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Abstract: The pollution caused by printing and dyeing wastewater is increasingly severe, posing
significant harm to aquatic plants and animals. In this study, porous carbon was synthesized via
the high-temperature pyrolysis of light and heavy organic matter present in oily sludge, utilizing
low oil content sludge as the raw material and zinc chloride as a chemical activator. The results
exhibited a significant increase in the specific surface area of the oily sludge-based porous carbon,
from 4.95 m²/g to 10.95 m²/g. The effects of various parameters such as pH, amount of sorbent, dye
concentration, temperature, and contact time on dye removal have been studied. The results showed
that the oil sludge-based porous carbon exhibited high efficiency in removing Malachite Green from
aqueous solutions, which has low polarity and remains consistently above 97%. The removal rate of
Crystal Violet, which is more polar, was as low as 24.14%. The corresponding adsorption capacities
were 33.41 mg/g for Malachite Green, 16.41 mg/g for Crystal Violet, and 13.56 mg/g for Methylene
Blue. The adsorption capacity of OSC700 for three types of dyes was characterized by monolayer
adsorption, primarily driven by chemical adsorption, with significant contributions from electrostatic
and hydrophobic effects. The adsorption process was spontaneous, exothermic, and accompanied by
an increase in entropy. For less polar substances, the adsorption on oily sludge-based porous carbon
is primarily driven by aromatic functional groups on the carbon surface, hydrophobicity, π-π electron-
donor-acceptor (π-π EDA) interactions, and surface hydrogen bond formation. In contrast, for more
polar dyes, electrostatic and hydrophobic interactions dominate, with electrostatic adsorption being
the predominant mechanism and minimal hydrogen bond formation during adsorption.

Keywords: oily sludge-based porous material; dyeing and printing wastewater; adsorption; adsorption
mechanism; hydrophobic interaction

1. Introduction

Oily sludge (OS) is a typical solid waste generated in the petroleum processing industry
during various stages, including extraction, transportation, storage, and refining [1]. However,
with China’s increasing demand for crude oil, the annual production of oily sludge is projected
to exceed 6 million tons by 2024, accounting for an estimated 3.15% of the total output,
culminating in a historical inventory of approximately 143 million tons [2]. Generally, OS
contains harmful pollutants such as heavy metals, polycyclic aromatic hydrocarbons, and
oily compounds [3,4]. The accumulation of OS is not only limiting the development of the
petroleum and petrochemical industries but also harmful to the environment [1,5]. Dyes
in wastewater have become a significant source of water pollution due to the textile, paper,
and printing industries [6]. When released into the environment, organic dyes have various
harmful effects on humans and aquatic organisms, and the biodegradation process is slow
and complex, releasing possible carcinogenic products [7]. Therefore, treating and utilizing
OS is a key issue for the petroleum processing industry to address.

The commonly employed harmless treatment methods for OS include solvent ex-
traction [8], ultrasonic irradiation [9], incineration [10], stabilization/solidification [11],

Appl. Sci. 2024, 14, 7283. https://doi.org/10.3390/app14167283 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14167283
https://doi.org/10.3390/app14167283
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-5062-5637
https://doi.org/10.3390/app14167283
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14167283?type=check_update&version=2


Appl. Sci. 2024, 14, 7283 2 of 18

and biodegradation [12,13]. However, these technologies are limited by large land require-
ments, high costs, leakage, and air pollution, which hinder their development and adoption.
Porous carbon (C) is a promising adsorbent material due to its high specific surface area
and abundance of functional groups [14–16]. It has been successfully utilized to adsorb
various pollutants, including bisphenol A [17], phenol [18], Cr-(VI) [14,15], Pb(II) [16],
Cd(II) [19,20], phosphates [21], organic dyes [22,23], and antibiotics [24]. Therefore, prepar-
ing oily sludge-based porous carbon (OSC) is an effective strategy for harmless treatment
and resource utilization of OS.

Compared to expensive activated C and other porous C materials, OSC is a more
economical and environmentally friendly option [25]. However, OS lacks active functional
groups, which are essential adsorption sites, thereby limiting the adsorption properties of
the as-prepared OSC [17]. Typically, activating agents such as ZnCl2, H3PO4, and KOH are
used to activate C-based materials, enhancing their surface area, porosity, and functional
groups [26]. For instance, Mohammadi et al. [14] activated OS with KOH, achieving a
remarkable 97.36% removal rate for Cd ions. Similarly, Han et al. [1] synthesized a novel
pyrolyzed carbon (PC) by catalytically pyrolyzing OS with phosphoric acid at 411 ◦C for
59 min. The results demonstrated that the prepared PC exhibited excellent hierarchical
porous properties and a high adsorption capacity for methylene blue (MB) of 322.89 mg/g.
Similarly, Mojoudi et al. [18] prepared high-performance activated C with a microporous
structure by activating OS with KOH, achieving a BET specific surface area of 2263 m2·g−1,
total pore volume of 1.37 cm3·g−1, micropore volume of 1.004 cm3·g−1, and a phenol
removal rate of 87.8%. The adsorption process was found to be spontaneous and exothermic.
Moreover, ZnCl2 is widely used as a chemical activator due to its effectiveness in producing
a larger specific surface area [27].

Acharya et al. [28] examined the adsorption efficiency of ZnCl2-activated carbon derived
from tamarind wood for removing Cr (VI) from water. The study revealed a maximum adsorp-
tion capacity of 28.019 mg/g, with the adsorption process being governed by a combination of
pore diffusion, film diffusion, and particle diffusion. The results indicated that the adsorption
was feasible, spontaneous, and endothermic, suggesting that activated tamarind wood is a
viable material for effective Cr (VI) removal from aqueous solutions.

