area and channels
to facilitate the transport of pollutants. These formations
might have a fast and high-efficiency adsorption rate.

In the case of solid adsorbents, the primary location for
adsorption is the interface, with the surface area playing a
critical role in determining the adsorption performance.
Therefore, we conducted an exploration of the pore param-
eter characteristics of the lignite-derived graphite material
using low-temperature nitrogen adsorption. Also, the BET
equation was employed to calculate various parameters
related to the porosity of the materials while the pore-size
distribution was determined using the BJH method.

BET surface area, pore-volume and average pore size
of the lignite were 11.86 m¥g, 0.013 cm¥/g and 44.37 A,
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Fig. 1. X-ray diffraction patterns of lignite and lignite-derived
graphite (LDG).

respectively. After the electrochemical process, the sur-
face area and pore volume of the lignite increased by 8 and
4.7 times, respectively. In contrast, the average pore size
decreased by 42%. These changes in pore characteristics are
likely attributed to the release of intercalated compounds
during the electrochemical processing [59,60]. The pore-
size distribution data (Fig. 3b) further support the presence
of a porous structure and, with lignite-derived graphite
exhibiting a higher average diameter and incremental pore
volume compared to lignite. These findings align with the
enhanced adsorption capacities observed for lignite-derived
graphite throughout the entire range of relative pressures.

The adsorption isotherms for both lignite and lignite-
derived graphite displayed typical Type II behavior, indica-
tive of multilayer adsorption on a nonporous or microporous
surface [61]. The adsorption capacities increased gradually
with the relative pressure, suggesting a progressive adsorp-
tion process. Hysteresis loops were observed in the desorp-
tion isotherms, indicating the presence of mesopores
and capillary condensation effects [41,62].

Comparative analysis of the lignite-derived graphite
exhibited significantly higher adsorption capacities across
the entire range of relative pressures when compared to
lignite (Fig. 3a). This enhancement in adsorption perfor-
mance can be attributed to the electrochemical treatment
and graphitization process, which result in the develop-
ment of an ordered and porous structure [41]. The increased
surface area and pore volume of lignite-derived graph-
ite contribute to its improved adsorption characteristics.
Moreover, the desorption data for lignite-derived graph-
ite exhibited reversible adsorption-desorption behavior,
indicating its ability to release the adsorbed molecules. In
contrast, the desorption data for lignite showed a gradual
decrease, suggesting some irreversible adsorption or stron-
ger surface interactions [37]. The obtained results under-
score the efficacy of the electrochemical treatment and
graphitization of lignite in producing lignite-derived graph-
ite with enhanced adsorption capabilities. These results
underscore the efficacy of the electrochemical treatment
and graphitization of lignite in producing lignite-derived
graphite with enhanced adsorption capabilities. These find-
ings contribute to a better understanding of the structural
modifications occurring during the transformation process

Fig. 2. Scanning electron microscopy images (a) lignite and (b) LDG.
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Fig. 3. N, adsorption—desorption isotherms (a) and pore-size distribution curves (b) of lignite and LDG.

and highlight the potential of lignite-derived graphite as a
promising adsorbent in various applications [40,50,54].

3.2. Studies on the effective parameters on the adsorption of NPE
onto LDG

3.2.1. Effect of pH

Fig. 4 illustrates the percentage of nonylphenol ethox-
ylate (NPE) removal and its adsorption by lignite-derived
graphite (LDG) as a function of the pH of the NPE solu-
tions. The results indicated that the adsorption of NPE by
LDG remained unaffected by the pH within the range of 2.0
to 10.0. The adsorption capacity of NPE ranged from 15.04
to 16.59 mg/g, with the percentage removal varied between
89.09% and 99.47%. However, there was a slight decrease in
NPE adsorption observed at pH levels of 8.0 and 10.0. The
highest adsorption capacity of 16.89 mg/g was observed
at a slightly acidic pH of 6.0. These findings demonstrate
that LDG exhibits efficient NPE adsorption across a broad
pH range.

