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In this study, the removal of reactive blue 19 dyestuffs in agueous systems was investigated by the adsorption
method using activated carbon obtained from pumpkin seed waste. Activated carbon obtained from pumpkin seed
waste functionalized with ZnCl, was used as an absorbent. Pumpkin seed hydrochar was characterized by FT-IR,
SEM, TGA-DTA, BET, and XPS. In the experimental stages, the adsorption equilibrium time was determined as 45
minutes, the adsorbent dosage was 0.8 g and the optimum pH was 6.0. After this step, the adsorption parameters
of Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherms were investigated. It has been pointed out
that the adsorption process fits better with the Freundlich isotherm model, and the adhesion occurs in a multilay-
ered manner and on a heterogeneous surface. Freundlich and Dubinin-Radushkevich isotherms support that the
bonding mechanism is realized by physical interactions. When the kinetic data were evaluated, adsorption mech-
anism was found to be compatible with the pseudo-second-order kinetic model. The thermodynamic parameters
of adsorption indicate that the system is endothermic, and the adsorption of reactive blue 19 on activated carbon
is a spontaneous process.
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Introduction

Water is used extensively in textile, leather, paper, food,
printing, plastics, and many other dyestuffs industries
(Demiral et al., 2019; Kowalkowska and Jozwiak, 2019).
As a result, large amounts of colored wastewater are
produced. Depending on the dyeing technology used
and the type of materials to be dyed, 10% to 50% of the
dye used in the process remains in the post-production
wastewater (Paz et al.,, 2017). When dyes are dumped
directly into a landfill or a river, problems arise. Out-
lets turn into colored water, obstructing light penetra-
tion, reducing oxygen content, and destroying the river
ecosystem (Nandiyanto et al., 2021). Therefore, it is an
important environmental problem to remove the dyes
from wastewater. A large number of adsorbents are
used to remove dyestuffs from wastewater.

As a powerful adsorbent, activated carbon with a large
surface area has been used (AntimaKatiyar and Shar-
ma, 2014; Raji et al., 2023; Xing et al., 2023). In general,
activated carbon is a microporous solid, but it also con-
tains meso- and macropores, which are critical pores
in allowing adsorbate molecules to enter the interior
of carbon particles (Lashaki et al., 2023). However, the
regeneration and reuse of activated carbon are cost-
ly. To overcome these drawbacks/complications, re-
searchers must shift their focus to natural, renewable,
abundant, eco-friendly, and low-cost materials as al-
ternative adsorbents (Bozaci and Acarali, 2023).

Theoretically, any carbonaceous material rich in el-
emental carbon can be used to create activated car-
bon. There has been a lot of research done recently on
producing activated carbon from various precursors,
such as orange peels (Kaminska et al., 2021), peels of
bananas (Tripathy et al., 2021), walnut shells (Gao et
al,, 2017), coconut shells (Sujiono et al., 2022), lemon
peels (Ramutshatsha-Makhwedzha et al., 2022), and
cheery stones (Gonzalez-Dominguez et al., 2017).

Both physical and chemical activation processes can
be used to create activated carbon. The former in-
cludes first carbonizing the raw material (below 700°C),
and then carefully gasifying it in a stream (air or CO,)
of an oxidizing gas at higher temperatures (> 850°C)
(Zhou et al., 2018). The latter includes adding activat-
ing reagents to the raw material, such as phosphoric
acid (H,PO,) (Ziezio et al., 2020), sulfuric acid (H,S0,)
(Asaslan Kolur et al., 2019), zinc chloride (ZnCl,) (Li et
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al., 2020), potassium hydroxide (KOH) (Williams et al.,
2022), and potassium carbonate (K,CO,) (Khuong et al.,
2022). Compared with the physical activation method,
the chemical activation method has several advan-
tages. It necessitates shorter activation durations and
lower activation temperatures. High yields of activated
carbon with a significant surface area and well-devel-
oped microporosity can be produced in only one step
(Yorgun and Yildiz, 2015). The most popular adsorbent
for the removal of dyestuff from wastewater is activat-
ed carbon, which is produced by utilizing ZnCl, since it
has a superior high surface area and high adsorption
capacity for organic compounds (Zhang et al., 2022).