The textile, paper, and printing industries have made dyes in wastewater a signifi-
cant contributor to water pollution [6,29]. When released into the environment, organic
dyes can have a range of harmful effects on both human health and aquatic organisms.
Moreover, the biodegradation process of these dyes is slow and complex, leading to
the release of potential carcinogens. Guo et al. [30] successfully synthesized a layered
MOF, [Cd(H2L)(BS)2]n·2nH2O (L-MOF-1, H2L = N1,N2-bis(pyridin-3-ylmethyl)ethane-
1,2-diamine, BS = benzenesulfonate), which exhibited stability in both acidic and basic
environments. Notably, the L-MOF-1 adsorbent demonstrated a remarkable adsorption ca-
pacity for CR, reaching approximately 12,000 mg/g within a mere 20 min. Huang et al. [31]
successfully synthesized organobentonite by replacing the exchangeable Na+ ions in Na-
bentonite (Na-Bt) with cetyltrimethylammonium bromide (CTAB). They then conducted
a thorough investigation into its adsorption behavior as a highly effective adsorbent for
dye removal. The results showed that the maximum adsorption capacities for RhB and
Acid Red 1 were 173.5 mg/g and 157.4 mg/g, respectively. These values were achieved at a
temperature of 30 ◦C, with pH levels of 9 and 8, and an initial concentration of 300 mg/L.

David et al. [32] developed a simple and eco-friendly one-pot method for synthesizing
silver nanoparticles, utilizing bioactive components from Viburnum opulus fruit extracts
as reducing and stabilizing agents. The researchers then tested the catalytic efficiency
of these AgNPs for the degradation of three harmful organic dyes including carmoisine,
tartrazine, and vivid blue FCF. All the dyes tested exhibited excellent effectiveness and
remarkable catalytic activity in degrading vivid blue FCF. While various adsorbents have
demonstrated successful dye removal from water, their practical applications are limited
by high raw material costs and complex production processes, which limit their scalability
and feasibility.
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This study involves the activation of OS using ZnCl2, followed by the preparation
of a series of OSC (OSC500, OSC700, and OSC900) through ZnCl2 activation at high
temperatures. The phase structures and morphologies of these materials were characterized,
and their adsorption properties were investigated for polar dyes. The adsorption models
and mechanisms were also proposed. The ultimate goal of this research is to develop a
method for designing and optimizing novel adsorbent materials with enhanced selectivity
and adsorption capacity.

2. Materials and Methods
2.1. Raw Materials and Preparation of OSC

The OS was obtained from Shengli Oilfield, with a C content of 7.92%. The composition
of the OS is shown in Table 1 and was measured by X-ray Fluorescence Spectrometer. Zinc
chloride (ZnCl2, AR grade) was selected as the activating agent, sourced from Tianjin
Kermel Chemical Reagent Co., Ltd., Tianjin, China.

Table 1. The main elements in oily sludge composition.

SiO2 CaO Al2O3 Fe2O3 K2O MgO Na2O TiO2 SO3 Cl

w/% 57.03 15.19 12.57 6.04 2.59 2.03 1.55 1.51 0.66 0.27

The OS was first dried in an oven at 105 ◦C for 24 h. Then, the dried OS was ground
and sieved through an 80-mesh sieve. Next, the sieved OS and ZnCl2 solution (2 mol/L)
were mixed in a 1:1 mass ratio. The resulting mixture was then oscillated in a thermostatic
shaker at 30 ◦C and 150 rad/min for 36 h. Then, the mixture was dried again at 105 ◦C for
24 h. The as-dried mixture was carbonized in a tubular furnace under a N2 atmosphere.
The carbonization temperatures were 500 ◦C, 700 ◦C, and 900 ◦C, with a 2 h hold at each
temperature. Finally, the as-carbonized samples were washed with secondary deionized
water to remove any residual ZnCl2 and impurities, and then dried at 105 ◦C for 24 h
to obtain OSC samples, designated as OSC500, OSC700, and OSC900, corresponding to
their respective carbonization temperatures. Samples activated at 700 ◦C only, without the
addition of a zinc chloride activator, are called NOSC.

2.2. Characterization Methods of OSC

A thermogravimetric analyzer (Netzsch, Selb, Germany) was used to determine the
mass loss curve of the samples over a temperature range of room temperature (RT) to
1000 ◦C. The crystal structures of the OSC samples were investigated using X-ray diffrac-
tometer (BRUKER, Berlin, Germany) equipped with Cu Kα radiation. The XRD data were
collected in continuous scan mode, scanning from 10◦ to 90◦ at a rate of 2◦/min. Functional
group information of the OSC samples was obtained using a Fourier transform infrared
spectrometer (Thermo Scientific Nicolet, Waltham, MA, USA), employing the KBr pellet
method. The FTIR spectra were collected at a resolution of 4 cm−1, spanning a range of
400 to 4000 cm−1. The morphologies of the as-prepared samples were examined using
scanning electron microscopy (Carl Zeiss, Oberkochen, Germany). The surface elemental
composition and ionic states of OSC were determined using X-ray photoelectron spec-
troscopy (Thermo Scientific Nicolet, Waltham, MA, USA). The adsorption/desorption
isotherms of OSC were performed using a nitrogen adsorption/desorption isotherm tester
(Micromeritics, Norcross, GA, USA). The adsorbed gas was N2, which was degassed at
120 ◦C for 7 h. The correlation between the Zeta potential of OSC and the migration rate
was determined using a Zeta potential analyzer (Malvern Instruments Ltd., Malvern, UK).
The adsorption properties of OSC were characterized using a UV-vis spectrophotometer
(Shanghai Youke Instrumentation Co., Shanghai, China), with a scanning wavelength range
of 190–1100 nm and an absorbance range of 0.0–3.0 Abs.
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2.3. Batch Adsorption Experiment

