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salt form of diclofenac [9]. To decrease inflammation and 
relieve pain in arthritis and acute injuries, diclofenac is used 
such as in osteoarthritis, ankylosing spondylitis, and rheu-
matoid arthritis [10, 11]. It was predicted that 940 tons of 
diclofenac were consumed yearly worldwide [12], but it has 
ranked 13th among the best-selling generic drugs recently 
and reported its yearly consumption between 195 and 
940 mg per person in various countries [13].

The unusual pain reliever potential of DCF leads to its 
overuse to cure pain; therefore, this results in its unmoni-
tored release in water flows [14]. The releases of diclofenac 
emerge from the urine with its active metabolisms, unsuit-
able disposal as solid waste, pharmaceutical units, hospi-
tal effluents, domestic wastes, wastewaters from urban and 
industrial wastewater treatment factories [14, 15]. Diclof-
enac enters surface waters from wastewater treatment plants 
after treatment, and it is mainly detected in freshwater bodies 
[16]. Many studies have been implemented for potentially 
deleterious effects of diclofenac on aquatic environment 

1 Introduction

All over world, non-steroidal anti-inflammatory drugs 
(NSAIDs) have been extensively utilized in pharmaceutical 
industry but listed in emerging pollutant catalogue because 
of their adverse effects on the human health and environ-
ment [1–6]. One of NSAIDs is sodium diclofenac (DCF), 
which is o-(2,6-dichlorophenylamino)-phenyl acetic acid 
sodium salt [5, 7, 8]. Potassium diclofenac also is the other 
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Abstract
The uncontrolled release of waste diclofenac with low biodegradability is considered to be a potential threat for the 
environment and creatures. To find effective solution for this issue, this study reports the adsorption performance of 
diclofenac sodium salt (DCF) by using activated carbon (EHAC) obtained from einkorn (Triticum monococcum L.) husk 
in aqueous solution under various circumstances. It was found that DCF adsorption on EHAC was highly solution pH 
dependent, and DCF adsorption by EHAC decreased with increasing adsorption temperature. Equilibrium data showed that 
fitted isotherm model with the experiment results of DCF adsorption on EHAC followed the order of Langmuir > Tem-
kin > Freundlich > Dubinin-Radushkevich. Adsorption capacity of EHAC for DCF adsorption in aqueous solution was 
calculated to be 147.06 mg/g at 25 °C. The adsorption kinetic of DCF adsorption on EHAC was determined to obey 
the pseudo-second-order kinetic model. By utilizing FTIR and pH data obtained from DCF adsorption on EHAC, DCF 
adsorption mechanisms with some interactions such as π-π stacking, electrostatic interactions, and hydrogen bonding were 
suggested at diverse pH values. Additionally, intraparticle diffusion model was applied to kinetic results to further recog-
nize the kinetic mechanism of DCF adsorption on EHAC. Furthermore, thermodynamic parameters for DCF adsorption 
on EHAC were calculated and evaluated, in which DCF adsorption process by EHAC was determined to be exothermic, 
spontaneous, and feasible.
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[17–22]. Diclofenac with low biodegrability is considered 
as a high-risk molecule in water bodies [22].

There are various studies to assess the risky effects of 
diclofenac in marine species; in which these species have 
diverse sensitivities to diclofenac, depending on exposure 
time and variety of species, but the more studies are needed 
to evaluate the unknown potential risks on marine species 
[23]. The uncontrolled release of waste diclofenac may 
have potential adverse effects not only for aquatic species 
but also for human beings directly by drinking tap water 
and indirectly by eating diclofenac exposure species. In var-
ious countries, such as, Spain, Sweden, Japan, and France, 
diclofenac was detected in drinking water [24]. Other than 
these, waste diclofenac may have hazardous effects in soil-
related environmental compartments and biota. Diclofenac 
was detected in the surface soil at irrigated areas and around 
treatment factories in various countries, such as Spain [25] 
and Pakistan [26]. Thus, the long-term presence of diclof-
enac in water bodies should be reduced and removed by 
appropriate methods.

