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ABSTRACT

This study investigates the adsorption of diclofenac (DCF) onto an olive leaf-derived adsorbent. The harvested
olive leaves were washed, dried, and powdered then extracted with 80% ethanol. The extraction was filtered,
washed with sodium hypochlorite, and ethanol, and then dried. The material was then activated using sodium
hydroxide, phosphoric acid, and dead sea water, for the adsorption of DCF from contaminated water being
investigated. Various operational parameters such as dosage, contact time, DCF concentration, and pH were
systematically varied to understand their influence on adsorption efficiency. The kinetics of DCF adsorption
followed pseudo-second-order kinetics. Isothermal studies revealed that the adsorption process conforms well with
the Freundlich isotherm, suggesting multilayer adsorption onto a heterogeneous surface. Thermodynamic analysis
indicated that the adsorption process is spontaneous and exothermic. Morphological analysis completed using the
SEM data demonstrated a transformation in the porous structure of the adsorbent, indicating effective pore
occupation by DCF molecules post-adsorption. Overall, the results demonstrate the effectiveness of olive leaf-

derived adsorbent in efficiently removing DCF from aqueous solutions.
Keywords: Contamination; Emerging Contaminant; Thermodynamics; Water Treatment; Adsorption.

1. INTRODUCTION

Pollution of water by pharmaceutical chemicals has
been a major environmental concern in recent years . One
of the widely used pharmaceutical medications of interest
is diclofenac (DCF), the most-selling nonsteroidal drug
known for its pain-relieving and anti-inflammatory
properties 2 3. Many studies including # and ® have found
DCF in water bodies. ® found DCF in 83% of European
rivers’ water samples. ’ detected DCF in China's Huangpu
and Beiyun rivers. In Taiwanese waterways, & found DCF
in 23 different sites. Several studies have also found DCF
in water bodies in USA, Korea, Spain, Serbia, Greece, and
Portugal, as reported by %25,
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The presence of DCF in water can be toxic to both
humans and several aquatic organisms, including bacteria,
algae, fish, and microcrustaceans 6 ¥’. DCF’s presence in
many water bodies across the world can be related to its
widespread use as a painkiller and anti-inflammatory
medicine and its resistance to degradation using typical
treatment conditions. Only about 60% of DCF can be
eliminated from water using traditional treatment
methods!&2,

Currently, there is a need to develop more advanced
and effective technologies to remove DCF from water
systems. Some promising methods include ozonation??,
membrane filtration??, advanced oxidation techniques %,
Fenton oxidation?*, and adsorption®®. Several of the
aforementioned methods often come with various
complications including intricate procedures, high
expenses, and the management of toxic sludge?. However,
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adsorption remains a favored choice due to its simplicity,
efficiency, and cost-effectiveness % 27,

Many materials are available for DCF adsorption from
contaminated water including chemically activated cocoa pod
husks®, activated carbon derived from sewage sludge?®,
graphene  oxide®, multiwalled carbon nanotubes®,
commercial organoclay®?, and activated carbon from tea
waste®,

Jordan is one of the main olive producing countries in
the world and harvests approximately 296,814 tons of
olives every year 3. In the harvesting season, significant
volumes of leaves are generated as waste. % introduced an
adsorbent derived from olive leaves for capturing lead, a
highly toxic heavy metal, from polluted water. The
objective of this study is to investigate the efficacy of the
olive-leaf-derived adsorbent for removing DCF from
contaminated water. The effect of several adsorption
parameters such as adsorbent dosage, contact time, initial
DCF concentration, solution pH, and temperature were
investigated. The experimental data are used to develop an
equilibrium isotherm and also a kinetic model for
predicting the adsorption process.

2. MATERIALS AND METHODS

2.1. Materials

During the olive harvesting season in 2022, fresh olive
tree leaves were gathered from a farm located in Irbid,
Jordan. Dead Sea water was brought from the Dead Sea,
Jordan. The diclofenac (DCF) used in the study was
obtained from Dar Al-Dawa Industrial Company, Amman-
Jordan. Pure sodium hydroxide pellets (with a purity of
98.5%) were procured from Fisher Scientific International,
UK. Jordan Chemical Industries supplied the sodium
hypochlorite. Sigma Aldrich supplied acetonitrile with a
purity of 99.9%. Jordan Phosphate Mines Company
provided the phosphoric acid.