This study looked at the adsorption method for re-
moving reactive blue 19 (RB 19) dyestuff from water
solutions using activated carbon made from pumpkin
seed waste. As an absorbent, pumpkin seed-derived
activated carbon that had been treated with ZnCl, was
employed. The effects of variables including adsorption
time, absorbent amount, pH variation, and tempera-
ture on adsorption were each examined in experimen-
tal experiments.

Materials and Methods

Materials

Reactive blue 19 (anthraquinone dye), zinc chloride
(ZnCl,, reagent grade, = 98%), hydrochloric acid (HCl,
ACS reagent, 37%), sodium hydroxide (NaOH, reagent
grade, > 98%, pellets, anhydrous), and silver nitrate
(AgNO,, ACS reagent, = 99.0%) were supplied from Sig-
ma-Aldrich (Taufkirchen, Germany) company. Activat-
ed carbon used as an adsorbent in adsorption studies
was synthesized in the laboratory. All other chemicals
are of analytical grade and the conductivity of pure wa-
ter used in adsorption experiments is 18.2 MQ.cm.

Preparation of activated carbon from pumpkin
seed waste

Pumpkin seed waste was dried in an oven at 105°C for
24 h. Dried wastes were obtained to have a size of less
than 4 nm by using a mortar and sieve. The wastes tak-
en from here were mixed with ZnCl, at a ratio of 1:1 by
mass, and enough water was added and impregnated.
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After the samples taken from here were dried in an oven
at 105°C for 24 h, they were subjected to chemical acti-
vation for 60 min at a maximum temperature of 500°C
(heating rate of 10°C/min) in three zone heated furnac-
es in a steel reactor. When the temperature of the oven
reached room temperature, the samples were taken and
washed first with 0.5 N HCl and then with distilled water.
Washing was continued until no chloride ions remained.
Silver nitrate test was performed to determine whether
chloride ions remained. After washing, activated carbon
was oven-dried at 105°C for 24 h, finely ground in agar
mortar, then sieved using a 35-mesh (500 ym) sieve and
stored in a desiccator for analysis.

Characterization studies

The scope of the characterization in this study, X-ray
photoelectron spectroscopy (XPS, PHI 5000 VersaP-
robe, USA) was performed to obtain chemical informa-
tion about the surface of the modified activated carbon.
Fourier transform infrared spectroscopy (FT-IR, Bruker
Vertex 70v, USA) was used to determine the chemical-
ly functional groups in the structure of activated car-
bon. Besides, the weight of the sample was monitored
against temperature or time with thermogravimet-
ric differential thermal analysis (TGA/DTA, Shimadzu
DTG-60H, Japan). While smanning electron Microscopy
(SEM, JEOL JSM-5600LV, France) was used to observe
the irregular surface of the material, the surface area
of the synthesized activated carbon was determined
by Brunauer-Emmett-Teller (BET, Nova 4200e Quan-
tachrome Instruments, USA) analysis.

Adsorption experiments

In the adsorption experiments, activated carbon (mod-
ified with ZnCl,) obtained from pumpkin seed waste
was used as an adsorbent and the RB 19 was removed
from aqueous systems. To optimize the optimum in-
teraction conditions between adsorbent and adsorbate,
different interaction times, adsorbent amounts, and pH
values were studied.

First of all, the dye solution at a concentration of
1000 mg/L was prepared as a stock, and the dye
solutions prepared from this stock were used in all
adsorption experiments. To determine the optimum
interaction time, 0.1 g of activated carbon was added
to the dye solution (250 mL) prepared at a concen-
tration of 80 mg/L and placed in a magnetic stirrer
(WN-10H-120, Weightlab Instruments) with a heating
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function (400 rpm, 25°C). Samples were taken (2 mL)
from the mixture at 15 different times in the period
from the first min to the 180" min after the interaction
started. These samples were centrifuged (NF 800R,
Nive) at 2000 rpm for 3 min. After centrifugation, the
absorbance values of the upper liquid phase were
read with a UV-VIS spectrophotometer (UV mini-1240
UV-Visible Spectrophotometer, Shimadzu) at 594 nm
wavelength and the remaining dyestuff concentration
in the medium was determined.

