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Abstract

This study explored the potential of acid-treated orange peel (ATOP) and raw
orange peel (ROP) as sustainable, low-cost biosorbents for the elimination of
phenol from aqueous soluticns. Acid modification was employed to enhance the
textural and surface chemistry properties of orange peel-derived biomass.
Comprehensive characterization using FTIR, SEM, BET, and XRD confirmed
successful surface functionalization, improved porosity, and structural
modification after adsorption. The findings showed that ATOP demonstrated
superior performance relative to ROP, achieving a maximum removal efficiency
of 85.25% at 45 °C and reaching equilibrium within 150 min. The maximum
adsorption capacities obtained from the Langmuir model were 80.32 mg g~* for
ROP and 133.13 mg g-* for ATOP. Equilibrium data indicated Langmuir behavior
for ROP and Freundlich behavior for ATOP, reflecting increased surface
heterogeneity induced by activation. Kinetic assessment showed that phenol
removal on ROP followed the pseudo-first-order model, while ATOP was best



explained by the pseudo-second-order model, signifying a shift toward stronger
surface interactions after acid modification. Thermodynamic parameters
established the process to be spontaneous and endothermic, with AH® values of
14.5 kJ mol-* (ROP) and 45.32 k] mol-* (ATOP). Overall, the results demonstrate
that acid-treated orange peel biomass is an efficient and environmentally benign
adsorbent for phenol remediation in wastewater systems.
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1.0 Introduction

Industrial effluents often contain phenol and its derivatives that originate from textile
processing, petroleum refining, resin manufacturing and pharmaceuticals [1-2].
Wastewater containing large volumes of phenol and its derivatives is released annually,
with reported concentrations ranging from trace levels to several thousand milligrams
per liter. Because of their poor biodegradability, high toxicity, and persistence in
aquatic environments, these contaminants pose severe threats to human health and
ecosystems at large [2-3]. Rapid population growth, industrialization, and agricuitural
expansion have resulted in a considerable increase in phenolic compound emissions into
the environment [4]. The discharge of phenol and its derivatives into water bodies has
become a persistent environmental concern because of their high toxicity to the aquatic
ecosystem, slow biodegradation, and ability to disrupt aquatic life even at low
concentrations [5-6]. Prolonged contact with phenol can cause a wide range of severe
health challenges such as skin burns, nerve damage, impaired vision, and
gastrointestinal problems [3]] Exposure to phenol aiso adversely impacts vital human
organs like the kidneys, liver, and central nervous system [7]. Phenolic compounds,
including chlorophenols, are associated with serious health risks, including tissue
damage, genetic damage, mutations, and cancer, threatening both human health and
the ecosystem [6].

Its persistence in water bodies could cause harm to aquatic life and disrupt the
ecosystem due to oxygen depletion, which can have long-lasting effects on the
environment [8]. Regulatory bodies like the United States Environmental Protection
Agency (EPA) and the World Health Organization (WHO) consider phenol levels above
1 ppm a risk to human health and the environment [9]. Thus, the elimination of phenol
from wastewater is vital to safeguard the environment from its hazardous effects. It also
preserves aquatic life, protects human health, and promotes eco-friendly industrial
processes. Developing cost-effective and sustainable phenol removal techniques is key
to tackling phenol pollution and also creating cleaner water systems.

Conventional treatment procedures such as oxidation, membrane filtration,
precipitation, and biological treatment are extensively used for the elimination of phenol
from wastewater [10, 11]. These procedures often face some restrictions like high
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operating cost, toxic by-products generation, complex process, and poor efficacy [12].
To address all these restrictions, adsorption appears as one of the most effective and
versatile wastewater treatment methods because of its simplicity, high removal
efficiency, environmental compatibility, and economic feasibility [3,13-14]. The
effectiveness of the sorption procedures strongly depends on the characteristics of the
adsorbent such as the availability of the material, binding groups present on its surface,
enhanced surface area, and better pore structure [15].

Conventional adsorbents like activated carbon, silica gel, and polymer resins have been
widely utilized for contaminant removal, and although they effectively remove
pollutants, their high cost, limited reusability, inefficiency at removing low-
concentration pollutants, and lower sustainability have prompted interest in alternative
materials like biomass [15]. Activated carbon made from biomass, such as agricultural
waste, offers a more eco-friendly and economical option with lower environmental
impact due to its low cost and comparable performance, abundance of functional groups
that facilitate the adsorption process, and porous structure [16]. Biomass-based
adsorbents derived from agricultural and forestry wastes have recently gained
considerable attention due to their renewability, abundance, and surface chemniistry
favorable for pollutant uptake [17-18].

Agricultural waste such as corn cob [19], eucalyptus wood [20], sugarcane bagasse [21],
and rice straw [22] have been used for effective elimination of pherniol from wastewater.
Among these adsorbents, orange peel represents one of the most promising yet
underexplored biomass materials, generated in huge quantities as a by-product of citrus
processing industries. Globally, orange peel waste generation exceeds 54 million metric
tons annually [22], causing both an environmental burden and an opportunity for
resource valorization. Therefore, converting orange peel waste into an effective
adsorbent provides an environmentally responsible approach to valorizing biomass
while addressing phenol pollution. Orange peel consists of pectin, cellulose,
hemicellulose, and lignin, as well as surface functional groups that can interact strongly
with pollutants such as phenol.

