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Abstract
The removal of industrial pollutants fromwater remains a significant challenge inwater treatment
processes. This study investigated the efficacy of powder-activated carbon (PAC), thermallymodified
PAC (TPAC), and chemicallymodified PAC (CPAC) for removing bovine serum albumin (BSA) and
methyl orange (MO) from simulatedwastewater. After undergoing treatment, the BET surface area of
TPAC increased to 823m2 g−1, while that of CPAC increased to 657m2 g−1 compared to the initial
surface area of pristine PAC,whichwas 619m2 g−1. Batch adsorption experiments assisted by
ultrasonicationwere conducted to evaluate the impact of solution pH, initial concentration, and
contact time on the adsorption capacities (qmax) of BSA andMO.TPACdemonstrated superior
performance, achieving qmax values of 152mg g−1 forMOand 133mg g−1 for BSA, compared to PAC,
which provided qmax values of 124mg g−1 and 112mg g−1, respectively. Furthermore, pH levels of 3
and 5were identified as highly effective for the removal ofMOandBSA fromwater, respectively. The
adsorption kinetics of bothMOandBSA followed pseudo2nd-order (R2> 0.99) reaction kinetics
under both batch and ultrasonic conditions, confirming the removal of contaminants through
chemisorption. The adsorption trends also satisfied the Langmuir isothermalmodel, indicating the
formation of a uniformmonolayer during the adsorption process of these contaminants. To
understand the simultaneous effect of all the variables, response surfacemethodology (RSM)using
central composite design (CCD)was used to predict the adsorption capacities of CPAC.After five
adsorption cycles, the removal efficiencies ofMO (from 98% to 80%) andBSA (from 55% to 40%)
decreased in theCPAC system. The results suggested that CPAC can be effectively utilized to remove
MO fromwastewater.

1. Introduction

Environmental water pollution has always been a persistent and significant challenge, affecting both industrial
progress and public health (Liu et al 2019). Various industrial sectors, including textiles, pharmaceuticals, and
chemicals, aremajor sources of water pollution since they use high levels of water and chemicals for processing.
For instance, the textile industry uses dyes for coloring and bovine serum albumin (BSA) as a textile coating
(Ohashi et al 2012, Sk andAal 2020). These pollutants inwater are difficult to degrade because of their complex
structure and xenobiotic characteristics (Naushad et al 2019, Sakamoto et al 2019). Organic dyes such asmethyl
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orange (MO) are nondegradable when released in industrial effluents and pose amajor threat to the
environment. Such organic-textile effluentsmay cause dermatitis, eye infection, cancer, and cellmutations and
may adversely affect aquatic life (Sivarajasekar andBaskar 2014, Lellis et al 2019). Another emerging pollutant of
biological origin, BSA, is a globular protein that accounts for∼55%of the overall plasma protein content
(Szymaszek et al 2022). BSA is used in the textile sector as an adhesive for immobilizing coatings on the surface of
the fabric aswell as a sorbent for azo dyes (MO), which are generally resistant to biodegradation (Ohashi et al
2012,Wang et al 2018). BSA in effluentwatermust be removed before being released into natural water streams
(Tang et al 2019). It is vital to remove BSA and other dye compounds fromwastewater due to their deleterious
effects on aquatic and human life (Bayer 2010). There are severalmethods for removing dyes and phenolic
compounds fromwater, including adsorption,membrane technology, ozonation, biodegradation, and
photocatalysis (Beker et al 2010, Jiang et al 2015, Lima et al 2021).

Membrane filtration effectively removes all dye types with high stability, efficiency, compactness, and
environmental friendliness, but suffers from fouling (GholamiDerami et al 2020, Bal andThakur 2021).
Ozonation is highly reactive and efficient but lacks control (Muniyasamy et al 2020, Bal andThakur 2021).
Biosorption/biodegradation is cost-effective but slow and difficult to optimize (M-Ridha et al 2020).
Photocatalysis, such as Ba-doped g-C3N4 achieving 91.94% tetracycline degradation in 120 min, is effective but
can produce toxic byproducts (Bui et al 2020,Moosavi et al 2020).

Adsorption is effective due to its simple operational design, reusability, high efficiency, cost-effectiveness,
and lowwaste generation (Jawad andAbdulhameed 2020). In comparison to conventional adsorption
techniques, sonication-aidedmethods are expected to enhance the adsorption efficiency due to the increased
solutemass transfer by acoustic waves (Hamdaoui andNaffrechoux 2009).Many types of adsorbents have been
used for this purpose, but AC is considered an effective adsorbent for the removal of organic chemicals due to its
superior adsorption capabilities (Ma et al 2013). Previous studies have demonstrated that AC is an economical
and effective adsorbentmaterial on a large scale. It has also been reported that PAChas a greater adsorption
efficiency formany organic compounds than granular-activated carbon (GAC) due to its greater surface area
and porosity (Vukčević et al 2004). The adsorption of textile dyes onAC in a batch process is an endothermic
process, indicating that dyemolecules require energy to penetrate through themicroporous structure of
AC (Al-Degs et al 2008).

The contaminant removal efficiency of AC is highly influenced by its surface chemistry. Consequently,
surfacemodificationwith different functional groups (−OH,−COOH, and−NH) plays a crucial role in
tailoring ACmaterials for specific applications (Belayachi et al 2016, Shafeeyan et al 2010). A study investigated
the chemical surfacemodification response of ACproduced fromElaeagnuswaste and chemically activatedwith
ZnCl2 to attain suitable surface characteristics for the adsorption of BSA and revealed that the adsorption yield
decreased due to an increase in temperature and initial concentration of BSA (Geçgel andÜner 2018).
Interestingly, the combination of factors such as ultrasonication and stirring significantly improved the removal
of organic contaminants fromwastewater by AC (Landi et al 2010).

Various studies have explored themodification of AC for enhanced adsorption of contaminants, though key
comparisons and regeneration analyses are often lacking. Estrada et al (2021) investigatedMOadsorption using
chemicallymodifiedmagnetic ACwith different AC ratios,finding the highest capacity at a 2:1 ratio, but they did
not assess regeneration or comparewith physically activated carbon. El-Bindary et al (2022) usedKOH to
chemically activate AC, achieving a 91 mg g−1 adsorption capacity formalachite green, while Bekhoukh et al
(2022) synthesized a novel AC-polyaniline composite that showed a high initialMO removal capacity of
192.52 mg g−1 but significantly declined upon regeneration. Alharbi et al (2023)modifiedAC through
hydrothermal carbonization andmicrowave-assistedH3PO4 activation, achieving optimal Remazol Brilliant
Blue R removal at pH3, thoughwith slow equilibrium times. El-Bery et al (2022) reported that increasing
activation temperature enhanced surface area but noted a decline in phenol removal efficiency aftermultiple
regeneration cycles. Lastly, Bumajdad andHasila (2023) synthesizedN-dopedACs usingmetal carbonate
activators, achieving over 99.9% removal of Cr(VI) and Pb(II), though optimal adsorptionwas at low adsorbate
concentrations, and no regeneration studywas conducted. These studies demonstrate variedmethods of AC
modification but lack direct comparisons between physical and chemicalmodifications, as well as consistent
evaluations of regeneration andmulti-contaminant removal.

