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Abstract
A modified ZnO adsorbent, named clew-shaped ZnO (CSZN), was introduced as a highly effective material for removing 
diclofenac (DCF). Compared to smooth ZnO (SZN), CSZN showed a more than 250% increase in adsorption capacity under 
the same experimental conditions. This improvement was assigned to more active adsorption sites and a larger effective 
surface area. The study investigated various operating parameters and their effects on DCF adsorption onto SZN and CSZN. 
To optimize the adsorption model, both kinetic and isotherm models were evaluated. Two multi-mechanism isotherm models 
were employed to improve the predictive accuracy of the adsorption process. The nonlinear multi-mechanism model showed 
that the Lan-Lan model provided the best predictive capability, having a significantly lower Sum of Squares Error (SSE) of 
1735, compared to 5505 for a single isotherm model. This finding emphasized the better accuracy of the multi-mechanistic 
approach, particularly the Lan-Lan model, in predicting DCF adsorption behavior onto CSZN. Overall, the study confirms 
that CSZN can be considered as a highly efficient adsorbent for DCF removal from wastewater as well as the power of the 
multi-mechanistic approach for offering better models.
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Introduction

The sharp increase in the world’s population has strength-
ened concerns regarding millions of people’s access to 
clean and safe drinking water. Additionally, the expansion 
of industrial activities continues to trigger mass discharges 
of different kinds of dangerous pollutants to sewage sys-
tems or even into the natural environment without sufficient 
treatment of any kind. This subsequently leads to serious 
contamination of underground water resources (Alyasi et al. 
2021; Obar et al. 2024; Yan et al. 2022). Pharmaceutical 
pollutants are addressed as newly established ones compared 
to others found in aquatic environments, which is due to the 
lack of an appropriate removal technique in wastewater or 
water treatment systems (Araujo et al. 2021; de Souza dos 
Santos et al. 2020).

Diclofenac (DCF) is a substance with low biodegrada-
bility characteristics, and it is a nonsteroidal anti-inflam-
matory drug that is mainly prescribed to treat pain (Pod-
dar et al. 2024). DCF can threaten some aquatic creatures, 

including fish, crustaceans and amphibians. Some serious 
outcomes like slowed growth, decreased reproductive rates, 
and developmental abnormalities can be addressed as a 
result of exposure to DCF. It is important to note that there 
is also a major concern about DCF; it may interact with 
other water pollutants from miscellaneous sources, poten-
tially leading to major environmental harm (Kandaswamy 
et al. 2024; Wolska et al. 2025). It has been detected in soil 
and drinking water due to its wide consumption and lack 
of efficient treatment techniques. Even in a trace amount in 
wastewater systems, its continuous discharge from hospital 
sewage systems or wastewater treatment plants is becom-
ing a serious matter that needs special attention given the 
long-term impact. In March 2015, DCF was listed on the 
watch list of the Commission Implementing Decision of the 
EU as a pharmaceutical waste. Subsequently, its hazardous 
characteristics for the environment and human body health 
must be taken into consideration (Dzimitrowicz et al. 2024; 
Shamsudin et al. 2022). The main DCF characteristics are 
presented in Table S1, in Supplementary Information (SI).
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DCF has shown to be highly persistent against conven-
tional treatment methods like filtration, coagulation, and 
sedimentation, and it has been found in concentrations 
higher than the Predicted No Effect Concentration (PNEC) 
in treated wastewater, proving that conventional waste-
water treatment methods may not effectively remove this 
compound (Alessandretti et al. 2021; Devaisy et al. 2022). 
Consequently, degrading DCF, which is one of the pharma-
ceutical pollutants using environmentally friendly materials, 
is not an easy process. For example, the DCF concentration 
only decreased from 0.25 to 0.215 ppb in a wastewater treat-
ment unit employing conventional treatment methods (de 
Souza dos Santos et al. 2020; Shamsudin et al. 2022). Many 
methods, such as biological treatment (Chyoshi et al. 2022; 
Elshikh et al. 2022), photocatalytic membrane (Dekkouche 
et al. 2022), adsorptive membrane (Carmo et al. 2022) and 
adsorption (Moradi et al. 2022), were established to remove 
DCF from wastewater. Despite all the recent advances that 
have been made in wastewater treatment for removing DCF, 
there is an urgent need to find new promising techniques and 
materials that are more feasible and efficient.

Nanoparticles play a critical role in technologies related 
to environmental protection and sustainability (Areeb et al. 
2021). Metal and metal oxide nanoparticles or nanotubes 
like Ni, Zn, Fe, ZnO, TiO2 and γ-Al2O3 exhibit a favora-
ble ability to adsorb contaminants, especially pharmaceu-
tical compounds from aqueous solutions thanks to having 
high activity and large surface areas. They naturally have 
adequate capacity and desirable selectivity that make them 
proficient in the extensive removal of pharmaceutical con-
taminants (Almasri et al. 2019; Dekkouche et al. 2022; 
Negarestani et al. 2022; Nodehi et al. 2022; Rajiv et al. 2021; 
Shayesteh et al. 2022).