Chemical treatment, most especially acid activation, has been employed widely to
improve the adsorption performance of biomass-based adsorbents by porosity,
increasing surface acidity, and the availability of active binding sites, thereby enhancing
affinity toward pollutants [14-18]. The orange peels which are lignocellulosic agro-
wastes have gained significant interest as adsorbents because of their biodegradability,
abundance, and richness in surface functional groups such as carboxyl, hydroxyl, and
phenolic moieties. Nevertheless, the raw structure of the orange peel often limits its
adsorption capacity because of low surface area, blocked pores, and limited
accessibility of active sites. In overcoming these drawbacks, different chemical
activation approaches have been employed, among which acid activation has proven to
be effective because it increases active sites and surface functionality, improving



porosity and adsorptive behavior for organic pollutants and dyes [23-25]. Research
conducted on citrus waste biomass, like orange peels, have shown that modification
approaches enhanced contaminant sorption performance relative to raw materials [26].
Additionally, recent study on the preparation of activated char from orange peel
demonstrated promising phenol adsorption capacities after chemical activation which
was attributed to improved surface functionality, porosity as well as active sites [23,
271.

Although there have been reports of orange peel-derived adsorbents for contaminant
uptake, most studies focus on a single modification route or provide limited mechanistic
insight. In this study under the same experimental conditions, the study distinguishes
itself by offering a direct and systematic comparison between raw orange peel (ROP)
and acid-treated orange peel (ATOP) for phenol removal. This present work advances
the previous understanding of citrus-waste-derived adsorbents by providing a
systematic and mechanistically focused examination of acid modification effects on
orange peel biomass. Unlike many earlier reports that evaluate either raw or modified
materials in isolation, this study further integrates controlled side-by-side preparation,
comprehensive physicochemical characterization (SEM, FT-IR, BET, XRD, and pH.zc),
and multi-model adsorption analysis to examine how mild acid activation changes
surface chemistry, pore architecture, and adsorption pathways. By explicitly linking
structural evolution to adsorption mechanism, the research offers deeper insight into
the structure-function relationships governing phenol uptake on lignocellulosic
adsorbents and provides a rational basis for tailoring low-cost biomass materials for
wastewater remediation. In this study, the adsorption potentials of raw and acid-treated
orange peel biomass towards phenol elimination from aqueotis solutions were carefully
examined by evaluating the effects of solution pH, contact time, temperature, adsorbent
dosage, and initial phenol concentration. Adsorption kinetics, equilibrium isotherms,
and thermodynamic analyses were employed to elucidate the governing adsorption
mechanisms and assess the feasibility of acid-treated orange peel as a sustainable
adsorbent for wastewater remediation. These details offer new insights into the impact
of acid treatment in tailoring biomass-derived adsorbents for efficient phenol
remediation.

2.0 Materials and methods
2.1 Materials

Analytical-grade sodium hydroxide (NaOH, 98%), phenol, and hydrochloric acid (HC],
37%) were obtained from Sigma-Aldrich, India, and used for the preparation of solutions
and pH adjustment. Distilled water served as the solvent for all dilutions.

2.2 Preparations of ATOP and ROP

Fresh orange peels (OP) were obtained from a local fruit market at Ibafo, Ogun State,
Nigeria. Distilled water was used to thoroughly clean the peels to eliminate dirt and
soluble impurities. The peels were reduced into smaller fragments and dried in an oven
at 70 °C to eliminate the moisture content and labeled as ROP. Acid modification was
carried out by soaking 20 g of the dried orange peel powder in 500 mL of 0.1 M HCI
and left for 24 h with continuous stirring on an orbital shaker to allow proper acid
activation. Hydrochloric acid was chosen as the activating agent due to the fact that it



provides an effective yet mild chemical modification route for lignocellulosic biomass.
Compared to strong dehydrating acids like H3POa or salt-based activating agents like
ZnCl. that often require high-temperature carbonization and extensive post-treatment,
HCI primarily facilitates demineralization, partial hydrolysis of hemicellulose, and
protonation of surface oxygenated groups under relatively mild conditions. This
treatment can enhance surface acidity, expose previously blocked pores, and increase
the accessibility of functional groups without causing severe structural collapse of the
biomass matrix. In addition, HCI is inexpensive, readily available, easily removable by
washing, and generates fewer secondary environmental concerns compared with heavy-
metal chlorides such as ZnClz. After treatment, the sample was cleaned with distilled
water repeatedly until the pH become neutral. The material was dried again and stored
in airtight containers and labeled as (ATOP) for further use.

2.3 Characterization of the Adsorbent

Fourier transform infrared (FT-IR) study was carried out to establish the binding groups
present on the biomass surface before and after phenol uptake. Dried and grounded
fine powder of the adsorbent was mixed with potassium bromide (KBr) to produce
pellets after compression. The spectra were recorded using FT-IR spectrophotometer
(PerkinElmer Spectrum 2, USA) within the range of 400 to 4000 cm~-!. Scauning
electron microscope (JEOL JSM-5600, Tokyo, Japan) was utilized to examiine the
morphology and textural features of the biomass. Small amounts of each sanipie were
mounted on aluminum stubs with adhesive tape and coated with a thin layer of gold to
enhance conductivity. The micrographs were obtained at different magnifications using
a scanning electron microscope. The point of zero charge (pHpzc) of raw- and acid-
activated orange peel was estimated by adopting the pH-drift method. Briefly, 25 mL of
0.01 M NaCl solutions were adjusted to initial pH values in the range of 2 to 8.
Afterward, 5 mg of biomass was introduced to each solution, and the suspensions were
agitated for 12 h at 150 rpm. The final pH values were computed by obtaining the
difference between the initial and final pH (ApH = pH: — pHp) and plotted against the
initial pH (pHy) to obtain the pHpzc. The Brunauer-Emmett-Teller (BET) instrument was
employed for the determination of the surface area and pore size distribution with a
Quantachrome NOVA 2200C instrument (USA). The crystalline and amorphous nature
of the adsorbent was examined with X-ray diffraction (Bruker D8 Advance, Germany)
equipped with Cu-Ka radiation (A = 1.5406 A) operated at 30 mA and 40 kV. Finely
powdered samples were placed on a sample holder and scanned over a 26 range of 5-
50°.