The research conducted by Chen et al. [63] supports our
findings, as they investigated the adsorption of non-ionic
aromatic compounds using carbon-based absorbents. Their
study revealed that the adsorption of hydrophilic com-
pounds with high K values remained consistent across dif-
ferent pH ranges. This observation aligns with the outcomes
of our present study. It is postulated that the functional
groups present on the carbon-based absorbent undergo
modifications in response to changes in the pH of solution.
These alterations enable the binding of non-ionic com-
pounds through both hydrophilic groups and hydrophobic
tails [64,65]. This analysis highlights the pH-independent
adsorption behavior of LDG towards NPE, corroborating
the potential application of LDG as an effective adsorbent
for NPE removal within a wide pH range.

3.2.2. Effect of temperature

The adsorption behavior of nonylphenol ethoxyl-
ate (NPE) onto LDG at different temperatures is pre-
sented in Fig. 5, specifically at 15°C, 25°C, and 35°C. The
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Fig. 4. Effect of pH on the adsorption of NPE onto LDG (LDG
dosage: 3 mg/mL; initial NPE concentration: 100 mg/L; reaction
time: 120 min).
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adsorption capacities were determined to be 13.85, 16.58,
and 15.81 mg/g, respectively. It was observed that as the
temperature increased from 15°C to 25°C, the percentage
removal of NPE rose from 83.01% to 99.46%. This increase
can be attributed to the enhanced formation of hydrogen
bonds between the hydrophilic group of NPE and water at
higher temperatures, while the affinity between the epoxy
group and water weakened [64]. However, a slight decrease
in adsorption, reaching 94.8%, was observed at 35°C. The
decrease in adsorption between 25°C and 35°C, which is
possibly due to the large molecular weight of the adsor-
bate NPE and can be explain by the alteration in the dis-
tribution of the adsorbed surfactant on the surface of the
absorbent [66]. Vo and Papavassiliou [66] focus on effects
of temperature and shear on the adsorption of surfactants
on carbon nanotubes, it was demonstrated that an increase
in temperature resulted in a change in the distribution of
the adsorbed surfactant on the absorbent surface, leading to
a decrease in surfactant adsorption from 0.47 mg/g at 25°C
to 0.45 mg/g at 40°C. In another study about adsorption
of bulky molecules of nonylphenol ethoxylate on ordered
mesoporous carbons, increasing adsorption temperature
from 20°C to 40°C had been resulted in a slightly decreased
NPE uptake for most of the carbon samples in the whole
range of equilibrium concentration [67].

According to the principles of kinetic theory, the
temperature of an object reflects the average energy of
motion (kinetic energy) possessed by its individual par-
ticles. This energy is influenced by two factors: the mass
of the particles and their speed. In other words, when we
maintain a constant temperature, particles with higher
molecular weight move at slower speeds, and vice versa.
In the context of our study, this concept explains why the
adsorption capacity slightly decreased when tempera-
ture increased. In a related study, p-nitrophenol which is
a smaller molecule was used, as a probe to investigate its
adsorption onto activated carbon fiber at various tempera-
tures. Interestingly, they observed that as the temperature
decreased, the amount of p-nitrophenol adsorbed onto
the activated carbon fiber significantly increased [68].
This finding supports the hypothesis we discussed earlier.
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3.2.3. Effect of contact time

The influence of contact time on the adsorption of non-
ylphenol ethoxylate (NPE) onto LDG was investigated by
varying the contact times from 2 to 30 min, and the results
are depicted or first 10 min in Fig. 6. It was observed that
the adsorption capacity of NPE onto LDG reached a plateau
after 5 min, indicating the establishment of equilibrium.
This indicates that the adsorption process between NPE
and LDG was exceptionally rapid compared to the reported
equilibrium time of 14 h for the adsorption of nonylphenol
onto multiwalled carbon nanotubes [15].