Numerous nanomaterials are applied to wastewater/water 
treatment, but most of them do not have a high surface area 
or only an adsorption capacity, and furthermore, the pro-
duction costs are high (Alharthi et al. 2020). Hence, find-
ing a way to improve adsorbent surface area and activity in 
the purification processes is highly important. One of the 
ways is to change the surface morphology, which has been 
recently addressed as a workable way to increase nanoparti-
cle adsorption activity in wastewater treatment or water puri-
fication processes. In this way, the higher active surface area 
is accessible and will offer a reasonable adsorption capacity 
(Ahsani-Namin et al. 2022; Al-Musawi et al. 2022; Pathy 
et al. 2022). One practical example is employing hedgehog-
like micro/nanostructure nickel in the separation process of 
oil and water mixture (Shayesteh et al. 2022). Although DCF 
removal has been investigated regarding improved DCF 
adsorption, advances in adsorption technology still suffer 
from time-consuming processes and the inability to remove 
large amounts. Consequently, there exist opportunities for 
new and surface-modified nanostructure adsorbents.

This research paper identified smooth ZnO (SZN) as 
having a reasonable capacity to adsorb DCF from waste-
water. Thus, the new clew-shaped ZnO (CSZN) was syn-
thesized, and its adsorption kinetics behavior and efficiency 
for DCF adsorption from wastewater were compared with 
that of SZN. To better understand the adsorption events, a 
multi-mechanistic isotherm modeling approach was devel-
oped for DCF removal from an aqueous system using CSZN 
adsorbent. In this approach, two isotherm equations were 
employed to model the experimental data. The basis of the 
new approach is to divide the experimental data into two 
main regions and model them with two isotherm equations 
to generate better accuracy and prediction.

Materials and methods

Chemicals

Sodium hydroxide anhydrous (≥ 98%, pellets), zinc nitrate 
hexahydrate (≥ 98%), sodium citrate dihydrate, and hexa-
methylenetetramine (≥ 99.0%) were purchased from Sigma 
Aldrich. All the mentioned chemicals were used without any 
further purification.

Preparations of SZN and CSZN

SZN was initially prepared1 to utilize the following proce-
dure: 7.44 g of zinc nitrate and 7.35 g of sodium citrate 
were dissolved into 100 mL deionized water (DW) in a 
volumetric flask under strong stirring conditions to prepare 
a 0.25 M solution of zinc nitrate and sodium citrate; the 
stirring process continued to reach a transparent solution. 
60 mL of the solution was transferred to an Erlenmeyer flask 
using a measuring cylinder. Subsequently, 600 mg of sodium 
hydroxide was added to the transparent solution and stirred 
for 2 h. Then, the solution was centrifuged at 9000 rpm for 
15 min and washed thrice with DW and twice with ethanol to 
ensure the high purity of the SZN and to remove impurities.

CSZN was further synthesized using a hydrothermal 
method (Yang et al. 2020) where proper amounts of zinc 
nitrate and hexamethylenetetramine were added to DW to 
reach a 0.05 M solution; then, the chemicals were dissolved 
by stirring for 10 min. The obtained solution was mixed with 
10 mL of 0.04 M sodium citrate in DW. The mixed solution 
was transferred to Teflon-lined autoclaves and then heated 
at 90 °C for 90 min. The resulting solution was centrifuged 

1  All experiments were conducted at the Islamic Azad University, 
South Tehran Branch, Iran, between May 2023 and March 2024. 
Then the modeling was developed in Sydney, Australia and Bologna, 
Italy.
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at 9000 rpm for 15 min and washed thrice with DW and 
twice with ethanol to produce CSZN to remove unreacted 
reactants. The synthesis steps for the preparation of SZN and 
CSZN have been illustrated in Fig. 1.

CSZN characterization

The functional group of the synthesized CSZN was analyzed 
by assisting the Fourier Transform Infrared Spectroscopy 
(FTIR) technique. Additionally, a Field Emission Scanning 
Electron Microscopy (FESEM) from the TESCAN model 
MIRA3 was employed to evaluate the surface morphology 
of CSZN and compare it with SZN.

Experiments

In the first step, the desired amount of DCF (with analyti-
cal purity) was dissolved into a 2000 mL volumetric flask 

of double distilled water to prepare an aqueous solution of 
50 mg/L DCF. To reach the ideal amount of adsorbent dos-
age, different quantities of SZN and CSZN (from 0.005 to 
0.2 g) were chosen to dissolve in 50 mg/L DCF aqueous 
solution in the following conditions: contact time of 24 h 
(to ensure the equilibrium point was reached) and pH of 7.