The effects of adsorbent dosage, adsorption time, adsorption temperature, and pH on the
adsorption performance of the coal materials were further investigated in this study through
batch adsorption experiments. Specifically, different adsorbent dosages, adsorption tempera-
tures, Malachite Green (MG), Methylene Blue (MB), and Crystal Violet (CV) concentrations,
and reaction pH were set in this study, ranging from 0.1 to 0.6 g, 5 to 240 min, 25 to 55 ◦C,
10 to 200 mg/L, and 2 to 10, respectively. Specifically, the adsorbents were added to 50 mL
of MG, MB, and CV standard solutions (100 mg/L) in 100 mL brown conical flasks at the
different dosages. The mixtures were then thoroughly stirred using a constant temperature
shaking incubator at 150 rpm and 25 ◦C for 120 min. Afterward, the mixtures were filtered
using a 0.45 µm syringe filter. The absorbance values of MG, MB, and CV in the supernatants
were determined using a UV-vis spectrophotometer (Shanghai Youke Instrumentation Co.,
Shanghai, China) at wavelengths of 617 nm, 665 nm, and 554 nm. The MG, MB, and CV con-
centrations in the solutions were calculated using MG, MB, and CV standard curve equations.
These measurements were used to determine the removal and adsorption efficiencies. The
collected data were plotted and used for further analysis.

2.4. Calculation of the Dipole Moments for Organic Dyes of Different Polarities

Dipole moment is an important attribute of a molecule, reflecting the extent of its
polarity. The larger the dipole moment, the greater the polarity of the molecule. Using the
Gaussian 09 program, the B3LYP/6-311g* method is applied to optimize the geometric
structures of malachite green, crystal violet, and methylene blue molecules. Furthermore,
the Multiwfn 3.3.7 program is utilized to calculate ADCH charges and bond dipole mo-
ments, as shown in Equation (1).

The bond dipole moment is a vector quantity, with its direction going from the center
of positive charge to the center of negative charge along the direction of the bond. The
basic formula can be applied to the situation of charges on multiple atoms. In the Hirshfeld
method [33], the formula for calculating the molecular dipole moment can be expressed as (2).

The general formula for calculating dipole moments is: the dipole moments calculated
using Hirshfeld charges tend to be less than the actual situation. According to the method
proposed by Lu and Chen [34], a correction is applied through atomic dipole moments.
Therefore, the final method employed is based on the Hirshfeld population (ADCH) method
formula, as shown in Equations (3) and (4).

µb = q × r (1)

µ = ∑
A

µA+∑
A

q·ArA (2)

µA = ∑
B

∆qABrB (3)

qA = ∑
B

∆qBAq·A (4)

where, q represents the atomic charge, and r denotes the bond length; µA is the dipole
moment of atom A; q·A represents the Hirshfeld charge; rA−q·A corresponds to the vector
radius; ∆qAB refers to the correction charge generated by the dipole moment of atom A
on atom B. The ADCH charge takes into account the atomic dipole moments, providing a
good reproduction and correction for the calculated dipole moments of molecules [35].

2.5. Modeling of the Adsorption Isotherms

The removal efficiency (η) and equilibrium capacity (qe, mg/g) of the three organic
dyes were calculated using Equations (5) and (6). The adsorption kinetics were simu-
lated using Equation (7) through (9); the adsorption isotherm model was simulated using
Equations (10) and (11); the constant separation factor was calculated using Equation (12)
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and the separation factor was calculated using Equation (13); Thermodynamic modeling
was carried out using Equation (14) to (15) [36,37]:

Removalefficiency % : η =
C0 − Ce

Co
× 100 (5)

Adsorptioncapacity : qe =
(C 0 − Ce)× V

m
(6)

Pseudo − first − order model (PFO) : qt = qe

(
1 − e−k1t

)
(7)

Pseudo − second − order model (PSO) : qt =
k2q2

e t
1 + k2qet

(8)

Intra particlediffusion : qt = kpt0.5 + C (9)

angmuir equation : qe =
qmKLCe

1 + KLCe
(10)

Freundlich equation : qe = KFC
1
n
e (11)

Constant separation factor : RL =
1

1 + KLC0
(12)

Ke =
(C0 − Ce)

Ce
× V

m
(13)

∆G0 = −RTln Ke (14)

∆G0 = ∆H0 − T∆S0 (15)

where C0 and Ce (mg/L) denote the initial and equilibrium Pb2+ concentrations, respectively;
V (L) denotes the solution volume; m (g) is the adsorbent dose; qt (mg/g) denotes the ad-
sorbed Pb2+ amount by the CG, CGPC, and PAC-CGPC materials at time t (h); k1 (h−1) and
k2 [g/(mg·h)] are the rate constants of the PFO and PSO models, respectively; qm (mg/g)
denotes the maximum adsorption capacity; KL (L/mg) is the Langmuir isotherm constant; KF
[(mg/g)(mg/L)n] is the Freundlich adsorption affinity coefficient; 1/n denotes the adsorption
intensity of the Freundlich isotherm. 1/n < 0, 0 < 1/n < 1, 1/n > 1 indicate irreversible, favor-
able, and unfavorable adsorption, respectively; R (8.314 J·mol−1·K) is the ideal gas constant; T
(K) denotes the absolute temperature; K is the adsorption partition coefficient.