The enhancement of dye removal fromwastewater usingAC is influenced not only by surfacemodification
but also by factors such as ultrasonication and contact time, as demonstrated by Landi et al (2010). Typically,
these factors are studied using the one-factor-at-a-time (OFAT) approach, which, asMadondo andChetty
(2022) pointed out, fails to capture the interaction effects betweenmultiple variables. The use of RSM could
address this gap by optimizingmultifactor systemswith fewer experiments, as shown byYang et al (2022).While
RSMhas been applied to optimize conditions forMO removal by nonfunctionalized AC in batch processes
(Danish et al 2014, Rondina et al 2019), no studies have explored the combined effect of ultrasonication
parameters on the removal of both BSA protein andMOdye usingmodifiedAC. Tofill this gap, this study
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optimized the ultrasonication-assisted adsorption process for these contaminants and validated the results
experimentally. Previous studies have shown that chemical oxidative treatments (Foo andHameed 2010) and
alkaline treatments (Foo andHameed 2012, Liu et al 2016, Bonyadi et al 2019) effectively enhance AC’s pollutant
removal capabilities, but these studies focused on a single functionalizationmethod tailored to specific
pollutants. This study advances the field by systematically investigating both chemical and physical
functionalization of AC for the simultaneous removal of diverse pollutants, including textile dyes andBSA
protein. Comparative studies have reported relatively low adsorption capacities for existingmaterials, such as
nano-activated carbon (28 mg g−1)with a 90 min equilibrium time (Shokry et al 2019), commercial granular AC
(3.32 mg g−1) for azo dyes, and orange peel-derived ACwith a capacity of 33–38 mg g−1 (Khader et al 2021,
Ramutshatsha-Makhwedzha et al 2022). For BSA removal, titaniumdioxide (42.6 mg g−1) and hydroxyapatite
(28 mg g−1) require up to 48 h to reach equilibrium (Kopac et al 2008, Swain and Sarkar 2013). To address the
limitations of low adsorption capacity, this study developed twoACmaterials: one through thermal treatment to
increased surface area and porosity, and the other via chemicalmodificationwith aminopropyltrimethoxysilane
(APTMS) to introduce functional groups that enhance selectivity and adsorption capacity for target
contaminants.While othermaterials like zeolites (Hamd et al 2023) andmetal–organic frameworks
(Mohammadi et al 2022) offer high selectivity, they are oftenmore costly andmay lack the thermal and chemical
stability of activated carbon, underscoring the practical advantages of the functionalized ACdeveloped in this
study.

This research focuses on using RSM tomodel and predict the key parameters influencing the adsorption of
BSA andMOonto thermally and chemicallymodified PAC. By combining thermal and chemicalmodification
techniques—thermal treatment to enhance surface area and pore volume, and chemicalmodificationwith
APTMS to introduce functional groups—the study aims to significantly improve the adsorption capacity and
selectivity of PAC for these contaminants. The novelty of this work lies in the systematic investigation of both
thermal and chemicalmodifications alongside the application of ultrasonication to optimize the adsorption
process, something not previously reported for these specific contaminants. Adsorption isotherms and kinetic
models were employed to elucidate the adsorptionmechanisms, while RSMwas used to optimize
ultrasonication parameters, including sonication time, analyte concentration, and pH, tomaximize removal
efficiency. The feasibility of themodified PAC for reuse was assessed over five consecutive cycles, with results
compared against existingmaterials in the literature. This research offers valuable insights and guidelines for
designing efficient adsorption systems for the removal of organic pollutants from industrial wastewater,
highlighting the complementary benefits of thermal and chemicalmodifications.

2.Materials andmethods

The PACwas purchased fromMerck&Co. (Germany). Analytical grade reagents, i.e., (3-aminopropyl)
trimethoxysilane (97%) (Sigma-Aldrich), BSA protein (B005) (CAISSONLaboratories, Inc. Smithfield,Utah,
USA), andMO fromSigmaAldrich (St. Louis, USA), were used as receivedwithout further purification.

2.1. Chemical functionalization of the PAC
Aflowdiagramof the experimental process is shown infigure 1(a), whereas the chemicalmodification steps of
the PAC sample are shown infigure 1(b). For chemical oxidation, 5 g of PACwas treatedwith 50 ml ofHNO3

(20%) at 80 °C and refluxed for 3 h. The chemically oxidized PACwaswashedwith deionized (DI)water and
dried at 105 °C.The dried PACwas added to 100 ml of toluene and 1 ml of (3aminopropyl) trimethoxysilane
(designated APTMS) under continuousmagnetic stirring for 24 h at 250 rpm. TheAPTMS-PACwas further
washedwith toluene and acetone, followed by vacuumdrying at 60 °C for 4 h. This chemicalmodification
resulted in surface functionalization of the PAC. The functionalized PAC (designated CPAC)was stored in a
closed container under dry conditions for further use.

2.2. Thermalmodification of the PAC
Prior to thermal treatment, the PAC specimenwas immersed and rinsed in deionizedwater for 24 h, followed by
drying in a vacuumoven at 110 °C. PACwas then introduced into a ceramic dish, whichwas then positioned in a
box furnace (MS-1600) set at a temperature of 900 °C for 1 h,maintaining a controlled atmosphere withflowing
nitrogen gas to limit oxidation of the PAC sample. The resulting heat-treated activated carbon is referred to as
TPAC in the subsequent discourse.

2.3. Characterization of AC-based samples
AnATRFTIRBruker ALPHA spectrophotometer (Germany)was used to evaluate the surface functionality of
themodified PAC samples. The rangewas set between 600 and 4000 cm−1, and the resolutionwas 4 cm−1. The
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surfacemorphology of themodified PAC samples was studied by scanning electronmicroscopy (SEM) (JEOL
JSM6490 A, Japan) at an accelerating voltage of 10 kV. The adsorption capacity and concentration of the
contaminants in the treated sample weremeasured using a PerkinElmer Lambda 365UV/VIS
spectrophotometer (USA). The surface areas and pore sizes of the PAC and functionalized PAC samples were
determined using the Brunauer–Emmett–Teller (BET) adsorption techniquewithN2 (at 77 K) on anASAP 2420
system (Micromeritics, USA).