2.4 Preparation of Phenol Solutions

A phenol stock solution was made by immersing 1 g of phenol in 1000 mL of distilled
water to obtain a 1000 mg/L concentration. Desired working concentration solutions
between 50 to 300 mg/L were made via serial dilution of the stock solution. The required
pH value of each solution was determined via dilution with HCI or NaOH.

2.5 Batch Adsorption Experiments

Batch sorption studies were performed to examine the impacts of several experimental
conditions and the study was performed in triplicate, while the mean values were



reported. In a typical run, a known mass of the orange peel adsorbents (5 - 40 mg) were
added to 25 mL of phenol solution of known concentration (50 - 300 mg/L) in a series of
conical flasks set-up, and the pH was regulated with either 0.1 M of NaOH or HCI. The
content was reacted together following continuous agitation on a rotatory orbital shaker
set at 150 rpm. At fixed time intervals (5 - 300 min), samples were taken, filtered, and
the residual phenol concentration was analyzed with a UV-Vis spectrophotometer
(Shimadzu UV-3600 UV-Vis-NIR spectrophotometer). The percentage removal (%R) and
the phenol amount adsorbed (qe) were determined using equations 1 and 2 as shown
below:
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With C, and C, indicating the initial and equilibrium phenol concentrations (mg/L), V
and m denote the volume of phenol (L), and adsorbent mass (g) used respectively.

2.6 Kinetic Models

In this study, the linearized forms of intraparticle diffusion (ID), pseudo-first-order
(PFO), pseudo-second-order (PSO), and Elovich models were investigated to examine
the kinetic data of phenol uptake onto ROP and ATOP.

The linear forms of the PFO and PSO models are given in equations 3 and 4 below [28-
29]:

IN(ge - q¢) = Inge - kqt (3)
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Where g; represents the amount of phenol adsorbed at time ¢ (min), 4; and 4. indicate
the PFO and PSO rates constants (min'), and (g/mg min) respectively, and t is time in
min.

The Elovich model is often used for heterogeneous solid surfaces and it is expressed in
equation 5 as [28]:

-1 1
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Where a denotes the initial adsorption rate (mg g-! min-1), while the desorption constant
is given as B (g mg!). The intraparticle diffusion model evaluates whether diffusion
inside pores controls the sorption process. The linear form is expressed in equation 6
as [30]:

1
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Kjzis the ID rate constant (mg g! min!/2), and C is the boundary layer constant. The
best kinetic fit was determined using the sum of squared errors (% SSE) in equation 7
[13]:

2
%SSE :% (qe(;q:) )

Where n denotes the number of data points.
2.7 Adsorption Isotherms

The mathematical models that explain the adsorbate interactions with adsorbents at
equilibrium are referred to as adsorption isotherms. The Langmuir isotherm for
instance, assumes that adsorption takes place in a single layer on a homogeneous
surface with a limited number of identical sites, while on the other hand, the Freundlich
model accounts for surfaces that are heterogeneous and allows for multilayer
adsorption [3,15,31-32]. The mathematical linear expressions of Langmuir and
Freundlich isotherms are represented in equations 8 and 9 below [31-32]:

Lo _Ce !
qe Qumax QmﬂJ.KL (8)
1
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Equation 10 denotes the separation factor (Ry), which evaluates the feasibility of the
Langmuir isotherm and is a dimensionless quantity [28, 31]. Where g, and K stand for
the maximum adsorption capacity (mg/g), and the Langmuir adsorption constant
(L/mg), Kr and n are the Freundlich constant (mg/g), and dimensionless constant that
denotes the adsorption intensity.

The Temkin isotherm proposed a decline in heat of adsorption with increasing coverage.
The model can be expressed linearly as indicated in equation 11 [33]:

lan:anT+%lnCe (11)

The Temkin isotherm constant that is associated with the adsorption energy is given as
K7 (L/mg), the constant that associates with the heat of adsorption is denoted as B
(J/mol), while R and 7 stand for the universal gas constant (8.314 J/mol-K), as well as
the temperature (K).

Dubinin - Radushkevich (D-R) isotherm can be employed to differentiate between
physical and chemical adsorption processes and the model can be illustrated linearly as
shown in equation (12) [34]:

Ing, = Inq, — K&? (12)

Where g, is the calculated maximum adsorption capacity (mg/g), € and Krepresent the
Polanyi potential and the D-R constant that associates with the adsorption energy
(mol?/]J?). The mean free energy, E, that signifies the nature of the adsorption process,

is expressed in equation 13 as [31-32]:



V2K (13)
2.8 Thermodynamic parameters

Thermodynamic behavior was examined at various temperatures to evaluate
parameters like Gibbs free energy change (AG), enthalpy change (AH), and entropy
change (AS), using equations (14 and 15) [35-37]:

AG® =— RTInK, (14)
In(pKp) = - 72 + 22 (15)

Where Kpdenotes the equilibrium constant (L/g), p is the water density (g/L) that was
used to normalize the equilibrium constant and all other parameters are as previously
defined.