Afterward, eight samples were prepared in different
glass erlenmeyer flasks from 100 mL of dye solution
at a concentration of 80 mg/L. Different amounts of
activated carbon (50-1200 mg) were added to each of
these dye solutions separately. These mixtures were
mixed at 400 rpm (at 35°C) for 45 min to determine the
optimum amount of activated carbon. After the inter-
action was completed, 2 mL samples were taken from
each flask and centrifuged at 2000 rpm for 3 min to
determine the remaining amount of dye in the samples
with the UV-VIS spectrophotometer (594 nm).

In the experiment in which the effect of pH value on ad-
sorption was investigated, seven different 100 mL dye
solutions (80 mg/L) were prepared from the stock solu-
tion. The equilibrium temperatures of these solutions,
which were taken on the magnetic stirrer with the heating
function, were fixed at 35°C and their pH values were ad-
justed between 2.0 and 8.0 so that each of them reached
a different integer value. 0.8 g of adsorbent was added
to each solution and subjected to interaction at 400 rpm
for 45 min. Then, as in the previous applications, 2 mL
samples were taken from each mixture and centrifuged.
The remaining dye amounts were analyzed spectroscop-
ically and the optimum pH value was determined for the
adsorption interaction.

The amount of dye adsorbed per unit activated carbon
(mg/g) and as a percentage (%) was obtained as follows.

_ (Co=CelV
m

Je M

Adsorption (%) = CO;—CE x100 )

0

Where: C - the starting concentration of dye in solution
(mg/L); C, - final dye concentration in solution (mg/L);
V — the volume of the solution (L); m - the weight of
activated carbon (g).



Isotherm and kinetic studies

Dye removal was investigated under optimum condi-
tions for adsorption isotherm-kinetic models and ther-
modynamic parameters. In parallel with this idea, the
adsorption parameters of Langmuir, Freundlich, Tem-
kin, and Dubinin-Radushkevich (D-R) isotherms were
calculated. The Langmuir isotherm assumes that there
are adsorbent points on the adsorbent surface. It ex-
plains that the resulting layer can be a single molecule
layer, assuming that each adsorbing spot adsorbs a
single molecule. According to the Freundlich approach,
the adsorption areas on the adsorbent surface are seen
as heterogeneous. In other words, the adsorption ar-
eas consist of different adsorption areas. The Temkin
model clearly reveals the adsorbate-adsorbent inter-
action. It predicts that the heat of adsorption (temper-
ature function) of all molecules in the layer, regardless
of very low and very high concentration data, will de-
crease linearly rather than logarithmically as the sur-
face wraps. Besides, the average adsorption energy
(E) from the D-R isotherm provides information on the
chemical and physical properties of adsorption. The
D-R isotherm takes a more inclusive approach than
the Langmuir isotherm, as it does not rely on a homo-
geneous surface and a constant adsorption potential.
All isotherms and their equations examined within the
scope of the study are given in Table 1.

In experimental applications, adsorption was worked
at three different temperatures as 25°C, 35°C, and 45°C,
respectively. Five dye solutions (100 mL) of 10 mg/L,
20 mg/L, 40 mg/L, 60 mg/L, and 80 mg/L were ob-
tained by dilution from the stock. These solutions were
placed in the magnetic stirrer with the heating function
and the stirrer speed was adjusted to 400 rpm. After
the solution temperature reached equilibrium, the pH
values of the solutions were adjusted to 6.0, and 0.8 g
of adsorbent was added to each of the solutions. After
45 min of interaction, 2 mL of liquid was taken from
the medium and centrifuged at 2000 rpm for 3 min. In
the last step, the samples were analyzed in the UV-VIS
spectrophotometer at a wavelength of 594 nm. Thus,
the remaining dyestuff concentration in the sample
was calculated.