2.4. Adsorption studies and analytical procedure
Organic species, i.e., BSA andMO,were separately added toDIwater and diluted to the desired concentrations
of typically 30, 60, or 90 ppm.Known amounts TPACorCPACwere added to these simulatedwaste solutions in
separate batches, i.e., agitated at 50 rpmusing a hotplate (SCILOGEX (MS7H550S)) and sonicated (Ultrasonic
bath sonicator Cole-Parmer®) at an operating frequency of 42 kHz for various time intervals of 15, 30, 45, 60 and
120 min. After refluxingwith these PAC samples, a representative sample of each solution containing a known
initial concentration of organic species (Ci)was collected at regular intervals. A nylon syringe filter (0.45 μm)was
used tofilter the solutions, and thefiltrate solutionwas then immediately tested in a PerkinElmer Lambda 365
UV/VIS spectrophotometer in the range of 200–800 nm. TheUV/VIS absorbance intensity wasmeasured, and
by using the Beer–Lambert law, the%adsorption (R) and equilibrium adsorption capacity (qe) of the PAC
samples were calculated according to equations (1) and (2), respectively.

R
C C

C
100 1i t

i

( ) ( )=
-

´

Figure 1. (a)A schematicflow sheet diagram showing the steps of PAC surfacemodification and (b) the functionalization process of
PAC via chemicalmodification.
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whereCi (mg/l) is the initial concentration of either BSAorMO, andCt (mg/L) is the concentration after
time (t).

q
C C V

m
2e

i e( ) ( )=
-

whereCe (mg/L) is the equilibrium concentration of organic species,V (L) is the adsorbate solution volume, and
m (g) is themass of adsorbed species. To construct the adsorption isotherms, theCi values of the organic
pollutants were varied to 30, 60, and 90 ppm.

The central composite design (CCD)model was applied usingDesign-Expert software v13.0 to estimate and
optimize the key factors (pH, time, and pollutant concentration) and their interaction effects on the removal of
MOandBSA by functionalizedCPAC. This CCDmodel incorporates factorial points, including axial and
central points, to comprehensively explore all the parameters (Yasir et al 2022). The investigated levels of the
primary factors are provided in table S1.

A second-order polynomial equation, expressed by equation (3), was used tomodel the relationship between
the independent factors and the obtained responses.
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whereY is the response (removal efficiency ofMOor BSA);Xi andXij are the encoded parameters; andβ0,βi,βii,
andβij are the linear, quadratic, and interaction coefficients, respectively. The desirability function is then
utilized to determine the optimal levels for each investigated parameter based on the generated results.

2.5. Reusability
Given the significance of economic considerations, it is important to evaluate the potential for reusing adsorbent
materials.We conducted desorption experiments tomeasure the extent towhichCPAC can be reused. For this
purpose, CPAC containingMOandBSAwas subjected to desorption using a 0.1 MNaOH solution for 60 min,
corresponding to the time at which adsorption equilibriumwas reached. TheCPACwas then repeatedly rinsed
with deionizedwater until it reached a neutral pH; afterward, it was dried and subsequently reused for
adsorption purposes (Lekene et al 2021).

2.6. Statistical analysis
The data are presented as themean± standard error. Statistical analysis was conducted usingDesign Expert
software v.13.0, and the data were plottedwithOriginLab Pro v.9.0. The difference between valueswas assessed
through one-way analysis of variance (ANOVA), with a significance level set at p< 0.05. Error analysismetrics,
including the determination coefficient (R2), were employed to evaluate differences between the experimental
and theoretical data.

3. Results and discussion

3.1. Characterization analysis
3.1.1. Surface areameasurements andATR-FTIR analysis of the PAC samples
The PAChad a BET surface area of 619 m2 g−1, whereas TPACwas 823 m2 g−1 andCPACwas 657 m2 g−1

(Table S2). Heat treatment at high temperatures significantly enhanced the surface area and structure of the
PAC, consistent with previous literature findings (Attia et al 2006). For TPAC samples, the heat treatment
induced the formation of new pores, as evidenced by SEManalysis. This increase in surface area enhances
adsorption capacity by generating additional surface-active sites (Adam et al 2015a). In contrast, chemical
surface functionalization of the AC reduced the surface area. This reduction is due to interactions between
surface active sites andAPTMS,which block effective adsorption sites and obstruct the internal pore structure,
thereby decreasing the available surface area for adsorption (Ünveren et al 2017a).

Figure. S1 (Supplementary Information) shows theATR-FTIR spectra of the PAC, TPAC, andCPAC
samples. Similar FTIR spectra for both the PAC andTPAC indicated that high-temperature heat treatment did
not affect the surface composition of the PAC (Mines et al 2017). The peaks at 3383.2 cm–1 and 2800–3000 cm–1

are associatedwith the presence of an amine group on the surface of CPAC, specifically referring to the
stretching of -NHbonds (Abbas et al 2020). The presence of weak stretching bands at 1653 cm–1 and 1028 cm–1

in the FTIR spectrum reflects the carboxylic (C=O) functional group and the Si–O–Si bridge. Additionally, the
in-plane and out-of-plane deformed -OHgroups of the carboxylic acidwere evident in the spectrum from the
peaks at 1464 and 938 cm−1, respectively, which are consistent with the literature (Nifas and Forteza 2019).
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3.1.2. Surfacemorphology and point of zero charge
The surfacemorphology of the PAC, TPAC, andCPAC samples was examined by SEMat 30,000X
magnification, as shown infigure 2. The surface of the PACwas found to be smooth, containing a very fine
porous structure (figure 2(a)). The TPAC sample is shown infigure 2(b), which also revealed a highly dense
porous structure because of high-temperature treatment in a controlled environment. The formation of amore
porous structure in the TPAC sample facilitates the adsorption ofMOandBSApollutants fromwastewater
(Lütke et al 2019). The apparent increase in the pore size (31.4Å) also indicates an increase in the surface
roughness of the TPAC sample. On the other hand, the absence of a porous structure and relatively low surface
roughness of the CPAC samples resulted from a possible blockage of the pores during the functionalization
process, which can lead to a decrease in adsorption (figure 2(c)) (Meng et al 2009).

For the TPAC samples, the heat treatment process leads to the formation of new pores, as confirmed by the
SEM images. This treatment significantly increases the surface area of ACby expanding the existing pore
network and generation of new pores. In contrast, theCPAC samples have a surface resembling a coated
structure with a shiny appearance. This is attributed to the presence of APTMS,which fills or blocks the pores
(Ünveren et al 2017b). The introduction of APTMS, while beneficial for functionalization, can obstruct the
internal pore structure, leading to a decrease in available surface area for adsorption.