3.0 Results and Discussions
3.1 The influence of phenol concentration and contact time

The influence of phenol concentrations as well as the contact time of the adsorption
behavior of ROP and ATOP were examined and the obtained results are indicated in
Figures 1 and 2 respectively. This was done by varying the initial phenol concentration
between 50 to 300 mg/L and contact time between 5 to 300 min, while other parameters
were kept constant. It was observed that the uptake of phenol iricreased with the
contact time for both raw and acid-treated orange peel, and the rate of uptake was
strongly influenced by the initial phenol concentration. A rapid increase in the amount
adsorbed was observed within the first 50 min for both adsorbents, indicating abundant
availability of vacant binding sites at the early stage [538-39]. As time progressed, the
rate of uptake became slower and gradually approached equilibrium, where maximum
uptake was observed at 150 min for ROP and ATOP. As the concentration increased to
a point where the adsorbent was saturaied, and no more active sites were accessible
on the surface, the adsorption capacity of both adsorbents also increased, reaching their
maximum uptake at 300 mg/L for both adsorbents [39]. For raw orange peel, the
equilibrium uptake increased from 2.3-17.2 mg/g at 50 mg/L and from 18.5 -72.5 mg/g
at 300 mg/L when the contact time rose from 5 to 150 min. For acid-treated orange
peel, the uptake increased from 6.4-24.1 mg/g at 50 mg/L and from 25.6 -112.4 mg/g
at 300 mg/L when the contact time rose from 5 to 150 min. The enhanced adsorption at
higher concentrations suggests a stronger driving force for mass transfer from solution
to the adsorbent surface [13].
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raw orange peel
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Fig. 2. Influence of phenol concentration and contact time on the sorption of phenol by
acid-activated orange peel

3.2 Influence of Orange Peel Dosage

One of the substantial factors influencing the adsorption efficiency is the adsorbent
dosage which is an important parameter. While other parameters were kept constant,
the impact of the OP dosage was determined by varying the mass of the biomass
between 5 to 40 mg. The removal percentage of phenol rose steadily with the adsorbent
dosage for both ROP and ATOP (Fig. 3). At low dosages, removal efficiencies were low
because of the presence of limited active surface area, but with a rise in the dosage,
number of active sites as well as the available surface area increased proportionally,



resulting in greater phenol uptake. For ATOP, the maximum removal efficiency of 83.5
% was observed at 25 mg. ROP also followed a similar pattern, reaching its optimum at
20 mg with removal efficiency of 74.2 %. Beyond the optimum mass, no substantial
improvement in removal was noticed for both adsorbents, and a slight decline appeared
at higher dosages. This behaviour is linked to particle agglomeration at higher
adsorbent dosage that reduces the effectiveness of the surface area and leads to
overlapping of active sites [40]. Also, excessive adsorbent mass leads to a redistribution
of phenol across a larger number of particles, lowering the apparent removal efficiency
per unit mass. These observations are consistent with other findings, such as Jawad et
al [40], who also observed a surge in the removal percentage of MB as the adsorbent
dose increases.
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Fig. 3. Influence of OP dosage on the uptake of phenol by ROP and ATOP
3.3 Influence of pH on phenol removal

The solution's pH played a vital role in contaminant elimination process, influencing the
adsorbent's surface chemistry and the extent to which the adsorbate ionized [3,15,40-
41]. The point of zero charge (pHyzc), which signifies the pH at which the surface of the
adsorbent carries no net charge, was computed to be 4.7 for ROP and 3.5 for ATOP,
reflecting the increased surface acidity induced by acid treatment [15, 40, 42]. At pH
values smaller than the pHpzc, particularly at pH 2, the surfaces of both adsorbents
become strongly protonated due to the abundance of H* ions, causing reduced
adsorption efficiency because of electrostatic repulsion and competition between
phenol molecules and protons for available active sites [40, 42-43]. But with rise in the
pH beyond the pHypzc, surface deprotonation occurred, generating negatively charged
functional groups that improved phenol uptake through stronger electrostatic
interactions and hydrogen bonding [40, 42-43]. The impact of pH on the elimination of
phenol using ROP and ATOP was examined at different pH values (2 to 10), while other
parameters were kept constant. The efficiency of phenol removal was found to have
surged as the pH was increased from acidic to basic medium (Fig. 4). Both raw and
acid-activated orange peel showed their lowest removal efficiency at pH 2, where the
adsorbent’s surface was strongly protonated [3,15,40]. At this point, there is



competition between excess H* ions and phenol molecules, which leads to electrostatic
repulsion and reduces adsorption efficiency [42]. As the pH increased, the removal
efficiency also increased with ATOP surging from about 54.3 % at pH 2 to 80.1 % at pH
6, while ROP rose from 47.2 % to 76.3 % when the pH rose from 2 to 8. The higher
removal efficiency at increased pH is because of the better electrostatic interaction
between phenol and the available binding groups on the adsorbent surface, which is
due to the deprotonation [43]. The maximum uptake for ATOP and ROP was attained at
pH 6 and 8, respectively. At pH values greater than this for the maximum uptake, the
removal efficiency began to decline gradually for both materials. This is because phenol
partially dissociates at elevated pH, and the surface of adsorbent becomes more
negatively charged, reducing attraction and lowering adsorption capacity [40].
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Fig. 4. Influence of pH on the uptake of phenol using ROP and ATOP

3.4 Influence of temperature on phenol removal

Temperature influence on the elimination of phenol using ATOP and ROP was evaluated
over a range of 25 to 60 °C (Fig. 5), while keeping other variables constant. As reflected
in Figure 5, as the temperature improved, the sorption efficiency also increased for both
adsorbents. The rise in removal efficiency with temperature suggests enhanced mobility
of phenol molecules and increased access to internal adsorption sites. The highest
removal efficiency of 85.25 and 74.6% was attained at 50 °C for ATOP and 45 °C for
ROP. Beyond the maximum temperature, the removal efficiency dropped for both
adsorbents, which is because high temperature may disrupt the interaction between

phenol molecules and surface functional groups, and also leads to partial desorption
[43].
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3.5 Adsorption Kinetics