Equations 1 and 2 as presented in Table 1 have been used 
for adsorption capacity (AC) and removal efficiency (RE), 
respectively, where C0(mg/L): the concentration of DCF 
before the adsorption experiment, Ce(mg/L) the concentra-
tion of DCF after the adsorption experiment, V(L) the solu-
tion volume of DCF and finally W(g): dosage of SZN and 
CSZN.

The effects of contact time as well as pH on the 
removal efficiency of the adsorbent were also inves-
tigated. Here, the pH was adjusted from 3 to 11 using 
0.1 M HCl or 0.1 M NaOH. To minimize any errors, 
all the experiments were conducted in triplicate. A 

Fig. 1   Synthesis steps of SZN and CSZN
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spectrophotometer (Shimadzu UV-1700) determined the 
DCF concentration using UV–visible spectrophotom-
etry. Equation 3 was employed to calculate the amount of 
adsorbed DCF per unit mass of SZN or CSZN.

Adsorption kinetics

Three different kinetic models—pseudo-first-order, 
pseudo-second-order and Elovich variants—were used 
to fit the experimental data so that the adsorption kinetic 
mechanism of DCF adsorption onto SZN and CSZN could 
be investigated. The pseudo-first-order, pseudo-second-
order and Elovich formulas are expressed in Table 2 as 
Eqs. 4, 5 and 6, respectively.

The parameters of kinetic models are defined as: qe 
(mg/g) and qt (mg/g) are the DCF adsorbed amount by 
the adsorbent to reach the equilibrium and during time 
t (min), respectively. For the pseudo-first-order and 
pseudo-second-order models, the rate constants are pre-
sented as k1 (1/min) and k2 (g/mg.min), respectively. α 
(mg.min/g) is known as the initial adsorption rate con-
stant while β (g/mg) is the chemisorption activation 
energy and an indication of surface coverage extension 
related to the Elovich kinetic model. All the kinetic mod-
els’ values are calculated based on values garnered from 
slopes and intercepts of the plotted data.

Equilibrium isotherms

The two-parameter models are presented in Table  3 as 
Eqs. 7, 8 and 9; these were used to determine the equilib-
rium amount of DCF adsorbed from the aqueous solution 
onto SZN and CSZN adsorbents. Some conventional pro-
posals helping to understand the adsorption mechanism and 
adsorbent surface heterogeneity can be made by applying 
isotherm models to experiment data (Zuhara et al. 2023). All 
experiments were carried out at a constant temperature and 
pH over sufficient time to ensure equilibrium was achieved.

The isotherm models’ parameters are qm (mg/g): maxi-
mum adsorption capacity in the Langmuir (Lan) model, b (1/
mg): adsorption-energy-related constant for Lan model, Ce 
(mg/L): the equilibrium concentration of DCF in an aqueous 
solution, qe (mg/g): adsorbed DCF amount after reaching 
equilibrium, kf and n are the maximum adsorption capac-
ity and empirical constant of the Freundlich (Fre) model, 
respectively, bT (kJ/mol): Temkin (Tem) constant, which is 
linked with the heat of sorption and KT (L/mg): the equilib-
rium isotherm constant of the Tem isotherm.

Multi‑mechanistic approach for adsorption 
isotherms

Apart from the conventional modeling at which a single 
isotherm equation is typically employed, this study aims to 
advance knowledge by developing a novel technique called 
the multi-mechanistic method, which has been used only 

Table 1   Equation of adsorption 
capacity, removal efficiency 
and qt

Name Equations Equation no. References

Adsorption capacity
AC =

(C0−Ce)×V
W

Equation 1 Uma Maheswari et al. (2022)

Removal efficiency RE(%) =
(

C0−Ce

Ce

)

× 100
Equation 2 Uma Maheswari et al. (2022)

DCF removal amount qt =
(

C0 − Ct

)

×
V

M
Equation 3 Costa et al.( 2024)

Table 2   Adsorption kinetic 
models

Kinetic model Equations Equation no. Refernces

Pseudo-first-order log
(

qe − qt
)

= logqe −
k1

2.303
t Equation 4 Tawfik and Eltabey (2024)

Pseudo-second-order t

qt
=

1

k2q
2
e

+
t

qe

Equation 5 Ho and McKay (1999)

Elovich qt =
1

�
ln(��) +

1

�
lnt Equation 6 Shayesteh et al. (2016)

Table 3   Adsorption isotherm 
models

Isotherm model Equations Equation no. Ref

Langmuir (Lan) qe =
qmbCe

1+bCe

Equation 7 Wang et al. (2025)

Freundlich (Fre)
qe = kf C

1∕n
e

Equation 8 Mani et al. (2023)

Temkin (Tem) qe =
RT

bT
ln
(

KTCe

) Equation 9 Miraboutalebi et al. (2017)
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rarely (Alyasi et al. 2021; Fritz and Schlünder 1981; McKay 
and Al-Duri 1991; McKay and Porter 1997). It is assumed 
that DCF adsorption onto CSZN follows a two-step adsorp-
tion process, and the steps can be modeled using the Fre 
isotherm. All experimental data from the adsorption experi-
ments were divided into two main sections, and each of them 
was modeled by the Fre isotherm. In order to eliminate the 
linearization error, the Fre isotherm constants were calcu-
lated using the nonlinear regression method. Moreover, an 
Excel spreadsheet was employed to optimize data points on 
the stages of adsorption.