3. Results
3.1. Microstructure Analysis
3.1.1. Thermogravimetry-Differential Scanning Calorimetry, X-ray Diffraction and
Fourier-Transform Infrared Spectroscopy Analysis

The pyrolysis TG and DTG curves of OS are shown in Figure 1a, demonstrating a
four-stage thermal activation process. Stage 1 (117 ◦C to 385.7 ◦C) is attributed to water
evaporation, characterized by a significant mass loss peak of 3.5%. Stage 2 (385.7 ◦C to
603 ◦C) and Stage 3 (603 ◦C to 818 ◦C) represent the primary pyrolysis reactions, where
light organic components are initially vaporized, followed by the cracking of heavy organic
components into low molecular weight gases and oil products, resulting in a cumulative
mass loss of 8.2%. Finally, Stage 4 (818 ◦C to 1000 ◦C) involves the condensation reactions
of coke residue and the decomposition of inorganic minerals within the matrix.
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Figure 1b displays the XRD patterns of OS, NOSC (OSC without activation), and
OSC700. The XRD analysis reveals that the OS is composed of SiO2, calcite (CaCO3),
and albite (Na2O·Al2O3·6SiO2), as reported in previous studies [38,39]. Notably, the SiO2
phase remains present in NOSC even after heat treatment at 700 ◦C for 2 h, as seen in
the XRD patterns of NOSC and OSC700. Particularly in the case of the OSC activated
with ZnCl2, the XRD peak at 26.6◦ is broadened, indicating that the activated C exists in
an amorphous form with a disordered layer structure. It has been reported that ZnCl2
acts as a strong dehydrating agent, promoting the decomposition of organic matter in OS
at high temperatures and the formation of porous structures during carbonization [40].
Furthermore, the dehydration caused by ZnCl2 also increases the amount of amorphous C,
leading to a broader XRD peak.

The FTIR absorption spectra of OS and OSC700 are presented in Figure 1c. As shown by
the OS spectrum (red line), a broad absorption peak at 3420 cm−1 is observed, attributable to
O–H stretching vibration absorption in OS. Additionally, peaks at 1430 cm−1 and 1640 cm−1

correspond to aliphatic C–H and aromatic C=C vibrations, respectively [14,18]. The peak
at 1440 cm−1 is attributed to the asymmetric deformation vibration of methyl carbon. A
strong peak at 1020 cm−1 is assigned to Si-O and Si-O-Si stretching vibrations, which arises
from the overlapping absorption bands of minerals such as quartz, calcite, and albite [41].
The peak at 776 cm−1 is attributed to the out-of-plane deformation vibration of C–H in
a benzene ring substituted with five adjacent H atoms [14]. Furthermore, the absorption
peaks in the range of 872 cm−1 to 471 cm−1 indicate the presence of silica and silicates [41].
In contrast, the FTIR absorption spectrum of OSC700 (purple line in Figure 1c) shows a
significant enhancement in the intensity of aliphatic C-H vibrations (~3420 cm−1). The reason
can be attributed to the formation of numerous hydrocarbon substances, such as alcohols
and phenolic hydroxyl groups, during the high-temperature pyrolysis process of light and
heavy organic materials. Meanwhile, the aromatic C=C skeletal vibration peak, observed
at 1640 cm−1, is also intensified. This enhancement is attributed to the formation of a C
network structure on the surface, which occurs during the calcination and pyrolysis process
of both light and heavy organic matter present in the sludge. The formation of the C network
structure leads to an increase in C=C content, resulting in an intensification of the C=C skeletal
vibration peak [42]. This finding is consistent with the XRD pattern. Notably, new absorption
peaks emerge at 465 cm−1, 618 cm−1, 990 cm−1, and 1075 cm−1, respectively. Specifically, the
peak at 465 cm−1 is characteristic of ZnO in OSC [43]. The absorption peaks at 1075 cm−1

and 618 cm−1 correspond to the vibration of Al-O bonds [44], while the peak at 990 cm−1 is
attributed to the vibration of Si-O-Si structures [17,45]. These results indicate that, following
calcination and ZnCl2 activation, the surface of OSC700 is enriched with hydroxyl groups
and carbon network structures. These functional groups facilitate the formation of hydrogen
bonding and π-π EDA interactions, which enhances the removal of MG, CV, and MB, thereby
improving the removal rate.
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3.1.2. Specific Surface Area and Pore Size Distribution Analysis

The nitrogen adsorption isotherm curves for OSC500, OSC700, and OSC900 are presented
in Figure 2. These curves exhibit a type IV profile, characteristic of materials with a mesoporous
structure. The pore size distribution is centered around 40 nm, consistent with the SEM images
shown in Figure 3. As shown in Table 2, both the adsorption capacity and specific surface
area initially increase, followed by a subsequent decrease. This pattern can be explained
by the volatilization and decomposition of light and heavy organic chemicals in the oily
sludge at 500 ◦C, resulting in the formation of holes on the particle surface. At 700 ◦C, ZnCl2
facilitates the carbonization of organic matter, which deposits onto the carbon framework,
significantly increasing the material’s specific surface area. However, at 900 ◦C, the material
undergoes substantial pore collapse due to the thermal degradation of some minerals, leading
to a decrease in both the specific surface area and nitrogen adsorption capacity.
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Table 2. Surface structural parameters of OSC500, OSC700, and OSC900.

SSA(m2/g) Total Pore Volume (cm3/g) Mean Pore Diameter (nm)

OSC500 10.4 0.0289 14.50
OSC700 10.95 0.0318 11.63
OSC900 6.43 0.0233 11.11

3.1.3. Morphological Analysis

The morphologies of OS, OSC500, OSC700, and OSC900 are displayed in Figure 3.
The OS surface is smooth and dense, with no observable pores in it (Figure 3a–c). After
carbonization at 500 ◦C, the OSC500 surface becomes rough and develops a flocculent
network structure with tiny pores (Figure 3d–f). When the carbonization temperature is
increased to 700 ◦C, the surface roughness further increases, and the pore diameter enlarges
(Figure 3g–i).