The point of zero charge (PZC) for PAC, TPAC, andCPACwas determined using the driftmethod. A 0.01M
NaCl solutionwas prepared and purgedwith nitrogen to remove dissolved oxygen and carbon dioxide. A total
50 ml of this solutionwas added into a series of 100 ml beakers, and the pHwas adjusted from3 to 11 usingHCl
andNaOH. In each beaker, 150 mg of the adsorbents (AC samples)was added, and the suspensions were stirred
for 48 h at 250 rpm. Following this, the suspensions were filtered, and the final pHof the solutionwasmeasured.
The difference in pH (ΔpH) between thefinal pH and the initial pH (pHi)was plotted against pHi. The point
whereΔpH equaled zerowas identified as the PZC (Ntakirutimana et al 2019).

The PZC values were found to be 6.5 for PAC, 6.6 for TPAC, and 8.2 for CPAC as shown in figure 3. The
close similarity in PZCvalues between PAC andTPAC suggests that thermal treatment did not significantly alter
the chemical structure of AC. In contrast, the higher PZCofCPAC,which shifted to amore alkaline pH,
indicates that amine functionalization of CPAC influences its surface charge properties, attributed to the
presence of amine groups after functionalization (Lekene et al 2021).

Figure 2. Surfacemorphology of (a)PAC, (b)TPAC, and (c)CPAC samples.
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3.2. Adsorption analysis
3.2.1. Effect ofmodification treatment and ultrasonication on the adsorption ofMOandBSA
For preliminary evaluation, the removal of organic contaminants from the simulatedwastewater, i.e., BSA and
MO,was investigated both in batch and sonication adsorption processes. The removal efficiency of theMOdye
andBSAby these PAC samples followed the descending order of TPAC>CPAC>PAC (which corresponds
well to their surface area and pore volume), as shown infigures 4(a) and (b), respectively. For instance, compared
to PAC andCPAC, the large removal rate ofMObyTPACboth in the batch and sonication processes is
attributed to its larger specific surface area (table S2), indicating a larger number of active sites for contaminant
adsorption (Sáenz-Alanís et al 2017). The increased surface area and pore density after thermal treatment of the
PACwere also evident via SEM (figure 4(b)). TheCPAC sample, even though it has a lower surface area than the
TPAC sample, still demonstrated comparable adsorption ofMO.Chemicalmodification introduced nitrogen-
containing functional groups on the surface of PAC,which increased the availability of delocalized electrons in
the PAC structure for p-p interactionswith theMOmolecular structure (Naushad et al 2019). The adsorption of
BSAonCPAC samples was found to be 30% (unsonicated system), which can be explained by the presence of
–NH2 surface functional groups, which could hinder the attachment of the protein to its surface due to
electrostatic repulsion (Adamczyk et al 2018).

Figure 4 also shows an increase in the adsorption rate of the organic contaminants and removal efficiency
during exposure to PAC samples under continuous sonication (Ma et al 2012). For instance, with sonication, the
removal efficiency ofMObyCPACwas found to be 83% compared to that of the batch process, which exhibited
67% removal efficiency. Compared to the batch absorption process, continuous sonication offers an

Figure 3.Point of zero chargemeasurement plots of (a)PAC, (b)TPAC, and (c)CPACobtained via driftmethod.

Figure 4.Removal of (a)MOand (b)BSA from solution by PAC, TPAC, andCPACduring conventional batch adsorption and
ultrasound-assisted batch adsorption processes. (Conditions: pH= 7, dosage= 0.05 g,MOandBSA concentration= 90 ppm,
time= 60 min).
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approximately 17% increase in the removal efficiency of both organic contaminants, which is attributed to
shock-wave-inducedmicro-stirring of the solution driving adsorbed species into the porous PAC structure
(Abid et al 2022). During sonication, symmetric (within the liquid phase) and asymmetric (at the solid–liquid
interface) shockwaves are generated. The collapse of air bubbles and turbulent flowof the dissolved species at
the solid–liquid interface enhance themass transfer ratewithin the porous structure.Moreover, ultrasonication
increases the intensity of dissolved contaminantmass transfer across the boundary layer and into the pores,
which improves adsorption, as demonstrated in the experimental results (figure 4) (Nifas and Forteza 2019).

3.2.2. Effect of pH and adsorptionmechanism
Compared to PAC andTPAC, the adsorption ofMObyCPAC is substantially affected by the pHof the solution
due to the presence of -NH2 functional groups. Figure S2(a), (b) (Supplementary Information) shows theMO
adsorption behavior of thesematerials across the pH range of 3.0–11.0. The removal efficiency ofMOover PAC
andTPAC remained independent of the solution pH.However, theMO removal efficiency of theCPAC
decreasedwith increasing pH from3.0 to 11.0. This decrease in the adsorption efficiency is possibly associated
with the electrostatic repulsion between the surface functionality of theCPAC andMOmolecules. The –NH2

functional group on theCPACgenerated a positive surface charge in acidicmedia through the protonation of
the amino group (Huang et al 2015). Consequently, the negatively charged anionic dyeMOmay adsorb via
electrostatic attraction, as illustrated infigure S3(a). As the solution pH increased, the reduction inH+ activity
resulted in decreased protonation of the amino groups, causing the surface of theCPAC to become negatively
charged, thereby leading to a decrease inMOadsorption over CPAC.Hence, it is proposed that strong ionic
interactions primarily govern the adsorption ofMOonCPAC,making it particularly suitable under acidic
conditions. The effect of pHonBSA adsorption over PAC samples was also studied, as shown infigure S2(c)–(d).
Themaximumadsorption occurred in solutionswith a pHof 5 because proteins exhibit a relatively stable
structure and possess a net zero charge at the isoelectric point (for BSA, this range is typically between 4.5 and
5.0). Under these conditions, biomolecules aremore active andmaintain their three-dimensional structure.
However, persistent pH levels below or above the isoelectric threshold can cause these structures to break down,
adversely affecting the quantity of adsorption. Positive charges are often present at pH levels below the isoelectric
point of BSA, while an overall negative charge typically exists at pH levels above it (Çalımlı et al 2019). As a result,
at pH3.0 (pH< pI SE), there is stronger repulsion between the positively charged BSA and protonated –NH2

functional groups of CPAC (Figure S3), leading tominimal adsorption, as observed infigure S2(c)–(d). In
comparison, TPACdemonstrated amaximumadsorption capacity of approximately 60%,which increased to
72%under ultrasonication at pH5.Overall, at all pH levels, the application of ultrasonication improved the
removal efficiency of bothMOandBSA over that of the PAC, TPAC andCPAC samples.