In addition, 50 mL of 80 mg/L dye solution was used for
the kinetic study. The temperature was set at 25°C and
the solution was left on the magnetic stirrer at 400 rpm.
The temperature was allowed to reach the equilibrium
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Table 1. [sotherm models and equations

Isotherm .
Model Equation

C 1 1
Ce 1 - 7)
Je dm * Ce + KLdm
C. - adsorbate concentration at equilibrium

5 | (mg/L);

£ g. — amount of adsorbate adsorbed per gram

C . .

© adsorbent at equilibrium (mg/g);

g, — Maximum single-layer adsorption capacity
(mg/9g);
K, -Langmuir isotherm constant (L/mg).

logg, = logK + ~logC, ®

C. - adsorbate concentration at equilibrium
(mg/L);

g, — amount of adsorbate adsorbed per gram ad-
sorbent at equilibrium (mg/g);

K — Freundlich constant, adsorption capacity (L/mg);
N — adsorption intensity (density).

Freundlich

de = BlnKp + BInC, &)

R
B= 10
b (10

C. — equilibrium concentration (mg/L);

K; — Coupling constant at equilibrium (L/g);
B — Temkin isotherm constant (L/mag);

R - universal gas constant (8.314 J/mol K);
T - temperature (K);

B — constant depending on the heat of adsorption
(J/mol).

Temkin

Inge = Ingy, — kD—R“:2 (11)

& =RTIn(1+ ) (12)

E=(2kp_p)? (13)
E - Polanyi potential;

g. — the amount of adsorbate retained per unit
weight of the adsorbent (mg/g);

g,, — maximum adsorption capacity (mg/g);

C, — equilibrium concentration (mg/L);

R - universal gas constant (8.314 J/mol K);

T — temperature (K);

ko.r — D-R isotherm constant;

E - average adsorption energy.

Dubinin-Radushkevich

temperature and after the pH of the solution was ad-
justed to 6.0, activated carbon (0.8 g) was added to the
solution. After 1, 3,5, 7, 9, 15, 20, 30, 40, 60, and 75 min
after the interaction started, a 2 mL sample was tak-
en from the mixture and centrifuged (2000 rpm, 3 min).
The amount of dye remaining in the samples was again
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determined spectrophotometrically. This study was re-
peated for the temperature values at 35°C and 45°C.
For the kinetic investigation of the adsorption interac-
tion, pseudo-first-order, pseudo-second-order, and in-
traparticle diffusion model were studied. The equations
of these models are presented in Table 2. In addition,
adsorption parameters (AH°, AS°, and AG®) were cal-
culated to determine the adsorption thermodynamics.

AG® = AH® — TAS® @)

Where: AG° - standard Gibbs free energy change, kJ/mol;
AHe — standard enthalpy change, kJ/mol; AS° - stand-
ard entropy change, kJ/mol K; T - absolute tempera-
ture, K; R - ideal gas constant, 8.314 kJ/mol K.

Table 2. Kinetic models and equations

Kinetic

Models Equations
log(qe — q¢ ) = log(qe) — so*t (4
g q. — the amount of adsorbate adsorbed per
S gram of adsorbent at equilibrium (mg/g);
2 g, — the amount of adsorbate adsorbed
1: per gram of adsorbent at any one time
& (mg/9);
k, — Rate constant (1/min);
t — Contact time (min).
t 1 t
Wt "
5 g. — The amount of adsorbate adsorbed
-g per gram of adsorbent at equilibrium
2 (mg/g);
§ g, - The amount of adsorbate adsorbed
-§ per gram of adsorbent at any one time
& (mg/qg);
k, — Rate constant (1/min);
t — Contact time (min).
G =kig *t: + C (16)
< g, — The amount of substance adsorbed
i at the end of t time (mg/9g);
S k- Intraparticle diffusion rate constant
s (mg/g min'?);
g t — Adsorption time (min);
E C - Constant related to the boundary

layer thickness formed between
adsorbent and adsorbate (mg/g).
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To find the Gibbs free energy of the adsorption process
at a certain temperature;
C

Ke=¢0 )

Where: K. — equilibrium constant of adsorption; C, - the
amountofsubstanceretainedintheunitmassoftheadsor-
bent (mg/g); C, — adsorbate concentration remaining in
solution after adsorption (mg/L).