Upon completion of ZnCl2 gasification at 700 ◦C, ZnCl2 molecules were impregnated
into the carbon interior, serving as a backbone for the carbon polymer deposited during
carbonization. Subsequent washing with hot water removed Zn2+, producing a large
number of new pores, increasing defects in the C network, and enhancing the specific
surface area, thereby contributing to the overall surface roughness of the particles [44–46].
Figures 4 and 5 also illustrate the synergistic binding of Zn with the C matrix. EDS tests
were performed on the OSC700 surface Figure 4a, and the results are shown in Figure 4b–e.
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Figure 3i also reveals that the deposited C combines with the original surface in a
networked and flocculent manner, forming numerous bumps, pits, and wrinkles that
provide additional adsorption sites for the adsorption process. However, carbonization
at 900 ◦C (Figure 3j–l) significantly reduces the number of surface pores and increases the
pore size. This phenomenon occurs because some inorganic minerals begin to decompose
at 900 ◦C, causing the collapse of pore channels and the enlargement of pore sizes. The EDS
diagram of OSC700 is shown in Figure 4. It can be seen that OSC700 is mainly composed
of Si and O elements. Doping of Zn elements and deposition of C elements, i.e., porous
carbon, appeared on its surface after calcination at 700 ◦C with the addition of ZnCl2. It
can be seen from (b) and (e) that the appearance of the C element and the Zn element are
two simultaneous appearances, which indicates that the nascent carbon is combined with
the compounds of Zn.



Appl. Sci. 2024, 14, 7283 9 of 18

Appl. Sci. 2024, 14, x FOR PEER REVIEW 9 of 19 
 

 
Figure 4. EDS image of OSC700 (a), corresponding to C element (b), O element (c), Si element (d), 
Zn element (e). 

 
Figure 5. XPS spectra of OS (a–d), OSC700 (e–i) and their fitting results. 

Figure 3i also reveals that the deposited C combines with the original surface in a 
networked and flocculent manner, forming numerous bumps, pits, and wrinkles that pro-
vide additional adsorption sites for the adsorption process. However, carbonization at 900 
°C (Figure 3j–l) significantly reduces the number of surface pores and increases the pore 
size. This phenomenon occurs because some inorganic minerals begin to decompose at 
900 °C, causing the collapse of pore channels and the enlargement of pore sizes. The EDS 
diagram of OSC700 is shown in Figure 4. It can be seen that OSC700 is mainly composed 
of Si and O elements. Doping of Zn elements and deposition of C elements, i.e., porous 
carbon, appeared on its surface after calcination at 700 °C with the addition of ZnCl2. It 
can be seen from (b) and (e) that the appearance of the C element and the Zn element are 

Figure 5. XPS spectra of OS (a–d), OSC700 (e–i) and their fitting results.

3.1.4. X-ray Photoelectron Spectroscopy Analysis

A comparison of Figures 5a–d and 5e–i reveals that carbon (C) exists in two forms
in the oil sludge (OS). The binding energies of carbon are 284.8 eV (C-C) and 286.0 eV
(C-O-C) [46], as shown in Figure 5b. The C 1s spectrum (Figure 5f) indicates that carbon
exhibits three types of binding states: C-C/C=C, C-O-C, and C-CO3 [47], with the C-C bond
being the predominant form. After thermal activation with ZnCl2, a substantial carbon
network forms on the surface of OSC700, consistent with the results shown in Figure 3.

In the OS, the binding energy of oxygen is 531.7 eV (C=O) [48], which shifts to 531.9 eV
after ZnCl2 thermal activation, corresponding to the formation of metal carbonates. This
shift is primarily attributed to the synergistic binding of Zn with the carbon matrix. The
silicon elements in the oily sludge primarily exist in the forms of Si-O (102.6 eV) and
Si-O-Si (103.6 eV) [49] (Figure 5d), which shift to Si-O (102.4 eV) in the form of quartz [49]
(Figure 5i). The activation process enhances the surface activity and porosity of the material,
leading to improved adsorption performance. The binding energies of zinc are detected at
1022.0 eV (Zn 2p3/2) and 1044.0 eV (Zn 2p1/2), with no Zn LMM peak observed, indicating
that Zn is fully covered by the carbon layer [50].

In conclusion, the optimal preparation temperature for porous materials derived from
oil sludge is 700 ◦C. The resulting OSC700 exhibits the largest specific surface area and
total pore volume, with a relatively uniform pore size distribution. The use of ZnCl2 as an
activator at this pyrolysis temperature enhances pore formation.

3.2. The Adsorption Properties of OSC for Organic Dyes

Figure 6a shows the effect of varying initial concentrations of adsorbates on the
adsorption efficiency of OSC700. As shown, the adsorption capacity of OSC700 for the
three organic dyes increases with increasing concentration. The adsorption capacity also
varies depending on the type of dye, with MG exhibiting the highest capacity and CV
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the lowest. This is because the polarity of the three organic dyes increases in the order of
MG < MB < CV (Table 3). The weaker the polarity, the stronger the hydrophobic interaction
and π-π EDA interactions between the organic dyes and the adsorbent, resulting in a higher
removal rate. The adsorption mechanism of organic dyes by OSC is illustrated in Figure 7.
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Table 3. Parameters for calculating the dipole moment of three organic dyes.

Single-Point Energy
(RB3LYP)/Hartree

RMS Gradient
Norm/Hartree

Dipole Moment/
Debye Polarizability/a.u.

MG −843.6267 0.000004 11.0223 306.5257
MB −899.0014 0.000014 14.9658 335.8883
CV −1025.5797 0.000067 26.6531 237.6323
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The removal efficiency showed that MG maintained a high removal rate, with a
slight decrease from 98.92% to 95.74% as the concentration increased from 10 ppm to
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200 ppm. Meanwhile, the adsorption capacity increased significantly from 0.89 mg/g to
19.15 mg/g. In contrast, the removal rates of MB and CV, which have greater polarity,
continuously decreased with increasing solution concentration, from 99.80% to 61.97%
and 98.91% to 24.14%, respectively. The adsorption capacity increased gradually from
0.99 mg/g and 0.89 mg/g to 12.89 mg/g and 12.01 mg/g, respectively. The slope of the
removal efficiency curve indicates that the adsorption of MG by OSC700 has not yet reached
saturation, even when the solution concentration is increased to 200 ppm. In contrast, the
removal efficiency of MB begins to decrease significantly when the solution concentration
exceeds 60 ppm, suggesting that the active adsorption of MB by OSC700 has ended, and
the subsequent process is driven by molecular diffusion and concentration gradient [51].
The removal efficiency of CV, the most polar dye, decreases linearly, while the adsorption
capacity stabilizes gradually as the concentration exceeds 120 ppm. It is apparent that the
adsorption of OSC700 on organic dyes is inversely proportional to the polarity of the dye,
with this phenomenon becoming more pronounced at higher concentrations.