The determination of appropriate techniques is crucial 
to develop efficient process for diclofenac removal from 
aqueous solution. There are various water treatment tech-
niques; physical processes: such as reverse osmosis [27], 
adsorption [28], and membrane filtration [29], chemical 
processes: such as ion exchange [29], chemical precipita-
tion [29, 30], coagulation-flocculation [31], electrocoagula-
tion [32], biological processes: such as activated sludge [33] 
and anaerobic process [34]. These techniques possess their 
own disadvantages and advantages in terms of cost, appli-
cability, efficiency, simplicity, toxic byproducts, operability, 
environmental effect, and other factors [35, 36].

One of the most widely applied techniques for efficient 
pollutant removal from aqueous solution is adsorption 
because of low cost, simple operation, environmental-
friendly, and high efficiency [37–42]. At the adsorption 
processes for pollutant removals from aqueous solutions, 
activated carbon is extensively utilized as an adsorbent 
owing to its great surface area, adjustable porous structure, 
various functional groups, and strong adsorption capacity 
[43, 44]. Also, diverse chemical activating reagents such as 
H3PO4, NaOH, KOH, and ZnCl2 are used to improve the 
surface properties and the porous structures of activated 
carbons [43]. In recent years, waste biomasses such as ripe 
black locust seed pods [27], soybean oil cake [45], waste 
tea [46], sugarcane bagasse [47], orange peels [48], walnut 
shell [49], etc. have been taken great attention as raw mate-
rials to obtain activated carbons. Einkorn (T. monococcum 
L.) is one kind of cereals whose cultivation was started by 
ancient people in southeastern Türkiye 10,000–12,000 years 
ago [50]. There is a rising interest in einkorn cultivation due 
to its nutritionally rich content, such as protein, carotenoid, 

tocol, lipid, mineral, etc., and resistance to diseases [51, 52]. 
Before einkorn is milled to flour for consumption, it is nec-
essary to dehusk the grain. Husks account for almost half 
of the harvest by weight, and their usage areas are limited. 
Therefore, it would be appropriate to use a starting material 
of activated carbon for adsorption processes.

The aim of this study was to evaluate the adsorption per-
formance of diclofenac sodium by activated carbon (EHAC) 
obtained from einkorn (Triticum monococcum L.) husk. The 
factors, affecting adsorption performance, such as pH, con-
tact time, initial dye concentration, and adsorbent dosage 
were analyzed with data obtained from batch adsorption 
experiments. Based on the experimental data, kinetic stud-
ies, adsorption isotherms, and thermodynamic studies were 
carried out. In addition, the adsorption mechanism of DCF 
at various pH values on activated carbon obtained from ein-
korn husk was explained by utilizing FTIR and pH data.

2 Materials and methods

2.1 Materials

Einkorn husk used was obtained from central Anatolia 
region in Türkiye. DCF (C14H10Cl2NNaO2, purity ≥ 98%, 
318.13 g/mol) and ZnCl2 were supplied by Merck. HCl (37 
wt%), KNO3, and KOH were acquired from Sigma-Aldrich. 
All reagents used are analytical grade.

2.2 Preparation of adsorbent

As described in the paper [53], activated carbon was pre-
pared from einkorn (Triticum monococcum L.) husk with 
starting material/ZnCl2 ratio of 1/2 at 500 ℃ for an hour. 
Briefly, 10 g dried einkorn husks and 50 ml ZnCl2 solution 
(20 g) were mixed, heated under reflux for an hour at boiling 
temperature. Then, the mixture was waited in an incubator 
(Binder ED 115) at 105 °C for 24 h. By using a crucible 
with lid, dried mixture was carbonized in a muffle furnace 
(Daihan Scientific FX-14) at 500 ℃ for an hour. After that, 
EHAC obtained was treated with 0.1 N HCl, washed with 
distilled water, and dried in the incubator at 60 ℃.