The kinetic behaviour of phenol adsorption on ROP and ATOP surface was examined
using PFO, PSO, Elovich, and ID models. The plots of these models are indicated in
Figure 6, and the corresponding parameters are given in Tables ! and 2 for ROP and
ATOP, respectively. The results revealed different kinetic behaviors for the two
adsorbents. The observed different kinetic behaviors for ROP and ATOP gave important
insight into the adsorption pathway. For instance, the better fit of the pseudo-first-order
model with data from ROP indicates that phenol reinoval is primarily governed by
diffusion to relatively accessible surface sites with weak interaction energies. This kind
of behavior is usually associated with adsorption dominated by physical interactions
involving hydrogen bonding and van der Waals forces on comparatively uniform
external surfaces [44]. Whereas, the kinetic data irom ATOP are better described by the
pseudo-second-order model which suggests that the overall rate is more strongly
influenced by the availability of active sites and the strength of adsorbate-surface
interactions involving chemisorption [40, 44]. The treatment of the adsorbent with an
acid likely increased the density and heterogeneity of oxygen-containing functional
groups (as observed from the EDS alaysis), creating sites with stronger specific
interactions with phenol. The enhanced pore accessibility after activation also promotes
faster intraparticle diffusion during the early adsorption stage, followed by site-
controlled uptake at later times. Thus, the kinetic shift from ROP to ATOP reflects a
transition from predominantly diffusion-limited physisorption to chemisorption.

The Elovich model also produced relatively good correlation for both adsorbents,
showing that the adsorbents have a high affinity for phenol, with the initial sorption rate
(a) higher than the desorption rate (5). The parameters also indicate that the surfaces
are energetically heterogeneous. The intraparticle diffusion plots provide additional
insight into the adsorption mechanism. For ROP, a lower intraparticle diffusion rate
constant and a smaller intercept were observed, suggesting that surface adsorption is
dominant, affirming the physisorption behavior of the adsorption process [35]. In



contrast, ATOP exhibits a higher intraparticle diffusion rate constant and a larger
intercept, indicating a more pronounced influence of pore diffusion and boundary layer
resistance. The multilinear nature of the plots for both adsorbents also confirms that it
is not the sole rate-controlling step [29]. Therefore, acid activation significantly
improved the adsorption kinetics, shifting the mechanism from a physisorption process
in ROP to a chemisorption-driven process in ATOP.
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Table 1. Kinetic data for the elimination of phenol onto ROP

First Order Second order Elovich Intra-particle diffusion
Qe e Qe
Ce (exp) (ca) K R? % SSE  (cal) Ky R2 % SSE  « B R? Kp C R?
22.3 17.200 18.09 0.037 0.988 0.016 23.92 0.168 0.927 0.118 2.952 0.176 0.956 1.648 0.375 0.994
45.8 28.800 26.66 0.041 0.966 0.022 35.76 0.142 0.946 0.073 3.629 0.297 0.956 3.717 0.664 0.974
76.3 38.100 40.08 0.062 0.994 0.016 42.36 0.322 0.933 0.034 4.282 0.451 0.942 5.264 0.894 0.989
97.3 55.200 58.04 0.068 0.997 0.016 66.97 0.291 0.927 0.064 7.081 0.698 0.997 7.074 1.273 0.984
112.34 60.200 61.81 0.071 0.996 0.008 81.55 0.184 0.933 0.107 7.795 0.714 0.977 9.345 5.107 0.995
145.3 72.700 74.42 0.093 0.995 0.007 92.32 0.746 0.921 0.081 9.045 0.749 0.992 11.189 5.942 0.994
Table 2. Kinetic data for the elimination of phenol onto ATOP
First order Second order Elovich Intra-particle diffusion
Qe e e
Ce (exp) (cal) Ky R2 % SSE  (cal) K, R2 % SSE  « B R2 Ko C R2
26.7 24.300 31.76 0.114 0.958 0.093 23.28 0.296 0.997 0.013 4.534 0.429 0.976 5972 1.532 0.994
55.7 48.500 35.32 0.132 0.936 0.082 48.36 0.326 0.997 0.001 7.543 0.462 0.966 6.918 3.495 0.994
88.9 67.500 77.88 0.181 0.944 0.046 68.69 0.559 0.995 0.005 9.658 0.532 0.992 6.524 5.665 0.988
104.5 72.300 86.24 0.321 0.968 0.058 73.11 0.633 0.997 0.003 11.233 0.688 0.947 9.351 6.763 0.994
128.96 95.700 106.91 0.418 0.926 0.035 92.53 0.759 0.587 0.010 15.828 0.761 0.957 12.362 8.035 0.985
155.4 112.400 121.05 0.648 0.951 0.023 116.53 0.974 0.979 0.011 18.082 0.914 0.972 15.601 9.086 0.993




3.6 Adsorption Isotherm

The data obtained from equilibrium adsorption of phenol by ROP and ATOP were fitted
to four different isotherm models as illustrated in Figure 7, and the corresponding
variables are presented in Table 3. It can be observed that ROP best fits the Langmuir
model, as signified by its high R? values. This indicates that phenol adsorption on the
raw orange peel surface occurs predominantly on a homogeneous layer of active sites
with uniform adsorption energies [31, 45]. In contrast, ATOP displayed a better fit with
the Freundlich isotherm, evident from its high R? value and according to this model,
adsorption takes place on a heterogeneous surface where the heat of adsorption varies
across the adsorbent surface [32]. A reasonable maximum adsorption capacity (qmax)
was deduced from the Langmuir model for both adsorbents, which is 80.32 mg g—* for
ROP, indicating a strong attraction between the phenol and the orange peel surface,
and ATOP exhibiting higher value of 133.13 mg g—! due to the modification of the
adsorbent surface which has enhanced the functional groups present and improved its
adsorption capacity.