The rapid attainment of equilibrium within a short
contact time suggests that LDG has a high affinity for
NPE adsorption. This characteristic is beneficial in practi-
cal applications where fast adsorption kinetics are desired
for efficient removal of NPE from aqueous solutions. The
findings highlight the potential of LDG as an effective
adsorbent for the rapid removal of NPE contaminants
from water sources.

3.2.4. Effect of initial concentration

The adsorption behavior of nonylphenol ethoxylate
(NPE) onto lignite-derived graphite (LDG) was assessed
over a range of initial NPE concentrations (50-400 mg/L),
and the results are depicted in Fig. 7. It was observed that
the equilibrium adsorption of NPE onto LDG increased
from 4.14 to 17.18 mg/g as the initial NPE concentra-
tion increased from 50 to 400 mg/L. This can be primarily
attributed to the heightened concentration gradient between
LDG and NPE, resulting in enhanced NPE adsorption [69].
Thus, it can be concluded that the adsorption of NPE is
positively influenced by increasing the initial NPE concen-
tration. However, with the increase in the initial NPE con-
centration from 50 to 400 mg/L, the percentage removal of
NPE decreased from 99.26% to 51.16%. This can be attributed
to the saturation of available adsorption sites on LDG by
NPE molecules [70]. As the concentration of NPE in the
solution increases, more NPE molecules compete for the
limited adsorption sites, resulting in reduced percentage
removal.
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Fig. 6. Effect of contact time on the NPE adsorption by LDG (LDG dosage: 1.2 mg/mL; pH 6).
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Fig. 7. Effect of initial concentration on the NPE adsorption by
LDG (LDG dosage: 1.2 mg/mL g/L; reaction time: 30 min; pH 6).

These findings highlight the importance of considering
the initial concentration of NPE when utilizing LDG as an
adsorbent for NPE removal. While higher initial concen-
trations can lead to greater adsorption capacity, the per-
centage removal may decrease due to the saturation of
adsorption sites. Thus, optimizing the initial NPE concen-
tration is crucial for achieving efficient and effective NPE
removal using LDG as an adsorbent.

3.3. Adsorption kinetics

The analysis of adsorption kinetics plays a crucial role in
determining the adsorption capacity and providing insights
into the adsorption mechanism. In this study, the exper-
imental data for the adsorption of nonylphenol ethoxylate
(NPE) onto LDG was investigated using several kinetic
models, including the pseudo-first-order kinetic model,
pseudo-second-order kinetic model, intraparticle diffu-
sion model, and liquid film diffusion model. These models
were employed to characterize the kinetic behavior of the
adsorption process. The specific equations associated with
each kinetic model can be found in Table 1. By examining
the data using these models, valuable information regard-
ing the rate of adsorption and the underlying mechanism
can be obtained.

The pseudo-first-order kinetic model assumes that the
rate of adsorption is directly proportional to the number
of available adsorption sites, while the pseudo-second-
order kinetic model suggests that the adsorption capacity is
proportional to the number of active sites on the LDG [71].

Table 2 presents the correlation coefficients (r%), param-
eters, and constants associated with the four kinetic models
used to analyze the adsorption of nonylphenol ethoxylate
(NPE) onto LDG, while the corresponding kinetic plots can
be observed in Fig. 8. Among the four models, the pseudo-
second-order kinetic model yielded the highest correlation
coefficient (¥> > 0.998) for all initial NPE concentrations.
Additionally, it was observed that the experimental equi-
librium adsorption capacities (8.17-17.18 mg/g) closely
matched the calculated adsorption capacities obtained from
the pseudo-second-order kinetic model (8.32-17.40 mg/g).

Table 1
Kinetic models and adsorption isotherms used in present study

Kinetic model

k
Pseudo-first-order kinetic model  log (% - ‘%) =logq, - 5 3‘03 t
t t 1
Pseudo-second-order kinetic model —=—+-—
9 9. k.
Intraparticle diffusion model q, =kt +c,

Liquid film diffusion model -In(1-F)=k,t-C

g, (mg/g): equilibrium adsorption capacity; g, (mg/g): the sorp-
tion amount at time t; k; (min™): the adsorption rate constant;
k, (g/mg-min): the rate constant determined by the plots of t/g, vs.
t; k, (mg/g'min®®): the rate constant; c; the intercept related to the
thickness of the boundary layer; k,: the rate constant of liquid film
diffusion; C: constant expressed on the boundary layer; F: value is
calculated q,/q,.