2.3 Batch adsorption experiments

By utilizing Batch sorption technique [54], DCF adsorption 
experiments by EHAC were executed in a series of 100 mL 
glass Erlenmeyer flasks with lids. 1 g/L stock solution of DCF 
was used for the preparation of 10 − 50 mg/L DCF solutions 
by doing dilution with double-distilled water. By preparing 
EHAC concentrations from 2.5 − 30 mg/50mL, adsorbent 
dosage effect was studied in various DCF concentrations 
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(10–50 mg/L). Each prepared solutions with the desired 
concentrations of EHAC and DCF were placed into a shak-
ing water bath with temperature control (WiseBath). To mix 
EHAC with DCF, these solutions were shaken at 160 rpm 
under 25 ℃ till reaching adsorption equilibrium. Then, they 
were centrifuged in a centrifugal instrument (LC-04 A) for 
15 min at 4000 rpm to separate supernatants from EHAC. 
The DCF amounts adsorbed by EHAC in supernatant solu-
tions were determined spectrophotometrically using UV-
vis spectrophotometer (Mecasys Optizen POP Series) at 
272 nm. All measurements in adsorption experiments were 
repeated at least three times, and the presented results are 
given as the average value.

The experiments performed to investigate the initial DCF 
concentration, and the effect of were done at 25, 35, and 
45 °C by holding EHAC concentration at constant value 
(15 mg/50L).

The percentage of removal efficiency and the amount 
of DCF adsorbed by EHAC, qe (mg/g), were calculated by 
using following equations [55].

Removal efficiency (%) =
(C0 − Ce)

C0
× 100 (1)

qe =
(C0 − Ce)

w
× V  (2)

where qe (mg/g) is the amount of DCF adsorbed at equi-
librium. qt (mg/g) is the amount of adsorption at time t. C0 
symbolizes the initial DCF concentration (mg/L) while Ce 
is DCF equilibrium concentration (mg/L). Also, V is solu-
tion volume (L), and w is EHAC mass (g).

Also, the experiments performed to investigate the 
contact time at their original pHs were carried out by 

utilizing various initial DCF concentrations of 10 − 50 mg/L 
at 25 °C by holding AHCS concentration at constant value 
(15 mg/50L) for 180 min.

A benchtop pH meter (Orion Star™ A211) and Fourier 
transform infrared spectrometer (Bruker Vertex 70) were 
used for the characterization of adsorption mechanism. 
According to the procedure [56], the point of zero charge of 
EHAC had been measured in the recently published paper 
[53]. Briefly, 0.1 N 50 mL KNO3 solutions were prepared in 
each Erlenmeyer flask with lid, and their pH values were set 
from 2 to 12 by utilizing 0.1 N solutions of HCl or NaOH. 
0.1 g EHAC was added into each one, and these were stirred 
at 150 rpm for 48 h. Then, the final pH values were mea-
sured to graph with the initial pH values.

3 Results and discussion

3.1 Effect of adsorbent dosage

EHAC dosage was varied from 2.5 to 30 mg/50mL for vari-
ous DCF concentrations from 10 to 50 mg/L. The adsor-
bent dosage effect on DCF removal efficiency by EHAC at 
25 °C is presented in Fig. 1. As expected, DCF removal per-
centage is increased with increasing EHAC dosage owing 
to the increase in surface area of EHAC, which provides 
more available EHAC surface area for free DCF ions in 
solution. The percentages of DCF removal are not changed 
significantly after EHAC dosage values of 15, 17.5, 20, 
22.5, and 25 mg/50 mL respectively for 10 through 50 mg/L 
DCF concentrations, because the amounts of DCF decrease 
excessively in solution. Also, as seen in Fig. 1, the separate 
applications of 15, 17.5, 20, 22.5, and 25 mg/50 mL EHAC 
dosages resulted in 95.30%, 94.50%, 94.93%, 94.61%, and 
94.55% DCF removals respectively for 10 through 50 mg/L 
DCF solutions.