Also, the value of the separation factor (Ry) obtained for both adsorbents is less than 1,
which means the adsorption of phenol onto ROP and ATOP was favorable. The value of
the Freundlich constant (22) obtained from the Freundlich model, which is also less than
1 for both adsorbents, affirms the favourability of the sorption process [46]. Table 4
presents a comparison of the qmax for both adsorbents with other !low-cost adsorbents
obtained from agricultural waste for phenol uptake. It can be deduced that the
adsorption capacities of the adsorbent from these studies were competitive and can also
be rated among existing adsorbents, which makes them a good candidate for
sustainable phenol removal.

The improved performance of ATOP reflects the creation of a more heterogeneous
surface after acid treatment, where phencl miolecules interact through multilayer
formation and a wider distribution of binding energies. The Temkin isotherm presumes
the heat of adsorption decline linearly aind proposes that sorption is characterized by a
uniform spread of binding energies. The isotherm model of Dubinin-Radushkevich
provides insight into biomass porosity and adsorption energy. The computed mean free
adsorption energy (E) is 0.752 kJ/mol for ROP and 10.137 kJ/mol for ATOP. Literature
suggests a free energy value below 8 kJ/mol typically indicates physisorption [47-48].
Therefore, the free energy computed indicates that the uptake process of ROP is
controlled by physical adsorption, while ATOP is governed by chemical adsorption [47-
48]. A recent study by Djama et al. [48], computed E values less than 8.0 k].mol~! which
confirmed the physical nature of the adsorption process of methylene blue.
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Table 3. Parameters for phenol uptake by ROP and ATOP as obtained from the
adsorption isotherm investigations

Isotherm Parameters ROP ATOP
Umax 80.32 133.13
Langmuir RL 0.221 0.23
R2 0.996 0.967
Ks 55.15 89.292
Freundlich 1/n 0.605 0.512
R2 0.967 0.998
At 0.265 0.867
Temkin Br 53.213 69.412
R2 0.955 0.955
Qs 57.362 92.822
Dubinin-Radushkevich E 0.752 10.137

(D-R) R2 0.976 0.958




Table 4. Comparative analysis of the maximum adsorption capacities of ROP and ATOP
for phenol uptake

Adsorben Maximum

Initial

Dye Adsorben p

Temperatur Referenc

t adsorptio Concentratio tDosage H e e
n n
capacities
(qmax,
mg/g)
Cassia 183.79 25 mg/L 1.6 g/L 2. 20°C Patil et al.
fistula and 0 [3]
pod 0.6 g/L
Shell
activated
carbon
Natural 15 - - 5. 23°C Djebbar
clay 0 et al [42]
Sugarcan 159 100 ppm - . 25°C El-Bery et
e bagasse 0 al. [49]
Black 98.6 - - - 55°C Litke et
wattle al. [50]
bark
Cow dung 89.3 280 mg/L 06g 6. 45°C Ngueagni
et al. [51]
Red clay 122.85, - - 7. 25° 35° and Abdel-
brick 137.46, 0 45 °C Gawwad
and et al [52]
152.22 mg/

g



https://link.springer.com/article/10.1007/s13201-012-0031-8#auth-M_-Djebbar-Aff1

ROP 80.32 300 mg/L 20 mg 8. 50 °C This study

ATOP 133.13 300 mg/L 25 mg 6. 45 °C This study

3.7 Thermodynamic Studies

The spontaneity and nature of phenol on ROP and ATOP were determined from the plots
shown in Figure 8, and their values as indicated in Table 5. For both adsorbents, the
Gibbs free energy values (AG) were negative within the studied temperature range,
confirming the uptake process to be spontaneous [35,40,43,45]. The positive enthalpy
change (AH°) for both adsorbents signifies that phenol uptake is endothermic, inferring
that higher temperatures enhance uptake [43]. This behavior is commonly associated
with enhanced mobility of phenol molecules and increased penetration into microporous
structures. The more pronounced value observed for ATOP implies that acid treatment
increases the active surface sites and pore structure, leading to stronger interaction
between the adsorbent surface and phenol molecules [53]. In addition, the A value
can indicate the nature of the adsorption process, with values between 1-40 KkJ/mol
typically fall into the physisorption range [35,40,43,45]. For ROP, the AH® value found
was 14.5 kJ/mol, which implies that the sorption process is governed by physisorption,
whereas the AH® value for ATOP is evaluated to be 45.32 kJ/mol, signifying the uptake
process to be chemisorption [54]. The positive entropy values reflect improved disorder
at the solid-liquid interface during adsorption. The higher AS for ATOP suggests greater
structural rearrangement and better diffusion of phenol molecules into the activated
sites. This increase in entropy may arise from the displacement of structured water
molecules from the adsorbent surface and phenol hydration shell, which contributes
favorably to the overall adsorption driving force.
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Table 5. Parameters obtained for the thermodynamic analysis of the sorption of phenol
by ROP and ATOP

ROP ATOP
AG AH AS AG AH AS
T (K) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
298 -0.62 -3.07
303 -1.05 -7.26
308 -2.75 -9.21
313 -3.56 14.5 5.7 x102 -13.24 45.32 19x10!
318 -6.43 -16.21
323 -8.06 -19.35
328 -10.23 -22.03
333 -12.25 -25.03

3.8. Adsorbent Structural Elucidation with Different Analytical Tools

The SEM micrographs shown in Figure 9 clearly indicated morphological changes on
the orange peel surface before and after phenol sorption. The raw peel (a) exhibits a



highly fibrous, irregular, and porous structure with open cavities, elongated fibers, and
cracks; a morphology, which is often associated with citrus peels and other agro-waste
adsorbents [55]. After contact with phenol (b), the biomass surface becomes partially
covered and more compact. The visible pores or cavities initially seen appear to be
coated or filled and flake-like deposits or smoother patches appear on the fibres. This
kind of surface coverage and pore-filling after organic contaminant sorption have been
observed in orange-peel derived adsorbents, is consistent with successful surface
sorption or adsorbate precipitation on the surface of the adsorbent [56].