Table 2 provides the k, and r* values associated with
the liquid film diffusion model, which suggests that the
adsorption kinetics of nonylphenol ethoxylate (NPE) onto
LDG are influenced by diffusion through the liquid film
surrounding the solid adsorbents. The correlation coeffi-
cient values showed an increasing trend with higher NPE
concentrations, reaching values of 0.95 and 0.97 for 400 and
300 mg/L, respectively. The experimental data for adsorp-
tion kinetics exhibited better fitting with the film diffu-
sion model compared to the intraparticle diffusion model.
Notably, the constant expressed on the boundary layer (C)
was found to be close to the origin for initial NPE concentra-
tions of 400 and 300 mg/L, measuring 0.85 and 0.63, respec-
tively. This observation suggests that the adsorption kinetics
of NPE on LDG may be predominantly controlled by dif-
fusion through the liquid film surrounding the adsorbent
particles [72].

3.4. Adsorption isotherms

The adsorption of nonylphenol ethoxylate (NPE) from
aqueous solutions onto LDG was characterized using several
isotherm models, namely Langmuir, Freundlich, Temkin,
and Dubinin-Radushkevich [16,73]. The Langmuir isotherm
model is commonly employed to determine the adsorp-
tion capacity of various adsorbents by considering the sur-
face coverage and the equilibrium between the adsorbate
and adsorbent [74]. The linear equation representing the
Langmuir isotherm model is provided in Eq. (3).

e
9, \bq,) \4,

where g, is the maximum sorption capacity of the absorbent
(mg/g), K is the equilibrium constant (L/mg), g, is the equi-
librium adsorption capacity of adsorbate on the adsorbent,
C, is the equilibrium concentration of adsorbate in solu-
tion The model coefficients estimated according to the plot
of C/q,vs. C, (Fig. 9b).
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Table 2
Kinetic parameters for adsorption of NPE onto LDG
Type Initial concentration (C,), 25°C
400 mg/L 300 mg/L 200 mg/L 100 mg/L
Experimental g, (mg/g) 17.18 16.80 14.05 8.17
Pseudo-first-order kinetic model
q, (mg/g) 7.35 8.96 5.76 0.52
k, (min™) 0.13 0.13 0.05 0.11
r 0.95 0.97 0.85 0.89
Pseudo-second-order kinetic model
q, (mg/g) 17.40 17.39 15.14 8.32
k, (g/mg-min) 0.06 0.04 0.09 1.16
h (mg/g-min)
r 0.999 0.998 0.999 0.9999851
Intraparticle diffusion model
C 10.82 9.20 10.57 7.68
k, (mg/g-min'?) 0.79 0.94 0.65 0.08
r 0.48 0.61 0.79 0.44
Liquid film diffusion model
k, 0.13 0.13 0.05 0.11
C 0.85 0.63 1.06 2.78
r 0.95 0.97 0.85 0.65
4
1.0 4 B
05 | 3
g oo/ 21
-2 5
-y =
£ 05 1
-1.0 v 200mg/Le 400mgiL 0 v 200mg/L e 400 mgiL
\5 4 100mg/L o 300 mg/L a 100mg/Lo  300mg/L
oW 2B 30 0 5 15 20 25 30 3
t{min) t (min)
22 7
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Fig. 8. Kinetic models; pseudo-first-order (a), pseudo-second-order (b), intraparticle diffusion model (c) and liquid film diffusion
model (d) for the adsorption of NPE onto LDG (initial concentrations = 100-400 mg/L; 3 mg/mL of LDG; pH 6.0 and 25°C).
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Another parameter of the Langmuir isotherm is the
separation factor (R,) given in Eq. (4).