Figure 2 depicts a schematic description of the devised 
model. It is evident that the first adsorption section can be 
addressed as a major adsorption step and the maximum 
adsorption capacity qe in section one has been defined as 
qs1. Accordingly, the qs2 has been defined from qs1 to the 
maximum available capacity of DCF adsorption from an 

aqueous solution onto CSZN. The relationship between 
qsTotal, qs1 and qs2 is as follows:

Thus, by using the Fre equation, qs1 and qs2 will be 

written as qe1 = kf1C

1∕n1
e  and qe2 = kf2C

1∕n2
e  . When Ce is 

at its highest value in stage 1 and stage 2 of the adsorp-
tion process, qe1 and qe2 are defined as qs1 and qs2 (Alyasi 
et al. 2021).

During the next step of the modeling, these Fre iso-
therms were fitted by the nonlinear regression technique 
using Lan, Sips (SIP) and Redlich Peterson (RP) isotherm 
equations. Different and possible combinations of SIP, RP 
and Lan isotherms models based on a multi-mechanistic 
approach are presented in Table 4.

The equations depicted in Table 4 were applied, and 
qsTotal was determined through the utilization of experi-
mental data. This process involved employing a nonlinear 
method in Excel spreadsheet for resolution purposes. The 
Sum of Squares Error (SSE) function served as the cho-
sen error metric to determine the best fitting model (Al-
Musawi et al. 2022).

where the value of qe,Calculated originates from the multi-
mechanistic isotherm models, and qe,Experimental is derived 
from the laboratory experiments using Eq. 3.

(10)qsTotal = qs1 + qs2

(20)SSE =

n
∑

n=1

(

qeCalculated − qeExperimental

)2

Fig. 2   Two-stage non-linear Fre model for DCF adsorption onto 
CSZN

Table 4   Multi-mechanistic isotherms models

Isotherm model Equations Equation no. References

Lan Lan qe =
qs1KL1Ce

1+KL1Ce

+
qs2KL2Ce

1+KL2Ce

Equation 11 Alyasi et al. (2021), Hu et al. (2023), Murphy et al. (2023)

Sip Sip qe =
qs1KS1C

�1
e

1+KS1C
�1
e

+
qs2KS2C

�2
e

1+KS2C
�2
e

Equation 12

RP RP qe =
qs1KR1Ce

1+KR1C
�1
e

+
qs2KR2Ce

1+KR2C
�2
e

Equation 13

Lan Sip qe =
qs1KL1Ce

1+KL1Ce

+
qs2KS2C

�2
e

1+KS2C
�2
e

Equation 14

Sip Lan qe =
qs1KS1C

�1
e

1+KS1C
�1
e

+
qs2KL2Ce

1+KL2Ce

Equation 15

Lan RP qe =
qs1KL1Ce

1+KL1Ce

+
qs2KR2Ce

1+KR2C
�2
e

Equation 16

RP Lan qe =
qs1KR1Ce

1+KR1C
�1
e

+
qs2KL2Ce

1+KL2Ce

Equation 17

RP Sip qe =
qs1KR1Ce

1+KR1C
�1
e

+
qs2KS2C

�2
e

1+KS2C
�2
e

Equation 18

Sip RP qe =
qs1KS1C

�1
e

1+KS1C
�1
e

+
qs2KR2Ce

1+KR2C
�2
e

Equation 19
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Results and discussion

Characterization

The FTIR spectroscopic analysis, which is presented in 
Fig. 3a, explains the characteristics of both SZN (a) and 
CSZN (b) within the 4000–450  cm−1 range. The same 
functional groups in both samples can be seen from the 
spectra, emphasizing the solid properties of the materi-
als under different preparation methods. Major peaks that 
can be observed in both SZN and CSZN spectra occur at 
456, 620, 658, 924, 1018, 1108, 1250, 1416, 1576, and 
3438 cm−1. Particularly, the existence of Zn–O stretch 
vibrations that were verified by a peak at 456  cm−1 
can confirm ZnO formation (Abomuti et al. 2021). The 
presence of additional organic functional groups, such 
as =C–H, C–O, and C=O, likely results from residual 
synthesis agents and does not affect the main ZnO phase, 
as confirmed by the strong Zn–O peak and SEM images. 
Furthermore, the presence of O–H bending vibrations 
can be found at 620 cm−1, while the =C–H bending vibra-
tions appear as distinct bands at 658 and 924 cm−1. Peaks 
at 1018 and 1108  cm−1 indicate the stretching vibra-
tion of C–O bonds. Additional bands are detected at 
1416 cm−1, which symbolizes C–H bending vibrations, 
and 1576 cm−1, which confirms the existence of the C=O 

amide II group. The presence of free water, indicated by 
the bending vibration of H–O–H bonds, is suggested by 
the broad band detected at 3438  cm−1 (Abomuti et al. 
2021; Alamdari et al. 2020).