The FT-IR investigation of orange peel prior and after adsorption of phenol is illustrated
in Figure 10. The broad band seen around 3250-3675 cm-! is assigned to -OH
stretching vibrations from hydroxyl groups in cellulose, hemicellulose, lignin, and
pectin, as well as adsorbed water [45,57-59]. The band noticed at 2950 cm~! is due to
C-H band, while the band observed at 1734 cm~! is associated with C=0 band of ester
and carboxylic groups, mainly from pectin [55-56]. The bands seen between 1620-1633
cm~! can be attributed to aromatic C=C stretching [57, 60], while bands in the range
1230-1040 cm~* are due to C-O and C-O-C vibrations of polysaccharides [45,57-59].

After the sorption of phenol, noticeable changes were seen in the FTIR spectrum. The -
OH stretching band (3250 cm~?) becomes less intense and slightly shifted to 3335-3688
cm~?, suggesting the participation of hydroxyl groups in hydrogen bonding with phenol
molecules. The C=0 band near 1725 cm~*! shows a decline in intensity or slight shift to
1745 cm™?, signifying interaction between ester/ carboxyl groups on the orange peel
surface and phenol. Only slight peak modification was seen arcund 1615 cm~! which
can be attributed to aromatic ring vibrations of phencl, confirming its presence on the
surface of the adsorbent. Furthermore, alteration in the 1205-1012 cm~! region infers
the contribution of C-0 functional groups during adsorption.
In all, the shifts in intensity, and appearance of additional bands in spectrum (b)
compared to (a) signify that phenol adsorption onto orange peel occurs mainly through
hydrogen bonding, and possible electrostatic interactions involving hydroxyl, carboxyl,
and aromatic functional groups. These FTIR results support the successful adsorption
of phenol and corroborate the SEM observations of surface modification after
adsorption

The cumulative pore volume and pore size distribution results show that acid-treated
orange peel possesses a predominantly microporous structure, with pore diameters
observed within the range of 0.15-0.6 nm (Fig. 11). A pronounced rise in both the
cumulative pore volume and differential pore volume within 0.28-0.35 nm signify that
most pores are concentrated within this narrow micropore region [59, 61]. This
characteristic reflects the effectiveness of acid modification in removing inorganic
impurities and unstable organic components, thus opening earlier blocked pores and
generating new ultramicropores. The cumulative pore volume rises smoothly with pore
diameter, attaining about 22-23 cc g=!, which signify a well-developed and



interconnected pore network instead of isolated pores. The presence of slightly wider
micropores likely enhances diffusion into smaller pores, enabling accessibility. In all,
the developed microporosity and increased pore volume show that acid-treated orange
peel is structurally well suited for adsorption applications, most especially for the
elimination of heavy metals, dyes, and small organic contaminants. Acid-activated
orange peel biomass has been reported to develop enhanced pore structure and
adsorption capacity, as exhibited in methylene blue removal studies using H2SOa
activation and in metformin adsorption using Hs:POa activation, with N2 adsorption
(BET) used to examine the pore development [62].

The XRD patterns of orange peel before and after phenol uptake (Fig. 12) demonstrated
a broad diffraction hump centered around 26 = 18-25°, which is a feature of amorphous
lignocellulosic materials such as cellulose, hemicellulose, lignin, and pectin [55,59]. The
broad peak seen near 26 = 22° corresponds to the (002) plane of cellulose I, signifying
the presence of semi-crystalline cellulose domains embedded within an amorphous
matrix [55,60]. The absence of sharp diffraction peaks affirms the predominantly
amorphous nature of the biomass [55,57]. After phenol uptake, no new crystalline
phases were observed suggesting that the uptake process did not alter the fundamental
structure of the biomass [56,59]. A slight reduction in peak intensity and increased peak
broadening were seen, indicating surface coverage and partial disruption of ordered
regions because of phenol deposition [56,61]. The absence of additional diffraction
peaks further affirms that phenol molecules were adsorbed cnto the surface without
crystallization [59,62], supporting adsorption dominated by surface interactions rather
than bulk structural modification [55,56,62].




Fig. 9: SEM images of acid-activated orange peel (a) before and (b) after phenol
adsorption
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Fig. 10: FTIR structural evolution of acid-activated orange peel (a) before and (b) after
phenol adsorption
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Mechanism of Adsorption

The mechanism of the uptake of phenol onto orange peel-derived adsorbents is
governed by the surface chemistry and pore structure of the lignocellulosic
matrix. As evidenced by the combined physicochemical characterization and
adsorption modeling, the adsorption mechanism involves multiple interactions
whose relative contributions differ between ROP and ATOP. First, findings from
the pHpzc results indicate the electrostatic environment. The treatment of the peel
with an acid increases the surface acidity due to the lowered pHpzc, and
promoting the formation of negatively charged sites at near-neutral pH. The
enhanced surface polarity of ATOP eases stronger dipole-dipole and specific
interactions compared with ROP, even though phenol is largely molecular in the
studied pH range. Based on the findings from FTIR analysis, abundance of
functional groups corresponding to hydroxyl (-OH), carboxyl (-COOH), and
aromatic inherent to cellulose, hemicellulose, lignin, and pectin were identified.
After the uptake of phenol, the weakening and shifting of the -OH stretching band
together with changes in the C=0 region observed signify the likely involvement



of hydroxyl and carboxyl groups in hydrogen bonding with phenol molecules.
These interactions are expected since phenol possesses a polar hydroxyl group
that can act as both hydrogen bond donor and acceptor.