R, = L
1+bC,

4)

where C, is the initial NPE concentration and b (L/g) is the
adsorption equilibrium constant and the adsorption pro-
cess might be linear (R, = 1), favorable (0 < R, < 1) or unfa-
vorable (R, > 1) based on the R, value [16].

Freundlich isotherm was generally used for the adsorp-
tion processes that occur on heterogeneous surfaces [74].
The linear form of the Freundlich equation is given in Eq. (5):

logq, =logK, + llogCe (5)
n

where g, is the equilibrium adsorption capacity of adsor-
bate on the adsorbent, C, is the equilibrium concentration of
adsorbate in solution, K, is the Freundlich constant (L/mg)
and 1/n is the adsorption intensity.

Temkin isotherm is employed for the analysis of
the interactions of the adsorbate and adsorbent based
on as factor. The linear form of Temkin isotherm can be
expressed as:

q, =¥IHA+¥CE (6)

T T

where g, and C, is the same expression for Langmuir and
Freundlich, b, is the Temkin constant related to the heat
of sorption (kJ/mol) and A is the binding constant at equi-
librium, which corresponds to the maximum binding
energy (L/g). R is the gas constant (8.314 x 107 kJ/mol) and
T is the absolute temperature (K).

Dubinin-Radushkevich isotherm model is generally
applied to express adsorption mechanism with Gaussian
energy distribution onto heterogeneous surfaces [74] which
can be expressed as in Eq. (7):

Ing, =Ing, - B’ 7)

where g, and B’ (mol/kJ?), the model constants. € represents
the Polanyi potential, is defined by Eq. (8):

1
S_RTIH[1+CJ (8)
1
FE=——_ 9
5 ©)

where R represents the gas constant (kJ/mol-K), and T (K)
is the temperature. E is free energy required for adsorp-
tive removal is obtained by Eq. (8) and can be used to
predict the type of adsorption [75].

In order to comprehend the adsorption mechanism and
determine the optimal parameters for the adsorption of
nonylphenol ethoxylate (NPE), adsorption isotherm exper-
iments were conducted using LDG. The Langmuir model
was applied to analyze the adsorption data and provide

insights into the adsorption process. The maximum adsorp-
tion capacity (g,) for LDG, determined using the Langmuir
model, was found to be 17.22 mg/g, and it is presented in
Table 3 along with the capacities of various other absor-
bents utilized for the removal of NPE. This value outper-
forms the adsorption capacity observed in previous stud-
ies involving carbon/graphene-based materials [22,76,77].
It's worth noting that certain carbon-based absorbents, like
activated carbons derived from safou seeds, can indeed
exhibit higher maximum adsorption capacities. However,
safou, unlike lignite, which serves as the raw material for
LDG, is a locally sourced fruit that isn’t readily available in
the global market and has very limited potential as a raw
material [78]. Another example of materials with greater
maximum adsorption capacities is aminated polymeric
adsorbents. Nevertheless, it’s crucial to take into account
that these alternatives can be both labour-intensive and
costly when compared to the utilization of LDG [23].

The highest correlation coefficient (%) value of 0.9995,
compared to other isotherm models, confirmed the suit-
ability of the Langmuir model for NPE removal using
LDG as the adsorbent (Fig. 9 and Table 4). The adsorption
of NPE on LDG was characterized as monolayer adsorp-
tion [16,79], indicating the presence of homogeneous active
sites on LDG [80]. The dimensionless separation factor (R,)
was determined to be 0.05, 0.023, 0.013, 0.009, and 0.007
at initial NPE concentrations (C)) of 50, 100, 200, 300, and
400 mg/L, respectively. These R, values further confirmed
the favorable nature of the Langmuir isotherm model [81,82].

The correlation coefficient (r*) obtained for the
Freundlich isotherm model was determined to be 0.96, which
was lower than the 7? value obtained for the Langmuir iso-
therm. This suggests that the Freundlich isotherm model
was not suitable for describing the adsorption behavior of
nonylphenol ethoxylate (NPE). Additionally, the Freundlich
isotherm assumes adsorption on heterogeneous surfaces,
which may not accurately represent the adsorption pro-
cess in this case. Hence, it can be concluded that the active
adsorption sites on the LDG surface were homogeneous in
nature.