Furthermore, the topographical features of SZN and its 
clew-shaped counterpart, CSZN, were studied by using a 
scanning electron microscope (SEM), and the outcomes are 
shown in Fig. 3b–f. The surface of SZN demonstrated very 
little porosity. However, CSZN revealed a lot of micro and 
macropores with many uneven and fractured surfaces, mak-
ing it a better candidate for the adsorption process. It should 
be clarified that the clew-shaped CSZN is not composed 
of distinct threads or wires but is instead characterized by 
an irregularly rough, porous, ball-like aggregate structure 
that creates more voids and accessible sites for adsorption. 
The developed preparation method resulted in a major shift 
in morphology and structure, as seen by the outstandingly 
increased surface roughness and irregularity of CSZN com-
pared to SZN.

Adsorption capacity and removal efficiency

Based on the experimental data, the adsorption capacity and 
removal efficiency were calculated for different adsorbent 
dosages, and the results are shown in Fig. 4a and b. As dem-
onstrated, the adsorption capacity diminishes as the adsor-
bent dosage increases because the total number of active 

Fig. 3   Characterization: a FTIR spectra of SZN and CSZN, b SEM image of SZN (2 µm), c SEM image of SZN (5 µm), d SEM image of SZN 
(10 µm), e SEM image of CSZN (5 µm), f SEM image of CSZN (500 nm)



	 International Journal of Environmental Science and Technology

sites becomes excessive relative to the fixed amount of DCF. 
Furthermore higher dosages may cause particle aggregation, 
reducing the effective surface area and active site accessibil-
ity. Conversely, the removal efficiency increases with larger 
dosages, reaching an optimal plateau where nearly all target 
molecules are removed from the solution.

DCF removal experiments using the adsorption 
method

Effect of contact time on DCF removal

The effect of contact time on the adsorption process of DCF 
onto SZN and CSZN was plotted and shown in Fig. 5a. The 
adsorption behavior of DCF onto CSZN reveals a sequential 
two-step process. Initially, a swift adsorption phase occurs, 

promptly followed by a subsequent phase characterized by 
a slower adsorption rate.

Effect of pH on DCF removal

According to Fig. 5b, the amount of DCF removed using 
both SZN and CSZN adsorbents greatly depends on the pH 
of the aqueous solution. Lower pH values in the experiments 
show a stronger tendency for DCF adsorption onto SZN and 
CSZN.

Effect of initial concentration on DCF removal

The relationship between qe (mg/g) and the initial DCF 
concentration during DCF adsorption onto CSZN and 
SZN is graphically shown in Fig. 5c. As the initial DCF 

Fig. 4   Adsorption capacity and removal efficiency trends for (a) SZN (b) CSZN in terms of DCF dosage at contact time: 24 h, pH: 7 and C0: 
50 mg/L

Fig. 5   a Contact time effect on the adsorption at pH: 7, C0: 50 mg/L 
and adsorbent dosage: 0.5 g/L, b pH effect on the adsorption at con-
tact time: 120 min, C0: 50 mg/L and adsorbent dosage: 0.5 g/L, c Ini-

tial DCF concentration effect on the adsorption at pH:7, contact time: 
120 min, C0: 50 mg/L and adsorbent dosage: 0.5 g/L
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concentration in the aqueous solution escalated, there was a 
corresponding increase in qe.

Kinetics of the DCF adsorption process

The kinetic mechanisms for the adsorption of DCF onto 
SZN and CSZN were investigated by fitting the obtained in-
lab data to the pseudo-first-order, pseudo-second-order, and 
Elovich kinetic models. As shown in Fig. S1a–c, in SI, the 
data were fitted by employing linear regression, and the con-
stants of the models were presented using the obtained linear 
equations. The adsorption kinetic parameters for each kinetic 
model have been summarized and presented in Table 5.

Adsorption isotherm study

The experimental adsorption data at equilibrium were fitted 
using Lan, Fre, and Tem isotherms to model the adsorption 
of DCF from aqueous solution onto SZN and CSZN. The 
linear regression technique was employed for this purpose, 
and the resulting equations along with their respective R2 
values are presented in Fig. S2a–c in the SI. Furthermore, 
all isotherm parameters for both SZN and CSZN were com-
puted based on the fitted data and are summarized in Table 6. 
A comparison of different adsorbents for DCF removal from 
aqueous solution based on Lan qm, the experiment contact 
time, pH, and adsorbent dosage is presented in Table 7.