Using the above-mentioned equation, K. is placed in
the following equation to obtain the standard Gibbs free
energy for adsorption:

AG® = —R T InK, (5)

Using the equation below, the slope of the line created
by plotting the InK, value according to the 1/T value
gives AH® and the intersection point gives AS®.

— ®)

Results and Discussion

Characterizations

The XPS analysis spectrum of activated carbon ob-
tained from pumpkin seed waste functionalized with
ZnCl, is given in Fig. 1. It can be seen in the XPS spec-
trum of the sample that it contains mostly carbon ele-
ments in the structure with a binding energy of about
285 eV. In the spectrum, there are also peaks belonging
to Zn and Cl atoms in very small proportions. The prob-
able cause of these peaks may be related to residues
left after treatment of the sample with ZnCL,.

The FT-IR spectrum of activated carbon modified us-
ing ZnCl, before and after RB 19 adsorption is shown
in Fig. 2. The broad band observed in the range of
3500-3000 cm™' in the spectrum of activated carbon
before the adsorption process belongs to the stretch-
ing vibration peak of the (0-H) group caused by phenol,
alcohol, and absorbed water (Fig. 2a). The absorption
peak observed at 2923 cm™' belongs to the asymmet-
ric vibration of the (-C-H) group. The absorption peak
observed around 2360 cm™' indicates acetylene vi-
bration. The peak at 1580 cm™' is due to bands of C=C



stretching vibrations of highly conju-
gated carbonyls in the aromatic ring.
It is thought that the peaks are seen at
1190 cm™ and 1040 cm™ correspond
to the stretching vibration of C-0 in
the structure of activated carbon. The
obtained peaks show that the synthe-
sis of activated carbon from pumpkin
seed waste is successful and is com-
patible with the literature (Nurfatimah,
2018; Al-Layla and Fadhil, 2022).

The FT-IR spectrum of activated car-
bon after dye adsorption is shown in
Fig. 2b. The intense peak between
3350-3650 cm™ is due to the stretch-
ing vibration of the hydroxyl group.
C-H stretching peak was observed at
2950 cm™'. The weak band at 1600 cm™!
corresponds to the aromatic stretch
of the C=C group. The stretching of
C=C in aromatic compounds causes
an increase in intermolecular charge
transfer between donor and acceptor
electrons. The peak at 1480 cm™' is
due to the bending of the C-H group.
It is estimated that the vibration at
1090 cm™' is due to the S=0 stretching
in the sulfonate groups in the dye. The
obtained peaks confirm the success-
ful adsorption of RB 19 with activated
carbon obtained from pumpkin seed
waste (Nurfatimah, 2018; Al-Layla and
Fadhil, 2022; Jeyaram et al., 2021).

As can be seen from the TG/DTA curves
of the synthesized activated carbon,
there are two-stage mass losses with
temperature (Fig. 3). A weight loss of
8.5% was observed in the first region
at approximately 100°C and a weight
loss of 64.2% in the second region at
463°C and later. It can be noticed from
the TG/DTA curves that approximately
30% of the sample remains. In order
to improve the elimination of vola-
tiles like H, and O, from the carbon
matrix, ZnCl, works as a dehydrating
agent. Since it is extremely soluble in