The experimental data exhibited good agreement with
the Temkin isotherm equation, yielding a high correla-
tion coefficient (?) of 0.98. The corresponding parameters

Table 3
Adsorption capacities of absorbents from the literature for the
removal of NPE

Absorbant Absorbent q, (mg/g) References
Aminated polymeric NP-10 51 [23]
adsorbents

Expanded graphite =~ NP-10 0.26 [76]

Wood charcoal NP 2.81 [22]
Graphene oxide 4-nonylphenol 10.06 [77]
nanoflakes

Activated carbons 4-nonylphenol 39.490 [78]

(safou seeds)

Lignite-derived NP-10 17.22 This study

graphite
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Fig. 9. Adsorption models; Freundlich (a), Langmuir (b), Temkin (c) and Dubinin—-Radushkevich (d) plot for adsorption of NPE

onto LDG.

Table 4
Isotherm constants for NPE sorption onto LDG

Freundlich isotherm

Langmuir isotherm

K, (L/g) 1/n r q,, (mg/g) b (L/g) r
168.36 7.90 0.96 17.22 0.38 0.9995
Temkin isotherm Dubinin—-Radushkevich isotherm
A (L/g) b, (kJ/mol) r K (mol?/kJ?) q, (mg/g) E (kJ/mol) r
451 1.62 0.98 1.23 x 107 16.43 2.01 0.98

obtained from the Temkin isotherm were A = 4.51 g/L
and b, = 1.62 kJ/mol. The binding energy calculated was
lower than 8 kJ/mol, indicating that the adsorption mech-
anism involved can be attributed to physical adsorption.
Physisorption processes involve weak van der Waals
interactions, resulting in relatively low adsorption energies.
The applicability of the Dubinin-Radushkevich iso-
therm model for the adsorption of nonylphenol ethoxylate
(NPE) onto LDG was supported by an * value of 0.98. The
Polanyi potential, which is used to determine the adsorp-
tion type, was calculated to be 2.01 k]J/mol for the adsorp-
tion of NPE onto LDG. According to the Polanyi potential
criteria, when E is less than 8 kJ/mol, the adsorption is

considered as a physical process, while values between 8
and 16 kJ/mol indicate ion exchange, and E values greater
than 16 kJ/mol suggest a chemical adsorption process. In
the case of NPE adsorption on LDG, the E value was found
to be lower than 8.0 kJ/mol, indicating that the dominant
adsorption mechanism was physical adsorption. This
conclusion aligns with the findings obtained from the
Temkin isotherm model in this study.

4. Conclusion

In conclusion, our study has covered several aspects
related to the adsorption of nonylphenol ethoxylate (NPE)
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onto carbon-based adsorbents, specifically lignite-derived
graphite (LDG). The electrochemical treatment of lig-
nite resulted in the production of LDG, which exhibited
improved adsorption properties and favorable pore distri-
bution, including increased mesoporous and microporous
regions. The adsorption of NPE by LDG was found to be
independent of pH within the range of pH 2.0 to 10.0, with
a slight decrease observed at higher pH values. The adsorp-
tion capacity of NPE increased with temperature, except
at very high temperatures where a slight decrease was
observed. Kinetic modeling indicated that the adsorption
process followed a pseudo-second-order kinetic model, sug-
gesting chemisorption as the primary mechanism. Isotherm
modeling revealed that the Langmuir isotherm provided
the best fit to the data, indicating monolayer adsorption on
homogeneous active sites. The Temkin isotherm model also
showed good agreement, suggesting physical adsorption
with low adsorption energies. However, the Freundlich
isotherm model was not applicable, suggesting that the
adsorption process did not follow a heterogeneous sur-
face. These findings contribute to our understanding of the
adsorption behavior of NPE onto LDG and its potential as
an effective adsorbent for environmental remediation.
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