2.2. Preparation of the olive-leaf-derived adsorbent

Freshly harvested olive leaves underwent thorough
washing with distilled water to remove stuck dirt, followed

by controlled air-drying in a dark condition. The dried
leaves were then finely powdered using a grinder and
subjected to extraction following the procedure detailed by
%, The procedure encompassed combining 200 g of
powdered leaves with 500 mL of 80% ethanol extraction
solvent in a volumetric flask, followed by 5 hours of
agitation to facilitate efficient extraction of plant
constituents. The extracted material was kept in the room
until reaching lab temperature and then filtered using a
Whatman No.42 filter in order to obtain fine particles only.
Soaking the fine sample with 5 L of sodium hypochlorite
and filtering resulted in a white creamy fine sample (the
process was repeated about fives times). The white creamy
sample was cleaned from the sodium hypochlorite when it
was washed with 80% ethanol and distilled water. The
clean sample was dried in an oven at 70°C. The obtained
dry sample was activated following the procedure
introduce by 3 and . The method involves combining 10
g of the sample with 3.5 g sodium hydroxide and 2 mL
phosphoric acid along with progressively adding 10 mL of
Dead Sea water with stirring for 15 minutes. The obtained
product was then cleaned with distilled water and dried in
an oven at 70°C. The applicability of using the obtained
dry material in the adsorption of DCF from contaminated
water was investigated in this study.

The abundance of valuable salts in Dead Sea water is
crucial in the activation method to enhance the adsorption
capacity. Where the active binding sites in the biomass are
transformed from H+ to Ca+, Na+, Mg+, and K+ with the
help from using phosphoric acid and sodium hydroxide 37,

2.3. Experimental studies

The Phenom XL G2 SEM was used to study the surface
structure of the olive-leaf-based adsorbent. SEM was
performed in high vacuum with a 15 kV accelerating
voltage to improve image quality. The samples were
conductive carbon taped on SEM stubs and platinum-
sputter-coated before imaging. Samples were mounted on
SEM stubs with conductive carbon tape and sputter-coated
with platinum before imaging. This preparation increased
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electrical conductivity and reduced imaging charging.

All adsorption studies used 10 mL DCF-contaminated
solutions. Testing samples were placed in a temperature-
controlled water shaker bath at 100 rpm. After treatment,
DCF concentrations were determined using Thermo-
Electron Corporation HPLC at 280 nm and 1 mL/min.

Several experiments were conducted to determine how
various operational parameters affect DCF adsorption. To
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study how the operational parameters affect
absorptiometry, the adsorbent dose (5-80 mg/mL), initial
DCF concentration (0.04-1 mg/mL), contact time (5-120
minutes), and solution pH (6-11 pH) were varied
systematically. DFC removal percentages were estimated
using Equation 1 presented in Table 1. Where C; and C¢
are DCF concentrations at the beginning (initial) and end
(final) of the adsorption (mg/mL), respectively.

Table 1. Adsorption removal percentage, capacity, isotherms, and Kinetics governing equations utilized in this study

Equation” Reference | Equation sequence
% DCF removal = (C; — C¢)/C; X 100% 38 (1)
Ce/de = 1/maxb + Co/ Gmax ¥ )
log q. = logKs + (1/n) logC, 40 (3)
q. = [(C: = ¢)v]/M ® (4)
log (qe — q;) = logqe + (K;/2.303) ¢ " (%)
t/q. = 1/(Kq2) + (1/q) ¢ “ (6)
9. = [(C; = CYV]/M 2 (7)
K, =q./Ce s (8)
AG° = —RTInK; 44 (9)
InK, = (AS°/R) — (AH°/(RT)) 45 (10)

* The symbols in Table 1 are all defined in the text at their first occurrence.

The adsorption isotherm was investigated by
conducting experimental tests y varying C; (from 0.04 to 1
mg/mL) while ensuring the attainment of the equilibrium
condition with constant values for the remaining
parameters. The obtained equilibrium data were subjected
to fitting using the two commonly employed models,
Langmuir (Equation 2 in Table 1) and Freundlich
(Equation 3 in Table 1) isotherms. Where g, is the
adsorption capacity at equilibrium (mg/g) which can be
calculated using Equation 4, gpme. iS the maximum
adsorption capacity (mg/g), b is the Langmuir constant
(L/mg), K is the Freundlich constant that represents the
measure of the adsorption capacity ((mg/g) (L/mg)"), n
represents the adsorption intensity parameter, V is the
volume of the solution (mL), and M is the mass of the
olive-leaf-derived adsorbent (g).
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The kinetics of DCF adsorption onto the olive leaf-
derived adsorbent were investigated using pseudo-first-
order (Equation 5 in Table 1) and pseudo-second-order
(Equation 6 in Table 1) kinetics models. Where K; and K,
are the adsorption rate constant for pseudo-first-order and
pseudo-second-order kinetic models, respectively, g, is the
adsorption capacity at time ¢ which can be estimated using
Equation 7 (Table 1).