BET and pore size distribution analyses validate that acid activation may have
opened previously blocked pores and generated ultramicroporous structures
which enhances pore diffusion and confinement effects, permitting the molecules
of phenol to access internal binding sites more effectively. This is corroborated
from SEM investigation which shows pore filling after adsorption supporting the
pore-occupation mechanism.

Furthermore, reports from kinetic and isotherm modeling suggested additional
mechanistic insight. For instance, the pseudo-second-order Kkinetics and
Freundlich behavior of ATOP signify adsorption on energetically heterogeneous
sites involving stronger surface interactions. In contrast, the pseudo-first-order
and Langmuir behavior of ROP indicate adsorption dominated by relatively weak
surface interactions on energetically uniform sites, which is made up of
physisorption controlled by hydrogen bonding and van der Waals forces. Finally,
the moderate enthalpy change for ROP signify physical adsorption, however the
higher value for ATOP indicates the participation of stronger specific interactions
after acid activation. The schematic representation of the mechanism of sorption
for the removal of phenol onto ROP and ATOP is shown in Figure 13.

Pheno!

-

X3 SN
Raw orange peel Acid-treated orange peel

Fig. 13. Adsorption mechanism for the removal of phenol onto ROP and ATOP

Table 6. Performance of acid-activated biomass adsorbents comparison of phenol
adsorption



Adsorbent Activatio Processing (max (mg Isotherm Refere

n condition g model nce
approac
h
Orange KOH + Two-step 360-467 Langmuir/F  Kumar
peel 800 °C carbonizati reundlich et al.
activated on [63]
char (KOH
+ pyrolysis)
Mixed agro- Chemical Convention 8.27 Langmuir Monica
waste activation al AC et al.
activated [64]
carbon
Orange Pyrolysis - 31 (at 700 — Kumar
peel (300-700 °C) et al.
biochar °C) [65]
(thermal
only)
Wheat HF wash High- 471.16 Langmuir  Zhou et
straw + 900 °C  temperatur al. [66]
biochar CO: e activation
(acid- activation
washed +
COz2
activated)
Acid- HCl No 133.13 Freundlich This
treated (mild) carbonizati study
orange peel on

The adsorption performance of the adsorbent from this study relative to other acid-
activated biomass adsorbents reported in the literature was further investigated as
illustrated in Table 6. The comparison shows three vital points. First, highly activated
carbons which was formed via strong chemical activation and high-temperature
pyrolysis (=800-900 °C) shows high adsorption capacities (>350 mg g—!) because of
their extremely developed surface areas and aromatic carbon structures [63]. Also, non-
activated biomass or low-temperature materials generally show much lower capacities
(<50 mg g!), indicating the importance of surface modification in enhancing phenol
uptake [65]. Finally, the HCl-modified orange peel developed in this study achieves



competitive adsorption capacity (133.13 mg g~!) using a mild, low-energy treatment
without carbonization, placing it in an advantageous middle ground between raw
biosorbents and energy-intensive activated carbons. This highlights its potential as a
cost-effective and scalable alternative for phenolic wastewater treatment where process
simplicity and sustainability are prioritized.

3.10 Implications and Limitations of the Study

The potential of agro-waste activation in sustainable wastewater treatment was
highlighted based on findings in this study which reveal that acid-treated orange peel
waste can serve as low-cost, efficient, and environmentally benign adsorbent for phenol
elimination. The transformation of an abundant agricultural waste into a high-
performance adsorbent is in alignment with the principles of circular economy through
the reduction of waste generation and providing a value-added material for the
remediation of the environment. The improvement in adsorption capacity as observed
and the shift in mechanism toward chemisorption further indicate that tailoring
biomass-derived adsorbents for specific contaminants can be achieved through
controlled surface modification which is an effective strategy. Notwithstanding these
promising findings, certain limitations are to be acknowledged. First, sorption studies
were performed under batch conditions using simulated phenol solutions, which may
not fully signify the complexity of real wastewater from the industrial containing co-
contaminants and competing ions. Furthermore, regeneration and reuse of the
adsorbent were not conducted in this study, which is critical for large-scale and
economic feasibility. The structural stability of acid-treated orange peel under repeated
adsorption-desorption cycles in a long-term exposure also remains to be evaluated.
Therefore, future works should focus on adsorbent column-scale or continuous-flow,
and regeneration experiments, and conduct assessment in real wastewater systems.
These kinds of experiments would provide deeper understanding into the scalability and
practical applicability of acid-treated orange peel for industrial wastewater treatment.

4.0 Conclusion

In this work, orange peel biomass was effectively modified with mild HCI treatment to
improve its performance for the removal of phenol from aqueous solution. The
combination of physicochemical characterization and adsorption modeling showed that
acid activation improved the surface acidity, pore accessibility, and generates a more
heterogeneous distribution of active sites. These surface alterations via acid treatments
shift the adsorption pathway toward stronger and more diverse phenol-surface
interactions while maintaining the low-cost and sustainable nature of the precursor
material. The favorable thermodynamic behavior and competitive adsorption capacity
of acid-treated orange peel biomass showcased it as a substitute to conventional
adsorbents, particularly for usage where sustainability, cost, and material accessibility
are critical considerations. The results support the potential of acid-treated orange peel
as a promising adsorbent for phenolic wastewater treatment.
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