3.2 Effect of initial DCF concentration and 
adsorption temperature

By varying the initial DCF concentration and adsorption 
temperature, their influences on DCF adsorption perfor-
mance on EHAC was studied by holding EHAC dosage 
concentration at constant value of 15 mg/50mL as depicted 
in Fig. 2. As expected, in Fig. 2(a), the percentage of DCF 
removal from the solution by EHAC decreases for all tem-
peratures when the initial DCF concentration increases in 
the solution. This is because the amount of EHAC is kept 
constant (15 mg/50mL), and the EHAC surface covered by 
DCF ions after saturation cannot find a binding surface for 
the free DCF ions remaining in the solution. While DCF 
removal percentages on adsorption equilibrium are between 

Fig. 1 Effect of adsorbent dosage on DCF adsorption under conditions: 
where DCF solution volume = 50 mL, agitation speed = 160 rpm, tem-
perature = 25 °C, contact time = 180 min, and pH value = original
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is used, the DCF removal percentage reduces from 95.30 to 
91.94 with increasing temperature from 25 to 45 °C. The 
same trends are seen for the other initial DCF concentra-
tions studied. Namely, decrease in temperature favors the 
DCF adsorption process with EHAC, indicating exother-
mic nature of DCF adsorption on EHAC. Decrease in DCF 

91.64 and 95.30 at all studied temperatures, they decrease 
to 75.05% and 77.00% when initial DCF concentration 
increases from 10 mg/L to 50 mg/L.

Figure 2(b) displays the effect of temperature on DCF 
adsorption by EHAC for various initial concentration values 
of 10 − 50 mg/L. When 10 mg/L initial DCF concentration 

Fig. 2 Effect of (a) initial 
DCF concentration and (b) 
adsorption temperature under 
conditions: where EHAC 
dosage = 15 mg/50mL, DCF 
solution volume = 50 mL, 
agitation speed = 160 rpm, 
contact time = 180 min, and pH 
value = original
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3.4 Effect of adsorption pH

Effect of pH on DCF adsorption on EHAC was studied by 
adjusting the pH values of solutions between 1.12 and 13.23 
because pH value has significant effects on adsorption pro-
cesses. By holding initial DCF concentration (20 mg/L) 
and EHAC dosage (12.5 mg/50mL) at constant values, pH 
values were measured with a benchtop pH meter at 25 °C. 
Figure 4 presents pH effect on DCF adsorption by EHAC 
under its set conditions. When the pH is increased from 1.12 
to 4.21, it is seen a small decrease in the removal percent-
age of DCF by EHAC from 95.27 to 91.10%. The point of 
zero charge of EHAC had been determined to be 7.33 as 
measured in the paper [53]. Below this pH of 7.33, EHAC 
surface is positively charged. Also, the pKa value of DCF 
is around 4.20, therefore DCF is at unionized form below 
4.20 and is negatively charged above 4.20 because of its 
ionization [58]. It is obvious that the attractions between 
positively charged EHAC and DCF molecules with union-
ized form at lower pH values (below 4.20) are stronger than 
those between negatively charged EHAC and negatively 
charged DCF ions at higher pH values (above 7.33). There-
fore, the removal percentage of DCF by EHAC is reduced 
more at higher pH values. When the pH is increased from 
4.21 to 9.16, the removal percentage of DCF by EHAC 
decreases from 91.10 to 90.80%. When pH value increases 
from 9.16 to 13.23, the removal percentage of DCF by 
EHAC decreases significantly from 90.80 to 54.12%.

adsorption with temperature increase may be due to higher 
Brownian movements of molecules, causing bond weaken-
ing between DCF ions and EHAC functional groups, and 
also higher temperature may bring about the breakings of 
intermolecular hydrogen bonds [57].