Figure 6b shows the effect of different adsorption times on the adsorption efficiency
of OSC700 for MG, MB, and CV. The adsorption efficiency of OSC700 for MG reaches
94.05% at 5 min and 97.47% at 120 min, respectively. The removal efficiencies of MB and
CV also increase gradually, with optimal values of 98.91% and 79.62% achieved at 120 min.
However, the removal rate and adsorption capacity decline after 120 min. According to
the adsorption kinetics model, this phenomenon may be attributed to the desorption of
organic dye molecules that are electrostatically bound to the C network on the OSC700
surface. During the adsorption process, the concentration of dye in the adsorption solution
and OSC700 changes, with the concentration in OSC700 becoming significantly higher than
in the solution. This leads to the diffusion of physically absorbed dye molecules, which
have weak binding forces, resulting in desorption after prolonged adsorption.

Figure 6c shows the effect of varying OSC700 dosages on the adsorption efficiency
of MG, MB, and CV. As shown, increasing the OSC700 dosage continuously improves
the removal efficiency, while the adsorption amount gradually decreases. Notably, when
the OSC700 dosage was 0.2 g, the adsorption of MG by OSC700 increased most rapidly.
Subsequently, as the OSC700 dosage increased, the removal efficiency of MB and CV
tended to stabilize, whereas the removal efficiency of MG increased almost linearly with
the amount of adsorbent, indicating that the adsorption capacity of OSC700 for MG had
not yet reached saturation, whereas the adsorption of MB and CV had already reached
saturation. The adsorption capacity of all three dyes decreased, with MG showing the
most significant decline. This is primarily attributed to the substantial increase in MG
adsorption sites on the OSC700 surface. Although the amount of OSC700 was increased, the
number of surface-active sites did not increase significantly, resulting in minimal changes
to the adsorption capacity of MB and CV. This highlights the importance of optimizing
the amount of OSC700 used during adsorption to achieve high removal efficiency while
ensuring efficient utilization of the adsorbent material.

Figure 6d illustrates the effect of different temperatures on the adsorption efficiency of
OSC700 for MG, MB, and CV. As shown, in the temperature range of 25~55 ◦C, the removal
rate of OSC700 for MG, which has the minimum polarity, remains above 96%. In contrast,
the highest removal rates for CV and MB are 87.7% and 75.2%, respectively, both exhibiting
a decreasing trend. This indicates that the adsorption process of OSC700 for MG, MB, and
CV is spontaneous, exothermic, and entropy-increasing, as confirmed by the adsorption
thermodynamic model shown in Figure 8f. The consistently high removal efficiency of
MG throughout the temperature range indicates that OSC700 has a strong affinity for MG,
likely due to the favorable compatibility between the adsorbent’s surface properties and
the MG molecular structure. As the temperature rises, the removal efficiency of MB and
CV decreases, potentially due to weakened adsorption or more favorable interactions at
lower temperatures. The spontaneous and exothermic nature of the adsorption process,
accompanied by an increase in entropy, indicates that adsorption not only releases heat but
also leads to a more disordered state, characteristic of physical adsorption [52].
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Figure 6e,f illustrate the impact of various pH levels on the adsorption efficiency of
OSC700 for MG, MB, and CV. As shown, within the pH range of 2.0~10.0, the removal
rate of OSC700 for MG, which has the minimum polarity, remains consistently above 97%,
with a stable adsorption capacity of 9.9 mg/g. This indicates that OSC700 is effective
in removing MG from water across a range of environmental pH conditions. Although
protonation of the adsorbent’s surface functional groups at lower pH values may reduce
its ability to adsorb cationic dyes, the sustained high removal efficiency suggests that
alternative forces, such as hydrophobic interactions or hydrogen bonds, play a significant
role in the effective adsorption of dyes. The maximum removal rates of MB and CV are
80.9% and 91.5%, respectively, with corresponding maximum adsorption capacities of
9.1 mg/g and 8.0 mg/g. Under acidic conditions, the high concentration of H+ in the
aqueous solution protonates the functional groups (such as -COOH) on the OSC700 surface,
reaching a maximum at pH 6.0. As a result, the adsorption capacity of OSC700 for MB and
CV decreases due to electrostatic repulsion, hindering the adsorption process. At pH~6,
where the surface charge of OSC700 approaches the isoelectric point (i.e., the point of zero
surface charge), the functional groups on OSC700 may be in a neutral or less protonated
state. Under these conditions, electrostatic attraction may not be the dominant factor
governing the adsorption of MB and CV. Instead, other types of interactions, such as van
der Waals forces or hydrophobic interactions [53], may play a more significant role in
enhancing the removal of MB and CV by OSC700. As the pH continues to rise, the surface
of OSC700 becomes increasingly negatively charged, leading to competitive adsorption
and enhanced hydrophobic interactions, which consequently reduce the removal rates of
MB and CV.

The acidity coefficient of malachite green is 13.78 ± 0.29. When the pH exceeds
this value, malachite green remains positively charged in the solution. Although this
may induce some electrostatic repulsion, Figure 6e demonstrates that the protonation of
malachite green does not significantly affect its adsorption by OSC700.