3.2.3. Effect of contact time
The effect of the adsorption behavior of PAC, TPAC, andCPACon the removal of BSA andMOpollutants as a
function of exposure time is shown infigure 5.During the initial 30 min , a rapid increase in removal was
attributed to the availability of a large number of active sites on the surface of all AC samples (Ma et al 2013,
Panda et al 2017). As the exposure time progresses, these sites become filled, leading to the saturation of active
sites due to the adsorption of organic contaminants, as indicated by the plateau in the adsorption curves (after
60 min of exposure as shown infigures 5(a)–(c). Overall, ultrasonication had a positive impact on the removal of
both BSA andMOby all the PAC, TPAC, andCPAC samples compared to conventional batch adsorption
processes. However, TPAChad the highest removal efficiencies for BSA andMO (approximately 70% and 95%,
respectively)within an hour. Additionally, figure 5(d) illustrates the preparation of stock solutions ofmethyl
orange for establishing a calibration curve forUV–visible spectra. Figures 5(e), (g), (h) shows thefiltrate collected
after refluxingmethyl orange solutionswith powdered activated carbon (PAC) at initial concentrations (Ci) of
30 ppm, 60 ppmand 90 ppm.

3.2.4. Effect of initial concentration of the organic contaminants
The effect of the initial concentrations of BSA andMOon themaximumadsorption capacity (qmax) of PAC,
TPAC, andCPACwas calculated based on the initial and final concentrations of contaminants after the
adsorption study, as shown infigure 6. Briefly, PAC is generally used during the tertiary stage of wastewater
stream treatment in a textile effluent treatment plant. During this stage, the target is to remove residual
contaminants from the primary and secondary treatment stages. Therefore, the low concentrations of these
species are expected (ranging from10–100 ppm). As a result, tertiary treatment stage ensures that nearly 99%of
the overall contaminant concentration in thewastewater is eliminated. Based on this, the initial concentrations
of the organic contaminants (i.e.MOandBSA)were varied from30 to 90 ppm.The qmax of each sample was
directly associatedwith the initial concentration of BSA andMO in the solution (Panda et al 2017). Initially, the
large availability of active sites on theAC samples promoted rapid adsorption of contaminants from the
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solution, followed by the prevalence ofmass transfer limitations over time. A low initial pollutant concentration
leads to higher efficiency due to the greater number of available sites. However, in the case of high initial
pollutant concentrations, relatively lower efficiency is achieved due to the excess pollutant concentration and
limited surface area of AC-based adsorbents (Srivastava et al 2006). TPAChad greater adsorption ofMO than
did BSA at neutral pH, as indicated by the significantly lowerfinal concentrations. Similarly, the removal of
contaminants increased rapidly under applied ultrasonication, as evidenced by the low final concentration of
each contaminant compared to that of the conventional batch adsorption process.

3.3. Adsorption kinetics
To study the adsorptionmechanismof PAC, TPAC, andCPAC for organic contaminants, pseudo-first-order
(equation (4)) (Qiu et al 2009) and pseudo-second-order (equation (5)) kineticmodels (Ho2006)were applied
to the experimental data.

Figure 5.The removal of BSA andMOwith (a)PAC, (b)TPAC, and (c)CPAC as a function of exposure time during conventional
batch adsorption and ultrasonication-assisted batch adsorption processes (conditions: pH= 7, dosage= 0.05 g,MOandBSA
concentration= 60 ppm), (d) stock solutions ofMO, (e)filtrate samples ofMO solutionswith a PAC concentration of 30 ppm, (f) 60
ppm, and g) 90 ppm.

Figure 6.Effect of initial concentration of BSA andMOon the adsorption of (a)PAC, (b)TPAC, and (c)CPAC. (Conditions: pH= 7,
dosage= 0.05 g, time= 60 min).
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where qe (mg/g) is the adsorbent capacity at equilibrium, qt (mg/g) is the adsorbent capacity at time t (min), and
k1 (min–1) is the adsorption rate constant. The value of k1 (at 25 °C) in equation (4) can be calculated by plotting
ln(qe—qt) vs t, as shown infigures S4(a), (c). Additionally, the second-order adsorption rate constant, k2 (g/mg.
min), was determined by linearfitting of t/qt versus t, as shown infigures S4(b), (d).

The adsorption kinetics of both the organic contaminants (MOandBSA) under both batch and
ultrasonication-assisted adsorption conditions conformed to pseudo 2nd-order reaction kinetics, as shown in
figures S4(b), (d). The adsorption kinetics of BSA andMO for PAC, TPAC, andCPACwere attributed to a 2nd-
order reactionwith a high fitting regression coefficient (R2> 0.99). Additionally, the qe,cal values obtainedwere
found to strongly agreewith the qe,exp values, as given in table S3 (Supplementary Information).Moreover, a
significant difference in the qe,cal and qe,exp values overruled thefirst-order reaction kinetics for all samples for
both pollutants under sonicated and unsonicated batch conditions. These results suggest that the organic
contaminants would be chemisorbed on theAC-based samples independently of the application of
ultrasonication. These results are supported by the reported literature showing similar behavior of AC-based
adsorbents following second-order adsorption kinetics for the removal of organic contaminants (Sáenz-Alanís
et al 2017). The chemosorption of BSA andMOon these PAC samples was related to the overlap of the
p-electrons in the aromatic rings (sp2 orbitals) of the organic contaminants with the delocalized electrons on the
surface of AC (De La Luz-Asunción et al 2015). The presence of nitrogen-containing functional groups on the
surface of theCPAC sample ensured a high electron density, which could facilitate dominant p-p dispersive
interactions during exposure toMO (Yang et al 2014, Zhang et al 2020). On the other hand, the adsorption of
BSAwas related to its electrostatic interactions with the opposite charge sites on the surface of the PAC, TPAC,
andCPAC samples, as explained earlier (Seredych et al 2018). According to pseudo-second-order reaction
kinetics, the electrostatic forces between the adsorbate and adsorbent could significantly affect the electron
exchange or sharing tendencies of the rate-limiting species in the solution, whichmay control the adsorption
process (Li et al 2021). The rate of adsorption of BSA andMOdue to surface exchange reactionsmay decrease
due to themaximum surface coverage of theAC samples. Apart from the surface chemistry of AC, the porosity
of carbonaceousmaterial is an important factor in organicmolecule adsorption. According to reports, the
number of pores and BET surface area also correlate with the ability of smallermolecules such asMOandBSA to
attach to the inner surface of carbon (Mojoudi et al 2019). Therefore, the adsorption of contaminants can be
improved by applying ultrasonication, duringwhich thesemoleculesmay diffuse into the porous structure of
activated carbon through electrostatic interactions (hydrogen bonding). For instance, independent of the nature
of the organic contaminant, the relatively large qe,exp values of TPAC compared to those of PAC andCPACwere
associatedwith its high surface area and porous structure. Different activated carbon samples were found to
adsorb these contaminants with similar kinetics, as per earlier results reported in the literature (Ma et al 2012,
Seredych et al 2018,Hasani et al 2022).