Table 5   Calculated parameters 
for kinetic models of DCF 
adsorption onto SZN and CSZN

Kinetic model Model constants

SZN CSZN

Pseudo-first-order k1 = 0.0302 qe,Calc. = 32.4 R2 = 0.87 k1 = 0.0405 qe,Calc. = 73.9 R2 = 0.97

Pseudo-second-order k2 = 0.0002 qe,Calc. = 44.5 R2 = 0.99 k2 = 0.0007 qe,Calc. = 83.4 R2 = 0.99

Elovich � = 1.047 � = 0.166 R2 = 0.92 � = 8.829 � = 0.051 R2 = 0.96

Table 6   Calculated parameters 
for isotherm models of DCF 
adsorption onto SZN and CSZN

Isotherm model Model constant

SZN CSZN

Langmuir (Lan) qm = 87.72 b = 0.006 R2 = 0.99 qm = 555.56 b = 0.011 R2 = 0.99

Freundlich (Fre) kf = 1.59 n = 1.61 R2 = 0.94 kf = 12.28 n = 1.51 R2 = 0.94

Temkin (Tem) KT = 9.06 bT = 166.58 R2 = 0.97 KT = 4.22 bT = 27.14 R2 = 0.95

Table 7   Comparison of maximum adsorption capacity, based on Langmuir isotherm, of CSZN and different adsorbents for DCF removal from 
aqueous solution

1 Not Controlled

Adsorbent qm,Lan (mg/g) Time (min) Adsorbent dosage 
(g/L)

pH References

CSZN 555.6 120 0.5 7 This work
P(ECH- DETA) hydrogel 540 150 0.5 NC1 Jiang et al. (2022)
COF TAPT- DVA-NH2 398.4 60 0.34 NC Xiao et al. (2024)
HC-10 376.2 300 0.2 5.6 Chatir et al. (2023)
M–TDiCOF 359.41 180 0.08 NC Lin et al. (2024)
TCPP@UiO-66/PAN 202 120 – NC Gao et al. (2024)
MWCNT@OH-COOH-Fe 174.1 360 1.5 NC Costa et al. (2024a, b)
Zeolite treated with nitric acid 85.9 120 0.4 6 Peñafiel et al. (2024)
COF TAPT- DVA 64.4 60 0.34 NC Xiao et al. (2024)
Fe3O4-ZnO/DES-modified rice husk 24.33 360 2 2 (Hinsene et al. 2024)
Chitosan-modified fibrous Silica KCC-1 17.24 40 1 4 Lai et al. (2023)
MPDA-CS 3.25 1440 25 7 Sun et al. (2022)
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Multi‑mechanistic approach for isotherm modeling 
of DCF adsorption onto CSZN

Two distinct multi-mechanistic approaches were imple-
mented to model a two-step adsorption process of DCF onto 
CSZN. The obtained Fre isotherm parameters are tabulated 
in Table 8. The resulting computed parameters for both 
multi-mechanistic approaches are presented in Tables S2 and 
S3 in the SI, respectively. Figures 6a–i and 7a–i graphically 

illustrate the curves obtained from both multi-mechanistic 
approaches.

Discussion

Characterization

The adsorption properties of materials are influenced not 
only by their chemical composition but also significantly by 
their physical structure and surface morphology. Although 
FTIR results indicated similar functional groups for both 
adsorbents, notable differences were observed in their 
adsorption capacities. Specifically, the unique clew-shaped 
morphology of CSZN created more accessible active sites 
and enhanced surface roughness, directly contributing to its 
higher adsorption capacity for DCF. This clear correlation 
between morphology and adsorption properties underscores 

Table 8   Fre isotherm parameters calculated based on nonlinear 
regression

Freundlich (Fre) Model constant

CSZN

First Stage kf1 = 11.92 1

n1
= 0.72 qs1 = 314.33

Second Stage kf2 = 142.35 1

n2
= 0.17 qs2 = 71.39

Fig. 6   qe versus Ce curves based on a multi-mechanism approach for DCF adsorption onto CSZN using two-stage Fre isotherm
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the crucial role of structural modification in optimizing 
adsorbent performance. It is worth noting that owing to the 
newly gained uneven structure and surface, which makes 
more favorable sites for adsorption, the inclusion of clew-
shaped features resulted in greater surface area and increased 
adsorption capacity. This change introduces CSZN as a 
potential DCF adsorbent that works perfectly. Therefore, 
the results strongly indicate the successful enhancement of 
adsorption properties through morphological engineering of 
the CSZN adsorbent.

Adsorption capacity and removal efficiency

The trend emphasizes the balance between maximizing 
removal efficiency and achieving high capacity per unit 
mass of adsorbent. Thus, selecting an optimal adsorbent 
dosage is crucial to achieving cost-effective and efficient 
removal of DCF. These findings suggest that practical 

applications should consider this trade-off to optimize 
adsorbent utilization.