3.3 Effect of contact time

By utilizing various initial DCF concentrations of 
10 − 50 mg/L at 25 °C adsorption temperature, the effect of 
contact time on DCF adsorption by EHAC is illustrated in 
Fig. 3 at times between 0 and 180 min. The extent of DCF 
removal by EHAC increased when contact time increase for 
all initial DCF concentrations. DCF adsorptions by EHAC 
for all initial DCF concentrations used are rapid in contact 
time of 12 min. and then slow down with increasing contact 
time until reaching adsorption equilibriums. This phenom-
enon could be explained with high availability of vacant 
accessible sites on EHAC for DCF ions at initial periods 
of contact time, and after that, progressively occupations of 
DCF ions on EHAC until the adsorption equilibriums [55]. 
In Fig. 3, DCF removal percentages by EHAC were deter-
mined to be 85.02, 83.31, 76.18, 64.15, and 58.42 at 12th 
minute respectively for 10 through 50 mg/L initial DCF 
concentrations, while 95.30, 93.60, 91.35, 84.95, and 77.00 
at adsorption equilibrium of 180th minute.

Fig. 3 Effect of contact time 
under conditions: where EHAC 
dosage = 15 mg/50mL, DCF 
solution volume = 50 mL, 
temperature = 25 °C, agita-
tion speed = 160 rpm, and pH 
value = original
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[69], and Freundlich isotherm parameters of DCF adsorp-
tion on EHAC, given in Table 1, were computed from the 
slope and intercept of the graph presented in Fig. 5(b) plot-
ted ln Ce versus ln qe. Freundlich intensity constant (n) was 
calculated 2.309, which is lower than 10, meaning that 
DCF adsorption on EHAC is favorable [70]. Furthermore, 
Dubinin-Radushkevich isotherm model utilizes Gaussian 
energy distribution over heterogeneous surface [71], and 
Dubinin-Radushkevich isotherm parameters of DCF adsorp-
tion on EHAC, given in Table 1, were calculated from the 
slope and intercept of the graph given in Fig. 5(c) plotted 
ε2 versus ln qe. If the mean energy of sorption (E) is lower 
than 8 kJ/mol, adsorption type is explained by physisorp-
tion process [72]. As seen in Table 1, the mean energy of 
sorption for DCF adsorption on EHAC at 25 ℃ was calcu-
lated 1.758 kJ/mol, which is lower than 8 kJ/mol, meaning 
that DCF adsorption by EHAC is managed by physisorption 
process with weak physical attraction forces, such as van 
der Waals forces and hydrogen-bonding. Moreover, Temkin 
isotherm considers that the adsorption heat of all molecules 
in the layer diminishes linearly with coverage owing to the 
interactions between adsorbate and adsorbent [73], and 
Temkin isotherm parameters of DCF adsorption on EHAC, 
given in Table 1, were calculated from the intercept and 
slope of the graph given in Fig. 5(d) plotted ln Ce versus qe. 
The correlation coefficients of adsorption isotherms appear 
to be in the following order of Langmuir > Temkin > Freun-
dlich > Dubinin-Radushkevich, which displays Langmuir 

3.5 Adsorption isotherms

To describe the interaction mechanisms between DCF and 
EHAC when reaching equilibrium at constant tempera-
ture, the experimental equilibrium data were fitted with 
adsorption isotherm models such as Freundlich, Langmuir, 
Dubinin-Radushkevich, and Temkin. The formulates of 
these models utilized in this study are given in Table S1 
Langmuir isotherm presumes monolayer adsorption on 
uniform surface with no interactions between adsorbates 
[59]. The Langmuir isotherm parameters of DCF adsorp-
tion on EHAC were determined from the slope and inter-
cept of the graph illustrated in Fig. 5(a) plotted Ce versus 
Ce/qe, and its parameters at 25 ℃ are presented in Table 1. 
The maximum monolayer adsorption capacity for DCF 
adsorption on EHAC was calculated 147.06 mg/g, and the 
value of R2 was computed 0.999 displaying good fitting of 
Langmuir isotherm to the experimental data of DCF adsorp-
tion on EHAC. Also, Langmuir constant (KL) related to 
rate of adsorption was determined to be 0.589 L/mg, and 
the separation factor [60], the dimensionless equilibrium 
parameter (RL) was determined to be between 0 and 1, sug-
gesting favorable DCF adsorption on EHAC. The maximum 
adsorption capacities for DCF adsorption by various adsor-
bents are given in Table 2, in which it seems that the maxi-
mum DCF adsorption value of EHAC is not low compared 
to the others.