3.4. Adsorption isotherms
The Langmuir and Freundlichmodels were used to investigate the adsorption behavior on the PAC samples
using equations (6) and (7), respectively.

q K q C q

1 1

.
.

1 1
6

e e emax max

( )= +

where qmax (mg/g) is themaximummonolayer adsorption capacity andKe (l/mg) is the Langmuir adsorption
constant.Ce is the concentration of the adsorbed contaminantmeasured experimentally.

q K
n

Clog log
1

. log 7e f e ( )= +

Kf and n represent the Freundlich adsorption constant and the heterogeneity factor, respectively. However,
1/n< 1 conforms to the applicable adsorption processes. The Langmuir and Freundlichmodel parameters were
determined to estimate the adsorption characteristics of the PAC samples for BSA andMOunder the applied
conditions. Figures S5(a), (b) shows the linearfitting of the 1/qe versus 1/Ce (Langmuir) and logqe versus logCe

(Freundlich) plots forMOadsorption over PAC samples during both batch and ultrasonication-assisted
adsorption processes. Similarly,figures S5(c), (d) shows the adsorption isotherms of BSAon the PAC samples. A
comparison between the Langmuir and Freundlichmodels revealed that the adsorption of BSA andMOwell
satisfied the Langmuir isotherm, as indicated by the linearfitting of the experimental data (Figures S5(a), (c)) and
R2> 0.9 values (Iwuozor et al 2021). The corresponding qmax,Ke, 1/n, andKf values of PAC, TPAC, andCPAC
for both BSA andMOare given in table S4. From the experimental data, it can be seen that themolecules of BSA
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andMOwere uniformly distributed on the surface of the PAC, TPAC, andCPAC samples following the
Langmuir isothermmodel (Xie et al 2020). Owing to the larger surface area andmore porous structure of TPAC,
its highest adsorption capacity for both BSA andMOcan be justified. Furthermore, ultrasonication assisted the
penetration of these contaminants within the porous structure of TPAC, resulting in a high adsorption capacity.

3.5. RSMmodeling
3.5.1. ANOVA forMO removal
Analysis of variance (ANOVA)was used to evaluate the variance between the experimental parameters (time,
initial concentration, and pH) and themodeling response of theCPACunder both conventional batch and
ultrasonication conditions. TheCPAC sample was chosen for RSMmodeling due to its sensitivity to pH (see
figure S2 in supplementary information). Equations (8), (9) show the relationships between the input
parameters and response in terms ofMO removal, whichwere determined through regression analysis. The
contact time, initial concentration of adsorbate, and pHof the solution are represented by the variables (factors)
A, B, andC, respectively, in these equations. Using these relationships, themain causes of performance
variations, as well as the effects of each input variable on the response (removal efficiency ofMO), were
determined.

MO removal CPAC Unsonicated system A B C AB

AC BC A B C

% by 85.8 7.3 10.5 6.1 0.75

3 0.25 8.4 1.2 4.5
8

2 2 2

( )
( )

= + - - -
+ + - + -

MO removal CPAC Sonicated system A B C AB

AC BC A B C

% by 91.9 6.8 6.6 6 0.87

3.1 0.37 8.1 1 4.45 92 2 2

( )
( )

= + - - -
+ - - + -

Table S5 lists the input factors (contact time, initial concentration ofMOand solution pH) and responses (%
MOremoval under both sonicated and unsonicated conditions) of 19 experimental runs forMO removal by the
CPAC sample. Based on thesefindings, the F values of themodel forMOobtained by batch adsorption and
ultrasonication-assisted adsorptionwere 23.87 and 26.95, respectively, indicating themodel’s significance. This
suggests that there is only a 0.01% chance that a large F value could occur due to noise. Furthermore, the
significance of themodel under investigationwas corroborated by the extremely lowP value of themodel (P
model forMObatch adsorption<0.0001 andMOultrasonication-assisted adsorption<0.0001). This value also
reflects the close agreement between the actual and predicted responses observed in figure S6 (supplementary
information) (Khasawneh et al 2021). Additionally, the P values for both the linear and quadratic terms of the
model were examined. In this analysis, themodel termsA, B, C, andA2 are significant (P value< 0.05), showing
that time (A), initial concentration (B), pH (C), and a quadratic term are highly significant. In contrast, the
remaining linear and quadratic terms of themodel displayed lower levels of significance. Regression analysis was
used to calculate the correlation coefficient (R2) and to estimate the variability and accuracy of the developed
models. TheR2 values, for instance, were 0.956 (without sonication) and 0.964 (with sonication) for theCPAC
samples, as given in table S6 (Supplementary information). Typically,R2 values near 1 indicate a significant
correlation between the predicted and observed values, indicating the accurate predictability of themodel.

The effectiveness of themodel was additionally confirmed and verified through a correlation plot comparing
the predicted and actual values. Figure S6 Illustrates the linear relationship between the experimental (actual)
and anticipatedMO removal efficiencies for theCPAC sample. A diagnostic plot revealed a good connection
betweenmodel predictions and observed values, demonstrating that themodel provides a reliable assessment of
the process under study (Gadekar andAhammed 2019).

Figure S7 illustrates the combined effect ofMOconcentration and contact time on the percentage ofMO
removed. An increase in theMOconcentration from30 to 90 ppm reduced the removal efficiency from54% to
40%. This indicates that with increasingMOconcentration, the limited number of available active sites on
CPACbecame saturated. The adsorbedmonolayer of theMOmolecules frequently covers the external surface of
theCPACnanoparticles, which could subsequently reduce further adsorption. Figure S7(b)describes the
combined effect of pH andMOconcentration onMOremoval efficiency based on the 3Dplot, which shows that
an increase in pH results in a decrease inMO removal efficiency at higher concentration values from40 ppm to
70 ppm. As an anionic dye,MOhas strong adsorption on the adsorbent surface due to the electrostatic attraction
between its negative charges and the adsorbent (as theCPAC surface develops a positive charge in acidicmedia).
As a result,MO is removed at a high rate under acidic conditions. Infigure S7(c), the effectiveness ofMO
removal is shown as a function of contact time and pH. The contact time influences the contaminant removal
efficiency because it affects the analytemass transfer, which increases with extended contact. For instance, a
maximum93% removal efficiencywas achieved in 45 min of contact time, and at a low pHof 5, the same
removal efficiency could be achieved in approximately 25 min. Figures S7(d)–(f) shows the effect of initial
concentration, pH, and time on the removal percentage ofMOunder ultrasonication conditions. The 3D graphs
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infigures S7(d)–(f) follow the same trend as those shown infigures S7(a)–(c). However, relatively larger removal
efficiencies were recorded due to ultrasonication, as discussed in the previous section (3.2.1).