From the adsorption capacity perspective, it is worth 
noting that the remarkably enhanced adsorption capacity 
of CSZN is predominantly due to its distinct clew-shaped 
morphology, which was successfully achieved through the 
modified synthesis approach implemented in this study. 
As demonstrated by the SEM images in Fig. 3a–f, CSZN 
exhibits a highly rough, high surface, and clew-like struc-
ture, whereas SZN has a relatively smooth and smaller 
surface. This structural difference creates more accessible 
active sites and provides more pathways for DCF mol-
ecules to diffuse and interact with the adsorbent surface. 
Additionally, the FTIR analysis confirms that the func-
tional groups in SZN and CSZN are qualitatively the same, 
which means that the improved performance is not due to a 
change in chemical functional groups, but rather due to the 

Fig. 7   qe versus Ce curves based on the multi-mechanism approach for DCF adsorption onto CSZN using the total capacity of adsorption
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enhanced physical surface characteristics and the greater 
heterogeneity of the CSZN surface.

Furthermore, the faster adsorption kinetics observed for 
CSZN, compared to SZN, support this interpretation. A 
more irregular and open morphology reduces diffusion limi-
tations and allows DCF molecules to reach active sites more 
efficiently. In summary, the improved adsorption capacity is 
mainly interpreted as a result of the structural and morpho-
logical advantages of the clew-shaped ZnO, which increase 
the number of available adsorption sites and improve mass 
transfer.

Influence of adsorption conditions on DCF removal 
capacity

By evaluating the adsorption of DCF onto SZN and CSZN, 
it becomes evident that the qt (mg/g) for DCF removal from 
aqueous solutions by CSZN significantly exceeds that of 
SZN under an identical operating condition. Notably, CSZN 
adsorbed 250% more DCF than SZN, emphasizing the supe-
rior adsorption capacity of CSZN. The time to reach the 
second adsorption phase for CSZN was also faster (only 
80 min compared to 120 min for SZN). The faster and higher 
increase can be attributed to a much greater surface area and, 
consequently, an increase in the number of available active 
sites in CSZN for adsorption. Moreover, the clew-shaped, 
irregular, and porous surface of CSZN provides more acces-
sible sites, shorter diffusion pathways, and reduced mass 
transfer resistance, enabling DCF molecules to be adsorbed 
more quickly. In this way, a noticeably higher capacity for 
DCF adsorption onto the adsorbent was possible with CSZN 
compared to SZN. Furthermore, a reduction in the adsorp-
tion rate for the second phase can be attributed to forming a 
DCF monolayer on the active CSZN sites.

The pH-dependent adsorption behavior of DCF can be 
explained by its chemical structure, particularly the presence 
of a carboxylic acid group. DCF is a weakly acidic pharma-
ceutical compound whose ionization state varies with pH. 
At lower pH values, DCF predominantly exists in its neu-
tral (protonated) form, which facilitates stronger interactions 
with adsorbent surfaces. In contrast, at higher pH levels, 
DCF becomes deprotonated and exists as an anionic species, 
which can lead to electrostatic repulsion from negatively 
charged adsorbent surfaces and consequently reduce adsorp-
tion capacity. This effect is evident for CSZN, where the for-
mation of DCF anions at higher pH values increases repul-
sive forces, resulting in a sharp drop in adsorption capacity 
from 84 mg/g at pH 3 to approximately 10 mg/g at pH 11.

Regarding the initial DCF concentration, the increase in 
adsorption capacity (qe) can be attributed to the greater driv-
ing force for mass transfer from the solution to the adsorbent 
surface. Moreover, the experimental data clearly demon-
strate significantly higher qe values for CSZN compared to 

SZN at equivalent initial concentrations. This finding further 
confirms the superior affinity and efficiency of CSZN for 
DCF adsorption, highlighting its potential as an effective 
adsorbent for practical water treatment applications.

Comprehensive kinetic and multi‑mechanistic 
isotherm analysis

The calculated R2 values strongly suggest that the Lan iso-
therm model effectively predicts DCF adsorption onto SZN 
and CSZN. Specifically, the R2 values were determined to be 
0.99 for both SZN and CSZN when the Lan isotherm model 
was applied to predict the adsorption behavior. This high 
R2 means the model has a robust prediction capability and 
suggests that the adsorption process can be well-described 
by the formation of a monolayer. In other words, it can be 
said that the sorbent surface is covered by a single layer 
of adsorbates. Additionally, a homogeneous distribution of 
activity on the adsorbents’ surfaces, as well as an even pres-
ence of active sites throughout the surface, can be assumed.