For methylene blue, the acidity coefficients are 2.6 and 11.2. As the pH increases, the
concentration of hydrogen ions in the solution decreases, reducing electrostatic repulsion.
Consequently, the removal efficiency of methylene blue gradually increases, reaching its peak
at a pH of approximately 6, where charge equilibrium is established. At this point, electrostatic
forces are no longer the primary factor influencing removal efficiency. However, with a further
increase in pH, the solution becomes enriched with hydroxide ions, which compete with
methylene blue for adsorption sites on OSC700, decreasing removal efficiency.
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The acidity coefficient of crystal violet is 0.8 [54]. As the pH increases from 2 to 10,
the concentration of hydrogen ions decreases, while that of hydroxide ions increases. The
removal efficiency of crystal violet reaches its maximum at a pH of 6, where equilibrium is
attained. During the pH increase from 2 to 6, electrostatic repulsion reduces the removal
efficiency. As the pH rises from 6 to 10, the competitive adsorption of ions in the solution
further affects the removal efficiency, resulting in an initial increase followed by a decrease.

4. Discussion
4.1. The Adsorption Models and Mechanisms of OSC

Figure 8 displays the adsorption kinetic curves and thermodynamic curves for OSC700
adsorption of MG, MB, and CV, fitted to different models. The results show that the Langmuir
isothermal adsorption model has a higher fitting correlation coefficient compared to the
Freundlich isothermal adsorption model, indicating a better fit to the data (Table 4). This
indicates that the adsorption of MG, MB, and CV molecules by OSC700 follows the Langmuir
isothermal adsorption model, indicating a monolayer adsorption mechanism on the outer
surface of OSC700. As mentioned earlier, OS particles are primarily composed of quartz
(57.03%), which is characterized by its high density and strength. The internal light and
heavy organic matters are decomposed and deposited at high temperatures, leaving only
a C network structure on the surface of the sludge particles. According to calculations,
the theoretical saturation adsorption capacities (qm) of OSC700 for MG, MB, and CV are
33.41 mg/g, 16.41 mg/g, and 13.56 mg/g, respectively. These values are in good agreement
with the actual experimental results obtained in the adsorbent dosage gradient adsorption
experiments.

Table 4. The model parameters of adsorption isotherm.

Langmuir Freundlich

qm (mg/g) KL (L/mg) R2 KF (mg/g) n R2

MG 33.41129 0.16215 0.98824 65.61603 1.83793 0.9801
MB 16.40958 0.02874 0.98351 3.52866 2.28707 0.98101
CV 13.56116 0.32721 0.9909 215.04037 1.99561 0.53733

The Pseudo-second-order model (PSO) fitting correlation coefficients for the adsorp-
tion process of the three dyes are 0.99999, 0.99806, and 0.99669, respectively, which are
all extremely close to 1 and higher than those of the Pseudo-first-order model (PFO)
(Figure 8c,d and Table 5). Furthermore, the equilibrium adsorption capacity (qe) calculated
by the PSO kinetic model is in closer agreement with the experimental value, indicating
that the PSO kinetic model is more suitable for describing the adsorption process of OSC700
on the three dyes. The main reason is that the adsorption of OSC700 to the three dyes
involves a combination of both chemical and physical adsorption mechanisms. The surface
of OSC700 is rich in functional groups, including hydroxyl and carboxyl groups, which can
interact with dye molecules, facilitating chemical adsorption.

Table 5. Kinetic constants for the adsorption of MG, MB, and CV.

PFO PSO

qe (mg/g) K1 R2 qe (mg/g) K1 R2

MG 0.0475 0.01544 0.90162 9.7267 −0.04305 0.9999
MB 1.1593 0.0642 0.8155 5.3578 0.0724 0.9981
CV 1.1525 0.0616 0.9203 8.6311 0.4595 0.9967

In the study of adsorption kinetics, the PFO and PSO models have limitations in fully
explaining the diffusion mechanism involved in the adsorption process. Therefore, the
intraparticle diffusion model is applied to further investigate the adsorption mechanism,
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as shown by the fitting curves in Figure 8e. The adsorption results of OSC700 on three
dyes revealed a linear relationship between qt and t0.5, with intercepts of 9.43 mg/g,
3.8115 mg/g, and 6.2624 mg/g, respectively. The fact that these intercepts do not pass
through the origin suggests that diffusion is not the sole factor controlling the adsorption
rate. During the adsorption process, the three dyes initially migrate through the liquid
film surrounding the porous carbon surface of the oily sludge-based adsorbent, ultimately
reaching the outer surface. The mass transfer rate across this liquid film significantly
influences the adsorption process. The incoming dye molecules bind to the active sites
on the porous carbon surface, while the remaining molecules diffuse along the pores into
the interior of OSC700, with their transport governed by the molecular diffusion rate. As
shown in Figure 6b, the concentration of organic dyes in the liquid decreases gradually
with increasing adsorption time, leading to a corresponding decrease in molecular diffusion
rate until adsorption equilibrium is achieved. The larger the C value in the intraparticle
diffusion model, the more pronounced the boundary effect, indicating a greater contribution
of surface adsorption to the overall adsorption process.

During the adsorption process, the adsorption of porous carbon and the desorption of
solvent molecules occur simultaneously (Figure 8f, and Table 6). The desorption process
leads to a greater increase in entropy than the decrease in entropy caused by the adsorption
of the three dyes by OSC700. When ∆G < 0, it indicates that the adsorption of MG, MB, and
CV by OSC700 is thermodynamically favorable and spontaneous. Furthermore, the positive
value of ∆S indicates an increase in the disorder or randomness at the solid-liquid interface
during the adsorption process, which enhances the entropy of the system and suggests a
more random and disordered interaction between the three dyes and the active sites on
OSC700. This demonstrates the strong affinity of OSC700 for MG, MB, and CV. Due to the
large size of the dye molecules, their adsorption on OSC700 is accompanied by the release
of a significant number of water molecules. This release occurs because the incoming dye
molecules replace the water molecules initially bound to the hydrophilic functional groups
on the OSC700 surface through hydrogen bonding, thereby facilitating the adsorption
process [52]. As the temperature rises, the number of water molecules on the OSC700
surface decreases, exposing more adsorption sites for dye molecules. However, the changes
in Gibbs free energy (∆G) decrease with increasing temperature, from −20,045.2574 kJ/mol,
−14,027.34 kJ/mol, and −16,194.66 kJ/mol to −21,436.9136 kJ/mol, −14,203.13 kJ/mol,
and −16,452.18 kJ/mol, respectively. This suggests that increasing the temperature does
not enhance the adsorption performance of OSC700, indicating that the entire adsorption
process is a spontaneous endothermic process.