Freundlich isotherm presumes multilayer adsorption 
over heterogeneous surface with varied heat distribution 

Fig. 4 Effect of solution pH on 
DCF adsorption under con-
ditions: where EHAC dos-
age = 12.5 mg/50mL, initial 
DCF concentration = 20 mg/L, 
DCF solution volume = 50 
mL, agitation speed = 160 rpm, 
temperature = 25 °C, and contact 
time = 180 min
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applied to the kinetic experimental data of DCF adsorption 
on EHAC. While pseudo-first order model presumes that 
physisorption restricts particle adsorption rate on adsorbent, 
pseudo-second order model presumes that chemisorption 
is rate-restricting process [76]. Figure 6 displays the plots 
of pseudo-second order and pseudo-first order kinetics for 
DCF adsorption by EHAC, and their kinetic parameters 

isotherm is greatest fitted with the experimental data of DCF 
adsorption on EHAC.

3.6 Adsorption kinetics

Pseudo-second order [74] and pseudo-first order [75] 
kinetic models whose formulates given in Table S2 were 

Table 1 Parameters of isotherm models for DCF adsorption on EHAC at 25 ℃
Langmuir Freundlich

qmax(mg/g)
KL  (L/mg) R2 RL 1

/
n

KF

(mg/g)(L/mg)1/n
R2

147.06 0.589 0.999 0<RL <1 0.433 51.032 0.918
Dubinin-Radushkevich (D-R) Temkin

qd
 (mg/g) β (mol2/kJ2) E (kJ/mol) R2 AT  (L/g) BT  (J/mol) R2

108.884 1.619 × 10− 7 1.758 0.902 6.280 80.507 0.989

Fig. 5 (a) Langmuir, (b) Freundlich, (c) Dubinin-Raduskevich, and 
(d) Temkin isotherm plots of DCF adsorption by EHAC under con-
ditions: where EHAC dosage = 15 mg/50mL, DCF solution vol-

ume = 50 mL, temperature = 25 °C, contact time = 180 min, agitation 
speed = 160 rpm, and pH value = original
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are shown in Table 3. The experimental values (qe, exp) for 
the pseudo-first order model are quite different from the 
calculated values (qe), which indicates that the adsorption 
kinetics for DCF adsorption by EHAC do not follow the 
pseudo-first-order model. Also, R2 values (0.961 − 0.927) 
determined for pseudo-first order model are lower than R2 
values (0.999) determined for pseudo-second order model. 
The experimental values (qe, exp) for the pseudo-second 
order model are quite like the calculated values (qe), prov-
ing the adsorption kinetics for DCF adsorption by EHAC 
follow the pseudo-second order model. This suggests that 
DCF adsorption process rate onto EHAC is restricted by 
chemisorption.