In the multi-mechanistic isotherm modeling, as explained 
in "Multi-mechanistic approach for adsorption isotherms" 
section, the experimental dataset was intentionally par-
titioned into two primary categories to produce the most 
accurate analysis. The Fre isotherm model was used for 
each category to determine the values of the adsorption 
capacities, namely qs1 and qs2. To avoid linearization errors, 
a non-linear regression technique was employed, resulting 
in the determination of kinetic constants kf1, kf2, as well as 
equilibrium parameters n1 and n2. Then, combinations of 
Lan, SIP, and RP isotherm models functioned to explain 
the DCF adsorption behavior onto CSZN, using predeter-
mined values of qs1 = 314.33 (mg/g) and qs2 = 71.39 (mg/g). 
The complex modeling procedure was carried out by using 
an Excel spreadsheet for a non-linear regression method. 
Interestingly, the results showed that multi-mechanism mod-
eling produced a much better fit and presented a superior 
ability to predict the adsorption data in contrast to the use 
of a single isotherm model mentioned previously. Multi-
mechanism modeling revealed that RP-RP is the best model 
with a lower SSE of 2193 compared to single-isotherm Lan 
with SSE of 5505. This significant improvement confirms 
the necessity of adopting multi-mechanistic approaches for 
accurately capturing certain adsorption processes, especially 
when complex mechanisms or multiple adsorption stages 
are involved.

The second multi-mechanistic approach was designed to 
avoid using fixed values for qs1 and qs2 during the adsorption 
modeling. In this different scheme, again, various combina-
tions of Lan, SIP, and RP isotherm models were used, as 
well as a nonlinear regression method helped by what was 
documented on an Excel spreadsheet. Nonlinear regression 
techniques were employed to determine the isotherm model 
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parameters for each combined equation. The results of the 
modeling showed that the Lan-Lan isotherm model had bet-
ter predictive power when it came to DCF adsorption onto 
CSZN. In comparison to the first multi-mechanism tech-
nique, the calculated SSE for Lan-Lan was obtained (1735), 
which significantly decreased and indicated a reduction of 
approximately 20%. This further improvement reinforces the 
flexibility and robustness of the multi-mechanistic approach, 
demonstrating its superiority over conventional single-model 
fitting, and highlights its potential as a reliable method for 
interpreting complex adsorption data.

The aforementioned methodology emphasizes two points: 
the adaptability of the multi-mechanistic modeling struc-
ture and the effectiveness of the Lan-Lan isotherm model in 
representing the complexities of the DCF adsorption pro-
cess on CSZN. The advantage of using the Lan-Lan (multi-
mechanistic) isotherm model over a single Langmuir model 
lies in its ability to account for multiple adsorption behaviors 
occurring within a single system. Most practical adsorbents, 
including CSZN, feature heterogeneous surfaces with a vari-
ety of adsorption sites and energies. This leads to a typical 
two-stage process: an initial rapid uptake on high-energy, 
easily accessible sites, followed by a slower phase as adsorp-
tion shifts to less accessible or lower-energy regions. The 
Lan-Lan model effectively divides the process into these dis-
tinct stages, enabling each to be described with its own set of 
parameters. This approach not only improves the model fit 
but also provides a more realistic and accurate interpretation 
of how adsorption progresses on complex materials.

This advanced multi-mechanistic modeling provides 
deeper insights and stronger predictive capabilities com-
pared to traditional single-model approaches. In reality, 
actual adsorption systems seldom follow an idealized, 
single-step mechanism. Instead, they involve dynamic 
transitions such as surface adsorption, pore filling, or 
multilayer interactions, which are especially common in 
porous and heterogeneous materials like CSZN. By mod-
eling each phase separately within the Lan-Lan framework, 
the approach delivers more reliable design parameters and 
improves understanding of both adsorption capacity and the 
nature of interactions. Consequently, it becomes a valuable 
tool for optimizing adsorbent performance in environmental 
remediation applications.

Conclusion

The main goals of this study were synthesis and evalua-
tion of a new adsorbent, CSZN as well as introducing a 
new model using a multi-mechanism modeling approach. 
CSZN exhibited a significantly better adsorption capabil-
ity than SZN during different adsorption experiments for 
DCF removal from an aqueous solution. The impacts of 

different operational parameters on the DCF's adsorption 
process on SZN and CSZN were investigated. These param-
eters included the initial concentration of DCF, the pH of the 
aqueous solution as well as the contact time.

Pseudo-first-order, pseudo-second-order, and Elovich 
equations were employed as kinetic models to understand 
and elucidate the kinetics of the adsorption process. Further-
more, the three most used isotherm models were employed 
to study the adsorption behavior of DCF onto SZN and 
CSZN. The research then used two different multi-mecha-
nistic techniques to improve the isotherm model's predictive 
power for DCF adsorption onto CSZN. Based on the mod-
eling results, the Lan-Lan isotherm model had the smallest 
SSE, which emphasizes having a better ability to predict 
the adsorption behavior of CSZN. This outcome highlights: 
firstly, how well the multi-mechanistic method improves 
prediction accuracy; and secondly, how well the Lan-Lan 
isotherm model foretells the behavior of the DCF adsorption 
process onto CSZN. In summary, this study demonstrates 
the potential of CSZN in effectively removing DCF from 
aqueous environments and the efficacy of the offered multi-
mechanistic approach in modeling the adsorption process of 
pharmaceutical contaminant removal in wastewater.
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