Thermodynamic parameters for the adsorption of DCF
onto the olive leaf-derived adsorbent were determined
through experimental tests conducted at different
temperatures (from 25 to 45 °C), while keeping all other
parameters constant. These thermodynamic parameters
encompass the Gibbs free energy change (AG°), the
enthalpy change (AH?), and the entropy change (AS°),
providing valuable insights into the adsorption process.
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Equation 8-10 (Table 1) were used to estimate the
thermodynamic parameters. Where Ky is the equilibrium
adsorption constant, R is universal gas constant, and T is
the temperature (in Kelvin).

3. RESULTS AND DISCUSSION

3.1. Scanning electron microscopic analysis

The morphology of the olive leaf-derived adsorbent
reveals a highly porous structure (Figure 1A). The SEM

Fw
104 pm

Figure 1. SEM images of the olive-leaf-derived ad

HV

images of the olive leaf-derived adsorbent depict a notable
transformation from a porous structure before DCF
adsorption (Figure 1A) to a seemingly filled appearance
post-adsorption (Figure 1B), indicating significant pore
occupation by DCF molecules. This observation suggests
a robust adsorption mechanism where DCF molecules
effectively penetrated the pore structure of the adsorbent
to occupy available surface sites.

Int. wp Pres
Image SED 5.740mm 0.10Pa ra

sorbent (A) before adsorption and (B) after adsorption
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3.2. Effect of adsorbent dose

The adsorption of DCF (concentration = 1 mg/mL) was
performed using the olive-leaf-derived adsorbent across a
range of doses (5 to 80 mg/mL) over 120 minutes at a pH
of 6. Initially, at 5 mg/mL, DCF removal was only around
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8%, whereas at 80 mg/mL, it dramatically increased to
89% (Figure 2). This notable improvement in removal
percentage with higher doses can be attributed to the
increased availability of active sites on the adsorbent
surface “°.

0 v v v
0 10 20 30

40 50 60 70 80

Adsorbent dosage, mg/mL

Figure 2. Effect of the olive-leaf-derived adsorbent dosage on DCF adsorption removal percentage

3.3. Effect of contact time

To establish the equilibrium time required for DCF
adsorption (initial concentration = 1 mg/mL), experiments
were conducted over a time range of 5 to 120 minutes,
using a constant adsorbent dosage of 80 mg/mL. Figure 3
100
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% Removal

20

depicts the observed trend, showing a steady increase in
uptake with time until equilibrium was reached at 60
minutes. Notably, no further uptake was recorded beyond
this duration. The decline in adsorption over time can be
attributed to the depletion of available adsorption sites 47.
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Figure 3. Effect of contact time on DCF adsorption removal percentage onto the olive-leaf-derived adsorbent
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3.4. Effect of solution pH

The experimental findings presented in Figure 4
demonstrated the highest removal percentage of DCF at
pH 6, reaching approximately 88.7%. As the pH increased
from 7 to 11, there was a slight decrease in the removal
percentage, although remaining relatively high (stabilizing

100

around 83%). This trend suggests that within the tested pH
range (6 to 11), the adsorption of DCF onto the olive leaf-
derived adsorbent is consistently effective, with slightly
enhanced efficiency observed at lower pH values. The pH
levels below 6 were not examined because DCF is only
slightly soluble in water under acidic conditions “®.

90 »
80 » —

W H——X

Solution pH

Figure 4. Effect of Solution pH on the percentage of DCF adsorption removal using olive leavf-derived adsorbent
(Adsorbent dose = 80 mg/mL; contact time = 120 min)

Effect of DCF initial concentration

Figure 5 presents the outcomes of an experimental
investigation aimed at evaluating the influence of varying
initial concentrations of DCF (0.04 to 1 mg/L) on its
removal efficiency using the olive-leaf-derived adsorbent.
As initial DCF levels increased, removal percentages
declined. The peaked removal percentage of 88.7% was
obtained at an initial concentration of 0.04 mg/mL, which
was decreased to 68.41% at 1 mg/mL. The increase in DCF
concentration reduces the available adsorption sites, which
may explain the decline in removal percentages 3% 4 %0,

3.5. Adsorption kinetics

The investigation of the adsorption kinetics data was
carried out using the pseudo-first-order and pseudo-
second-order models. The linearized forms of these two

models were used, which are presented in Equations 5 and
6 in Table 1. Results presented in Figure 6 show that both
models represent the Kinetics data of DCF adsorption onto
the olive-leaf-derived adsorbent well. A summary of both
models’ parameters are presented in Table 2. For the
pseudo-first-order model, the computed equilibrium
adsorption capacity (ge) and rate constant (K;) were 6.03
mg/g and 3.7x1072 1/min, respectively, and the estimated
R? value was 92.2 %, indicating a good correlation with
the experimental data. Conversely, the pseudo-second-
order model showed a lower g. of 0.456 mg/g, a rate
constant (Kz) of 0.591 g/(mg.min), and an excellent match
to the experimental data (R?=99.9 %). The higher R? value
of the pseudo-second-order model indicates a more
accurate representation of the adsorption kinetics.
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Figure 5. Effect of initial DCF concentration on the percentage of DCF adsorption removal by olive leaf-derived
adsorbent
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Figure 6. Fitting of adsorption kinetic data for DCF adsorption onto the olive leaves-derived adsorbent using: (A)
pseudo-first-order and (B) pseudo-second-order
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Table 2. Kinetic parameters for DCF adsorption onto olive-leaf-derived adsorbent