Environmental Research, Engineering and Management

2024/80/1

Fig. 1. XPS analysis spectrum of activated carbon from pumpkin seed waste treated

with ZnCl,
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Fig. 2. FT-IR spectrum of activated carbon before (a) and after (b) dye adsorption
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Fig. 3. DTA/TGA analysis of activated carbon from pumpkin seed waste functionalized with ZnCl,
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water, the elimination of water and volatile compounds
is accelerated. Because ZnCl, breaks down aromatic
and aliphatic chains, it can hasten the evaporation of
volatiles in high concentrations (Zubir and Zaini, 2020).
Weight loss at low temperatures is related to the loss
of physically adsorbed water and volatile components.
In the studies, material losses occurring in the tem-
perature range of 280-400°C and 140-900°C were
attributed to the degradation of cellulose and lignin
(Zhu et al., 2016).

SEM images of activated carbon obtained from pump-
kin seed waste before and after adsorption are given in
Fig. 4, respectively. When the figures are examined,
physical differences can be seen. While there was a
more bulky image before adsorption, a more fragment-
ed image was noticed after adsorption. Besides, ac-
cording to the results of BET analysis, the surface area
of activated carbon modified with ZnCl, obtained from
pumpkin seed waste was determined as 69.7 m?/g.
This value makes it logical that RB 19 is effectively ad-
sorbed by activated carbon from pumpkin seed waste.

Fig. 4. SEM images of activated carbon before (a) and after (b)
adsorption
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Adsorption experiments

The graph obtained as a result of the study to deter-
mine the optimum interaction time is given in Fig. 5.
When the graph was examined, it was observed that
the amount of RB 19 adsorbed by activated carbon
increased with the interaction time in the first 45 min.
After the 45" min, there was no significant increase.
This is because, after this minute, the active sites of
the activated carbon that adsorb dye are completely
saturated with the adsorbate molecules.

Experimental studies were carried out with different
amounts of activated carbon and the resulting graph is
presented in Fig. é. First of all, an increase in adsorption
was determined in direct proportion to the increase in
the amount of adsorbent. It was observed that in the
amount of 0.8 g activated carbon, the graph reached the
maximum point, and in the amounts of 1.0 and 1.2 g ad-
sorbent, there were slight decreases in the percentage
of adsorption compared with the study using 0.8 g ac-
tivated carbon. Probably the reason for these decreas-
es may be that in the presence of more than 0.8 g of
activated carbon, the adsorbent molecules interact not
only with the dye but also with each other and prevent
dye adsorption to some extent (Gorzin and Abadi, 2018).

In the adsorption study performed at different pH val-
ues, it was noticed that the adsorption amount was
lower at low pH points, and the adsorption percent-
age increased in the slightly acidic-neutral pH region
(Fig. 7). The optimum value was determined as 6.0,
especially for the adsorption interaction reaching the
highest amount at this point. This pH value is estimat-
ed as the grade where the loaded groups in the adsor-
bent and adsorbate interact most comfortably.

When literature is searched on the removal of RB 19
from aqueous media, a study in which rice straw fly ash
is used as an addsorbant draws attention (El-Bindary
et al,, 2016). In this study, a removal percentage of over
85% was reported in highly acidic conditions at a 60-min
interaction time. In another study, RB 19 was removed
from aqueous solutions over pomegranate residu-
al-based activated carbon and a removal rate of 98.7%
was achieved (Radaei et al., 2014). Besides, success-
ful results were obtained in removing RB 19 from the
agueous environment by using pomegranate seed pow-
der as an adsorbent. In addition, by using pomegranate
seed powder as an adsorbent, successful results were
obtained in the removal of RB 19 from the aqueous
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Fig. 5. Adsorption study with different interaction times (V - 250 mL,
C,-80mg/L, m-0.1g, T-298K)
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environment under optimum adsorption conditions, and
removal efficiency from 87% to 100% was achieved de-
pending on the dye concentration (Dehvari et al., 2016).
In a recent study in which hydrogel was used as an ad-
sorbent, 80% of RB 19 was removed from the aqueous
medium with a kind of Guar gum-based polymer (Matho
and Mishra, 2022). As it can be seen from these results,
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the approximately 89% removal rate of RB 19 we ob-
tained in our study is comparable to the literature.