3.7 Adsorption mechanism

Fourier transform infrared spectrometer was operated 
to detect the FTIR peaks of EHAC and DCF + EHAC. 
These peaks are given in Fig. 7. The peaks between 3330 
and 2887 cm− 1 represent − OH and − COOH groups [77]. 
This peak becomes more prominent in the EHAC + DCF 
spectrum, proving that it arises from the COOH groups of 
DCF molecules adsorbed on EHAC. The peaks at 2395 and 
2347 cm− 1 were assigned to amino groups [78]. Therefore, 
the peaks between 2395 and 2316 cm− 1 are another proof 
for DCF adsorption on EHAC, as seen in FTIR spectrum 
of EHAC + DCF compared to FTIR spectrum of EHAC. 
The broad peak at around 2100 cm− 1 may correspond to 
allene (C = C = C) group [79]. The peak around 1574 cm− 1 
is ascribed to C = O functional group, while C–O functional 
group is seen at 1046 and 1092 cm− 1 [80]. On the other 
hand, the band at 1580 cm− 1 is ascribed to C = C stretching 
vibration in quinones and aromatic rings [81]. Moreover, 
the peak at 1500 cm− 1 may be assigned to aromatic skel-
etal vibrations in EHAC. The peaks at 1444 and 1432 cm− 1 
might be assigned to O − H bending bands [79]. The broad 
band at ~ 1152 cm–1 corresponds C − O bonds in esters, 
acids, phenols, and ethers [79]. There are various bands in 
the region 900 –700 cm-1, which denotes out of plane C − H 
bending in aromatic structure [81, 82]. By considering the 
FTIR results, the solution pH, the pKa value of DCF, and 
the point of zero charge of EHAC, reasonable mechanisms 
for DCF adsorption on EHAC are illustrated at various pH 
values in Fig. 8. Detailed explanations about EHAC sur-
face charge and the charge of DCF at different pH values 
were given in the section of 3.4. Effect of adsorption pH. As 
shown in Fig. 8, it is possible to occur various interactions 
between DCF molecules/ions and EHAC particles at vari-
ous pH values, such as H-bonding, electrostatic attraction, 
electrostatic repulsion, π-π stacking.

Table 2 Maximum adsorption capacities of DCF using various adsor-
bents
Adsorbent qm (mg/g) References
Activated carbon (commercial) 83.00  [61]
AC from olive-waste cakes 56.20  [62]
AC from cocoa shell 63.47  [63]
Alginate/carbon films 29.90  [64]
AC form Sycamore balls 178.89  [65]
Expanded graphite 330.00  [66]
AC from Sugar cane bagasse 315.00  [58]
Nanoporous carbons from Argan nutshells 214.00  [67]
Graphene oxide nanosheets 128.74  [68]
AC from Einkorn husk 147.06 This work

Fig. 6 (a) Pseudo-first-order kinetics and (b) pseudo-second-order 
kinetics for DCF adsorption by EHAC under conditions: where EHAC 
dosage = 15 mg/50mL, DCF solution volume = 50 mL, tempera-
ture = 25 °C, agitation speed = 160 rpm, and pH value = original
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DCF molecules/ions from the bulk solution or the instanta-
neous DCF adsorption on EHAC exterior surface because 
of strong electrostatic attraction between EHAC and DCF. 
The second region is attributed to the intraparticle diffu-
sion of DCF molecules/ions through EHAC pores, which is 
called the rate-restricting stage [84]. In this rate-restricting 
step, DCF molecules/ions are diffused into the internal parts 
of EHAC particles after EHAC exterior surfaces are quickly 
saturated with DCF molecules/ions in the first region, which 
provides slower process in second region than first region. 
The third phase is the final equilibrium stage, in which DCF 
adsorption process by EHAC begins to reduce because of 
the high affinity of DCF adsorbed on EHAC surface [85]. 
As shown in Figure S1 (a-e), the linear lines do not pass 
through the origin, which proves that intraparticle diffusion 
is not the merely rate controlling-step in DCF adsorption 
process by EHAC [76]. Moreover, the intraparticle diffu-
sion model constants computed from the plots are shown 
in Table 4. The Kpi and Ci values for almost all initial con-
centrations at all three regions were determined to increase 
with increase in initial DCF concentration. The increasing 
initial DCF concentration in solution leads to higher driv-
ing force, thus higher DCF diffusion rate. Higher Ci value 
indicates higher boundary layer effect [85, 86]. The Ci val-
ues in Table 4 show that boundary layer effect becomes 
greater from first stage toward third stage for all initial 
concentrations.

3.8 Adsorption thermodynamics

The data obtained from temperature studies were applied to 
following Gibbs–Helmholtz and Van ‘t Hoff equations [57] 
to compute thermodynamic parameters, such as changes in 
entropy (ΔS, J/mol/K), enthalpy (ΔH, kJ/mol), and Gibbs 
free energy (ΔG, kJ/mol), and these calculated parameters 
were interpreted to describe thermodynamic behavior of 
DCF adsorption on EHAC.