Table 6. Thermodynamic parameters of OSC700 on MG, MB, and CV.

∆H (kJ/mol) ∆S
(J/(mol·K))

∆G (kJ/mol)

298 K 298 K 298 K

MG −6189.0721 46.28820 −20,045.2574 −20,385.9097 −20,868.9016
MB −14,373.3921 1.4651 −14,027.344 −14,171.545 −14,174.080
CV −15,045.3788 3.9898 −16,242.086 −16,290.533 −16,452.179

4.2. Adsorption Mechanism of Organic Dyes by OSC

As shown in Figure 9, the FTIR spectrum of OSC700 prior to adsorption exhibits
absorption peaks at 3450 cm−1, 2920 cm−1, 2850 cm−1, 1620 cm−1, 987 cm−1, 910 cm−1, and
474 cm−1. After adsorption of the three organic dyes, the wavenumber and peak intensity
of the -OH peaks at 3420 cm−1 decreased, indicating that the adsorption process consumed
a portion of the phenolic hydroxyl groups, leading to the formation of hydrogen bonds
between the porous carbon surface and the adsorbate. This evidence confirms that the
phenolic hydroxyl groups on the OSC700 surface play a major role in the chemisorption of
dye molecules. Furthermore, the significant decrease in the absorption peaks at 2920 cm−1

and 2850 cm−1, corresponding to saturated -CH groups, indicates a reduction in the amount
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of these groups on the surface as the polarity of the adsorbent increases. The intensity of
the aromatic C=C double bond peak at 1620 cm−1 undergoes a shift and decrease after
adsorption, indicating that the adsorption of the three organic dyes by OSC700 occurs on
the benzene rings, specifically on the C network structure of the porous carbon surface.
Notably, the peak intensity decreases most significantly after MG adsorption, followed by
MB, and then CV.
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The most pronounced changes in the entire infrared spectrum occur in the hydroxyl
and fingerprint regions (920–980 cm−1), where the peak intensity increases and shifts
significantly after adsorption. This is primarily attributed to the presence of benzene rings
in the three organic dye molecules, which interact with the porous carbon surface through
π-π EDA interactions, forming π-π bonds. This interaction is inferred in the fingerprint
region, despite not being explicitly evident. The absorption peak at 1000 cm−1 in the
infrared fingerprint region is attributed to the -Si-O-Si- bond in the material, and even a
slight modification in the molecular structure leads to a significant shift in this absorption
peak. The interaction between OSC700 and the dyes (MG, MB, and CV) through hydrogen
bonding or electrostatic attraction induces changes in the material’s molecular structure,
resulting in alterations to the peak intensity of the -Si-O-Si-. The peak intensity reveals
that the hydroxyl and fingerprint regions of CV, which has the highest polarity and lowest
adsorption capacity, exhibit the smallest enhancement at 920–980 cm−1. In contrast, MG,
which has the weakest polarity and largest saturated adsorption capacity, shows the most
significant enhancement. This observation is in agreement with the results presented in
Figure 7.

5. Conclusions

In this study, low-oil-content sludge served as the starting material, and ZnCl2 was
employed as the activating agent. The OSC was prepared through the thermal decomposi-
tion of light and heavy organic constituents in the oily sludge at elevated temperatures,
followed by carbon deposition processes.

The as-prepared OSC was thoroughly characterized, and its absorption properties
were investigated. The results revealed that the C network framework can be effectively
formed in OS by using ZnCl2 as an activator and carbonizing at 700 ◦C for 1 h. The
theoretical monolayer saturation adsorption capacities of OSC700 for MG, MB, and CV
were determined to be 33.41 mg/g, 16.41 mg/g, and 13.56 mg/g, respectively. Under
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optimal adsorption conditions, the removal efficiencies achieved were 95.74%, 64.97%
and 24.14%, respectively. The adsorption of MG, MB, and CV by OSC700 was found
to follow the pseudo-second-order kinetic model, suggesting a combined mechanism of
physical and chemical adsorption, with chemical adsorption being the predominant mode.
The adsorption process was spontaneous, exothermic, and entropy-increasing. Quantum
functional theory calculations revealed that the dipole moments of MG, MB, and CV follow
the polarity order of MG < MB < CV. Notably, the adsorption of MG, MB, and CV by
OSC700 showed an inverse correlation between polarity and adsorption performance,
with weaker polarity leading to better adsorption effects and higher theoretical and actual
saturation adsorption capacities in oily sludge-based porous carbon. The adsorption of
low-polarity materials by porous carbon derived from oily sludge is primarily driven by
the presence of aromatic functional groups, hydrophily, π-π EDA interactions, and the
formation of hydrogen bonds on the surface of the porous carbon. For dyes with higher
polarity, electrostatic interactions and hydrophobic effects play a dominant role, with
electrostatic adsorption being the primary adsorption mechanism. Notably, the formation
of hydrogen bonds is negligible during the adsorption process. In summary, this study
provides an effective approach and theoretical guidance for the removal of organic dyes,
particularly those with lower polarity, from wastewater, providing valuable insights for the
development of efficient wastewater treatment strategies.
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OS Oily Sludge
OSC Oily Sludge-based porous Carbon
NOSC Oily Sludge-based porous carbon without the addition of a zinc chloride activator
MG Malachite Green
MB Methylene Blue
CV Crystal Violet
PFO Pseudo-first-orderequation
PSO Pseudo-second-orderequation
EDA electron-donor-acceptor
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