3.5.2. ANOVA for BSA removal
The polynomial equations (10), (11) provides the relationships between the input variables and the percentage of
BSA removed byCPAC, as determined via regression analysis. Using these equations, themain reasons for the
variation in performance and the effect of the input variables on the% removal of BSA byCPAC can be
predicted.

removal CPAC without sonication A B C AB

AC BC A B C

% BSA by 26.6 9.1 2.22 6.89 1.25

0.25 3 1.81 1.27 1.1 102 2 2

( )
( )

= + + + -
- + - - -

removal CPAC with sonication A B C AB

AC BC A B C

% BSA by 36.08 12.79 3.11 9.55 1.8

0.2 4.2 2.37 1.88 1.52 112 2 2

( )
( )

= + + + -
- + - - -

Table S7 lists the three input variables (factors) studied in 17 experimental runs and the% removal of BSA
(response) by theCPAC sample. As given in table S8, the F values of themodel for BSA by batch adsorption and
ultrasonication-assisted adsorptionwere 10.95 and 11.25, respectively, indicating themodel’s significance. This
suggests that there is only a 0.23% and 0.21% chance, respectively, that an F value this large could occur due to
noise. Furthermore, the significance of themodel under investigationwas corroborated by the extremely lowP
value of themodel (Pmodel for BSA batch adsorption<0.0023 and for BSAultrasonication-assisted adsorption
<0.0021). This value also reflects the close agreement between the actual and predicted responses shown in
figure 13 (Khasawneh et al 2021). Additionally, the P values for both the linear and quadratic terms of themodel
were examined. In this analysis, themodel termsA andC are significant (for both batch and ultrasonication
adsorption processes), showing that time (A) and pH (C) are highly significant. In contrast, the remaining linear
and quadratic terms of themodel displayed lower levels of significance. The correlation coefficient (R2)was
calculated using regression analysis, and its value reflected the precision of the developedmodels. For instance,
the highR2 values of 0.908 and 0.934were attributed to the conventional batch (no sonication) and
ultrasonication-assisted adsorption processes, respectively, suggesting the feasibility of the CCDmodel.

The predicted and experimental (actual)%removal of BSA by theCPAC samples were found to be linearly
related to each other, as shown infigure S8 (Supplementary information). The predicted and observed values for
the experimental data have an excellent correlation> 0.966 for both processes (with andwithout sonication).
Based on these diagnostic plots, a direct relation between the experimental and predicted responses validated the
accuracy of the statisticalmodeling.

Figure S9(a) shows that increasing the BSA concentration from30 to 90 ppm lowered the removal efficiency
of CPAC.During the adsorption process, the availability of active sites on theCPAC sample initially promoted
the abrupt adsorption of BSA.However, at high concentrations, after full surface coveragewas achieved, further
adsorption of proteinmolecules onCPACwas restricted. At high concentrations of BSA, adsorption is directly
dependent on the total surface area of theCPAC and the availability of surface active sites (Stone and
Kozlov 2014). As a result, after full surface coveragewas achieved, a lower amount of BSAwas subsequently
adsorbed at high concentrations. Therefore, at high concentrations, CPAC saturationwas achieved in less time.
Figure S9(b) illustrates the combined effect of pH andBSA concentration on the% removal of BSA. The 3D
contour plots demonstrate that the percentage of BSA removed increases with increasing pH at any fixed initial
concentration of BSA. These results can be intuitively understood since positive charges often exist at pH levels
below the isoelectric point of BSA (4.5–5.0), while negative charges typically exist at high pH levels.
Consequently, at 3.0 pH, there is a stronger repulsion between positively charged BSA andCPAC, resulting in
minimumadsorption (as discussed previously in section 3.2.2). The rate of BSA removal is affected by time and
pH, as shown infigure S9(c). This is because contact time affects analytemass transfer, which typically increases
with increasing contact time and could impact the effectiveness of the contaminant removal process. The
maximumadsorption (40%) occurred after 45 min of contact. Adsorption removal of BSA is low at a lower
pHof 3 and a shorter contact time, while adsorption increases with time and increases with increasing solution
pH.A study of the effect of initial concentration, pH, and duration onBSA removal with aided sonication can be
found infigures S9(d)–(f). A similar pattern can be seen in all three 3D graphs infigures S9(d)–(f), although
greater percentages of BSA removal were recorded due to the sonication effect.

3.5.3. Optimization validation conditions for BSA andMO removal
Table S9 (Supplementary Information) presents the optimal% removal of BSA andMO, as determined through
RSMmodeling. The verification run yielded results closely alignedwith the predictions. Specifically, the actual
BSA removal ratewas 55%,with a percentage error of 4.1%, compared to the projected value of 51%. This
indicates a 4%margin of error, which is deemed acceptable because it falls within the range of less than 5%.
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Additionally, the verification run forMOremoval achieved an actual removal of 96%,with amere 3% error
from the projected value of 99%.

3.6. Cyclic adsorption/desorption, regeneration and post analysis
Adsorption and desorption experiments were conducted forfive cycles, and the variations in adsorption
capacity are illustrated in figure 7.With each successive regeneration, therewas a slight decrease in the amount of
adsorbedMO (from98% to 80%) andBSA (from55% to 40%). The decrease in the adsorption capacity of
CPAC could be attributed to the deactivation of certain adsorption sites due to permanent chemical bonding, as
described by 2nd-order kinetics of the adsorption process, and could also be due to a slight loss of adsorbent
during the regeneration process (Altıntıg et al 2021).

The BET surface area for CPACdecreased significantly to 94 m2 g−1 after the regeneration cycles. This
reduction can be attributed to the partial collapse of the delicate pore structures of ACduring chemical
regeneration, which diminishes the available surface area for adsorption. Additionally, incomplete removal of
adsorbedMOandBSAduring regenerationmay result in residual contaminants that occupy active sites, thereby
reducing the surface area of AC. The SEM image (Figure S10) after the regeneration cycles reveals that the
regeneration process for CPAC resulted in a dull appearance. The smoothening of edges observed is attributed to
the repeated treatmentwithNaOHduring regeneration process, which led to the etching of carbon, removing
not only adsorbedmaterials but could also leach small amounts of the carbon itself.