Kinetics parameters and R?
pseudo-first-order model

de (Mg/g) 6.03
K; (1/min) 3.7x10%
R? 92.2%
pseudo-second-order model
ge (Mg/g) 0.456
K, (9/(mg.min)) 0.591
R? 99.9%

3.6. Adsorption isotherms

The fittings of the isotherm experimental data were
compared against both Langmuir and Freundlich
models. The Freundlich model goodness of fit (R? =
99.5%) demonstrated superior fitting compared to the
Langmuir model (R = 76.1 %). Figure 7 demonstrates
that the Freundlich isotherm offers a more precise
depiction of the experimental data.

The Freundlich isotherm, defined by the maximum
adsorption capacity (Qmax) and the Langmuir constant
(KL), models monolayer adsorption on homogeneous
surfaces 5 %2, As reported in Table 3, the Langmuir
constant K. was found to be 0.00408 and the maximum
adsorption capacity Qmax was found to be 14 mg/g. The
low R? value of (76%) suggests that there are deviations
from monolayer adsorption or surface homogeneity.
Lower R? values prompted inquiries regarding the
suitability of the Langmuir model in completely
elucidating the adsorption of DCF on the adsorbent
derived from olive leaves.

The Freundlich isotherm, defined by the Freundlich
constant (Ky) and the exponent (n), models multilayer
adsorption on heterogeneous surfaces 3% 4353, The high
R? value of 99.5% suggests a robust correlation with the
experimental data. The Freundlich exponent (n) of

1.434 suggests favorable adsorption, as values between
1 and 10 typically indicate good adsorption %% The
Freundlich constant (Kf) of 0.1449 represents the
adsorption capacity (Table 3).

In summary, the Freundlich isotherm model appears
to be more appropriate for describing the adsorption of
DCF onto the olive-leaf-derived adsorbent, indicating
multilayer, heterogeneous adsorption under favorable
conditions.

3.7. Thermodynamic parameters

The plot of In (K.) versus 1/T (Figure 8) shows a
linear relationship, suggesting that the adsorption
process follows the Van't Hoff equation. The slope and
intercept from Figure 8 were used to calculate the values
of the enthalpy (AH®) and entropy (AS°). The obtained
negative values for both AH° and AS°® (Table 4)
indicated that the adsorption process of DCF onto the
olive-leaf-derived adsorbent is exothermic and
associated with a decrease in randomness. The
calculated Gibbs free energy (AG®) values (Table 4)
were also negative at all temperatures, indicating that
the adsorption process is thermodynamically favorable
and spontaneous .
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Figure 7. Fitting of equilibrium data for DCF adsorption onto the olive leaf-derived adsorbent to the isotherm
models. (A) Langmuir isotherm and (B) Freundlich isotherm

Table 3. Isotherm parameters for DCF adsorption onto olive-leaf-derived adsorbent

Isotherm models isotherm parameters and regression coefficients
Qm (mg/g) 14
Langmuir isotherm Ky (L/mg) 0.00408
R? 76.1%
K (mg/g).(L/mg)" 0.1449
Freundlich isotherm n 1.434
R? 99.5%
5
4.5 o
4
35 ¢ g
3 8
ié, 2.5 o ®
2
1.5 s
1
0.5 4§
0 - _ - - - 3
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
1T

Figure 8. The plot of In (KL) versus 1/T for determining thermodynamic parameters of DCF adsorption on the
olive-leaf-derived adsorbent
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Table 4. Thermodynamic parameters for the adsorption of DCF onto the olive-leaf-derived adsorbent.

AH® (kJ/mol) | AS° (J/mol.K)

AG® (kJ/mol)

Temperature (K)

303 | 308 | 313 | 318

-99.299 -0.295

-11.37 | -9.77 | -9.34 | -6.32 | -5.72

4. CONCLUSIONS

Our investigation examined the adsorption behavior of
diclofenac (DCF) onto olive leaf-derived adsorbent. We
explored the influence of adsorbent dosage, contact time,
initial DCF concentration, and pH on adsorption
efficiency. Our data show that 80 mg/mL adsorbent dose,
120 min contact time, and 0.04 mg/L DCF initial
concentration are the optimal conditions for maximum
removal. Kinetic studies demonstrated rapid uptake, which
was well represented by pseudo-second-order model. The
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