∆G0 = −RTlnK  (5)

lnK =
∆S0

R
−

∆H0

RT
 (6)

The kinetic mechanism of DCF adsorption on EHAC was 
also studied by utilizing the intraparticle diffusion model 
[83] expressed by its formula below.

qt = Kpit
1/2 + Ci  (4)

where qt (mg/g) is the amount of adsorption at time t, Kpi 
(mg/g min1/2) symbolizes intraparticle diffusion model rate 
constant, Ci refers the intercept, and t denotes adsorption 
time (min).

Figure S1 (a-e) illustrates the intraparticle diffusion 
model plots for DCF adsorption on EHAC at 25 ℃ when 
using DFC initial concentration of 10 − 50 mg/L. In the plots 
of intraparticle diffusion model, three regions are observed. 
The sharp region in first 5 min is rapid DCF adsorption by 
EHAC, which is caused by the boundary layer diffusion of 

Table 3 Parameters of kinetic models for DCF adsorption on EHAC at 25 ℃
Co (mg/L) qe, exp (mg/g) Pseudo-first order Pseudo-second order

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2  (g/mg min) R2

10 31.77 5.95 0.034 0.961 31.91 0.027 0.999
20 62.40 16.99 0.039 0.947 62.85 0.010 0.999
30 91.33 34.54 0.044 0.967 92.68 0.005 0.999
40 113.27 52.24 0.038 0.942 115.74 0.002 0.999
50 128.33 56.07 0.036 0.927 130.72 0.002 0.999

Fig. 7 FTIR spectra of EHAC and EHAC + DCF
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for thermodynamic study experiments. Negative enthalpy 
values between − 24.645 and − 4.265 kJ/mol indicate that 
DCF adsorption on EHAC is exothermic. When increasing 
adsorption temperature, the negative ΔG values showing 
DCF adsorption onto EHAC to be spontaneous and feasible 
increase for all initial DCF concentrations. The noteworthy 
point here is that the increase in ΔG values is getting higher 
for each adsorption temperature while initial DCF concen-
tration in solution is increasing from 10 mg/L to 50 mg/L. 
This is because the increase of DCF ions/molecules in 
solution may interact more with each other’s, which might 
reduce the adsorption affinities between DCF and EHAC. 
Also, negative ΔS values between − 0.058 and − 0.004 kJ/

where K [(C0 –Ce)/Ce] symbolizes equilibrium constant 
[87]. T (K) and R represent the absolute temperature and 
the universal gas constant (8.314 kJ/mol), respectively. 
The thermodynamic parameter values calculated are pre-
sented with their conditions in Table 5. The thermodynamic 
parameter values were calculated by considering each ini-
tial concentration used in this study, separately, because 
the actual thermodynamic parameters depend on adsorp-
tion temperature and pH also as well as the relative con-
centration of adsorbate and adsorbent in solution, changing 
the equilibrium points. To reveal the initial DCF concen-
tration effect on thermodynamic parameters, EHAC con-
centrations in solutions were kept constant (15 mg/50mL) 

Fig. 8 Reasonable mechanisms for DCF adsorption on EHAC at various pH values
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147.06 mg/g. Adsorption kinetic data displayed that DCF 
adsorption on EHAC obeys the pseudo-second order model. 
Also, DCF adsorption mechanisms were proposed at vari-
ous pH values by using FTIR and pH data obtained from 
DCF adsorption on EHAC. Moreover, intraparticle diffu-
sion was not merely rate controlling step in DCF adsorption 
process by EHAC, and mostly higher DCF diffusion rate 
was observed when increasing initial DCF concentration 
in solution. In the thermodynamic studies, the negative ΔG 
values increase when increasing adsorption temperature for 
all initial DCF concentrations, and DCF adsorption process 
by EHAC was exothermic, spontaneous, and feasible.
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