Figure S11(a) shows the FTIR spectrumofCPAC afterMOadsorption, highlighting a peak at 3437 cm−1

attributed toN-H stretching (Wang et al 2020). Peaks at 1648 cm−1 and 939 cm−1 correspond to –C–Hbending
in aromatic rings and –C–Hstretching vibrations of the benzene ring, respectively. The peak at 817 cm−1

indicates –C–Hstretching vibrations in a di-substituted benzene ring, confirming the aromatic nature of the
dye. Peaks at 1361 cm−1 and 1184 cm−1 signify –C–Nstretching, supporting the azo nature of the dye, while the
peak at 1111 cm−1 corresponds to –S=Ostretching vibrations, confirming the sulfonic nature ofMO (Cyril et al
2019).

Figure S11(b) presents the FTIR spectrumof BSA, showing the characteristic Amide-I band at 1654 cm−1,
typical of proteins with highα-helix content. The band at 1545 cm−1 is attributed to strong primary amine
scissoring vibrations, while the peak centered at 3436 cm−1 corresponds to primary amines. The band at
2959 cm−1 is associatedwithC–Hstretching vibrations, and the broad band at 702 cm−1 is due to –NH2 and –
NHwagging (He et al 2013).The interaction between hydrogen atoms in the amine groups of CPAC and the
oxygen atoms inMOandBSA is evident from the intensity of the peak around 3437 cm−1 in the FTIR spectra of
MOandBSA. This suggests effective adsorption facilitated by the chemicalmodifications of AC, as indicated by
the changes observed in the spectra.

3.7. Comparative analysis
The data presented in table 1 illustrate findings fromprevious studies using various types of prepared and
commercially available ACs. In comparison, the adsorption ofMOusing TPAC exhibited promising results
compared to those of other previously employed adsorbents. The highest reported adsorption capacity in the
literature was 113 mg g−1 ofMOusing commercial AC. The highest adsorption capacity in this studywas
152 mg g−1 forMOand 133 mg g−1 for BSA using TPACwith ultrasonication.Moreover, the adsorption

Figure 7.Effect of generation cycles of the removal of (a)MOand (b)BSAby the CPAC.
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Table 1.A comparison ofmodified ACwith other AC-based adsorbents in the literature under optimal conditions.

Adsorbent Adsorbate Adsorptionmethod Adsorption capacity qmax (mg/g) Equilibrium time (min) Removal percentage (%) References

Commercial ActivatedCarbon MO Batch 113 30 99 (Khattabi et al 2021)
Nano activated carbon MB Batch 28 90 98 (Shokry et al 2019)
Commercial granular activated carbon Azo dyes Batch 3.32 60 90–99 (Khader et al 2021)
AC fromorange peels MO 33 40 96 (Ramutshatsha-Makhwedzha et al 2022)

Batch

MB 38 20 98

TiO2 BSA Batch 42.6 200 Nodata (Kopac et al 2008)
Hydroxyapatite NPs BSA Batch 28 140 (h) Nodata (Swain and Sarkar 2013)
CPAC MO Batch, Ultrasonication 126 98 This study

60

149 99.5

BSA Batch, Ultrasonication 100 40

60

112 57

TPAC MO Batch, Ultrasonication 133 98.5

60

152 100

BSA Batch, Ultrasonication 124 63

60

133 86
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capacities forMOandBSAusing CPACwere also found to be quite significant, at 149 mg g−1 and 111 mg g−1,
respectively. Thus, themodifiedACs reported in this study are promising candidate adsorbents for the removal
ofMOandBSA organic pollutants.

3.8. Limitations and future prospects
This researchwas primarily conductedwith twomodel pollutants under batch adsorptionwith andwithout
sonication using RSMmodeling. Future investigations should focus on studying the adsorption process of
additional anionic dyes, cationic synthetic dyes, and theirmixture usingmodified PAC to determine the effect of
competing ions. Additionally, exploring the competition between organicmolecules to occupy the available
active sites of the adsorbentmaterial would be beneficial at various pH values to better understand the
interactionmechanism. Furthermore, future studies should focus on applying the findings from the present
work to continuousflow systems under both dead-end and crossflow conditions by incorporatingmodifiedAC
adsorbents inmembranes for immobilization purposes. This approach could be used in real wastewater
treatment systems by extending the results obtained from the pilot scale to a larger scale in practical field
operations.

4. Conclusion

Thermal and chemicalmodifications of PACwere utilized to assess their adsorption capacities for removing BSA
andMO from simulatedwastewater. The impacts of PACpretreatment,mediumpH, initial contaminant
concentration, contact time, and ultrasonicationwere examined to determine the adsorption capacities,
kinetics, andmechanisms. The TPAChad a greater BET surface area of 823 m2 g−1 than did theCPAC (657 m2

g−1) due to the formation of a porous structure. The ultrasonication of the contaminatedwater improved the
adsorption capacity of the PAC samples compared to the conventional batch adsorption process, as evidenced
by the relatively large BSA andMOremoval efficiencies. In the ultrasonication-assisted process, TPACpresented
a qmax of 152 mg g−1 compared to PAC (124 mg g−1) forMO in a batch adsorption process. Similarly, TPAChad
a qmax of 133 mg g−1 for BSA compared to 112 mg g−1 for PAC. Additionally, BSA andMOadsorption onCPAC
was strongly influenced by the pHof themedia due to electrostatic interactions, withMO favoring the highest
removal at pH 3 andBSA at pH5. The pseudo-second-ordermodeling analysis withR2> 0.99 revealed that the
chemisorption of these contaminants controlled the adsorption kinetics. A comparison of Langmuir and
Freundlich’s isothermmodeling results suggested that the adsorption ofMOandBSAprogressed via the
formation of a uniformmonolayer on the PAC samples following the Langmuir adsorptionmodel. For CPAC,
the RSManalysis was performed using theCCDmodel to predict the optimized conditions for the highest
removal efficiency ofMOandBSA as a function of the input variables (i.e., pH, initial concentration, and contact
time). The statistical analysis showed that with ultrasonicationmaximum removal is achieved for BSA at pH5,
initial BSA concentration of 60 ppm, and a contact time of 55 min) and forMOat pH3, initialMO
concentration of 45 ppm, and a contact time of 30 min. The regeneration test conducted onCPAC indicated
limited reusability for up tofive cycles for both theMOandBSApollutants, with the efficiency remaining greater
than 80% forMO. These results suggest thatmodifiedACs are potential candidates for the enhanced and
optimized removal of organic pollutants. This study serves as a valuable reference for optimizing and designing
water treatment processes tailored to the textile and process industries.
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