Isotherm studies

To examine the isotherm of the adsorption interaction,
experiments were performed at three different tempera-
tures and five different adsorbate concentrations, and the
results are given in Table 3. Based on these data and us-
ing the equations in Table 1, all parameters of Langmuir,
Freundlich, Temkin, and D-R isotherm models were cal-
culated and presented in Table 4. (All isotherm graphs
are provided in the Supplementary Information-Sl)

In the graphs drawn to calculate the Langmuir isotherm
constants, the correlation factor of RB 19 adsorption on
activated carbon at 298 K, 308 K, and 318 K was found
to be R? = 0.8656, R? = 0.7406 and R? = 0.6963, respec-
tively (SI-Fig. ). The curves were drawn to calculate the
Freundlich isotherm constants under the same condi-
tions, and the correlation factors were calculated at 298
K (R? = 0.9902), 308 K (R? = 0.9631), and 318 K (R? =
0.9481) (SI-Fig. 2). In line with these results, since the
correlation factor (R?) values obtained for the Freun-
dlich isotherm are higher than the Langmuir isotherm
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model, the adsorption of RB 19 on activated carbon is
more compatible with the Freundlich isotherm model.
Besides, Freundlich constant (adsorption capacity, K;)
values vary between 1.77-2.46 mg/g depending on the
working temperature range. It is concluded that the
interaction in the system is endothermic due to the K;
values increasing with the increase in temperature. For
the value of n, which is a constant that determines the
type of process, it turns out that the adsorption is line-
ar if n =1, the process is chemical adsorption if n < 1,
and the process is physical adsorption if n > 1. As it can
be seen in Table 4, the 1/n value is 0.5898, 0.5833, and
0.5562 at temperatures of 298 K, 308 K, and 318 K, re-
spectively. Thus, the n values in our experimental study
were calculated as 1.6956, 1.7143, and 1.7979 for all in-
vestigated temperatures. The n > 1 phenomenon is the
most common and may be caused by any factor that
causes the distribution of surface areas or the decrease
in adsorbent-adsorbate interaction with increasing sur-
face density. The n values calculated for the three differ-
ent temperature values studied show that the adsorp-
tion of RB 19 on the activated carbon occurs by physical
interaction (Alacabey, 2022a; Alacabey, 2022b).

Table 3. Adsorption data for RB 19 adsorption on activated carbon at different temperatures

Temperature (K) C, (mg/L) C. (mg/L)

10.00 0.47
20.00 1.72

298 40.00 4.92
60.00 9.64
80.00 11.87
10.00 0.31
20.00 1.66

308 40.00 3.91
60.00 7.42
80.00 8.67
10.00 0.22
20.00 1.51

318 40.00 3.30
60.00 6.02
80.00 7.55

q. (mg/g) C./q. (g/L) % Adsorption
1.19 0.39 95.31
2.29 0.75 91.43
4.39 1.12 87.70
6.30 1.53 83.94
8.52 1.39 85.16
1.21 0.26 96.88
229 0.73 91.68
4.51 0.87 90.22
6.57 113 87.64
8.92 0.97 89.16
1.22 0.18 97.79
2.31 0.65 92.47
4.59 0.72 91.75
6.75 0.89 89.97
9.06 0.83 90.56



Table 4. All adsorption parameters of adsorption interaction

Langmuir

T(K)

K, (L/mg) q,, (mg/g) R?
298 0.1652 11.3439 0.8656
308 0.1801 12.5841 0.7406
318 0.2086 12.9893 0.6963

Temkin

T (K)

b (kJ/mol) K; (L/mg) R?
298 1.1920 2.6082 0.8807
308 1.2296 3.6053 0.8184
318 1.3192 4.9837 0.7974

The Temkin isotherm model shows a linear decrease
in the heat of adsorption for all molecules. The b data
(1.192-1.319 kJ/mol) obtained as a result of this ex-
perimental study show the weak ionic interaction be-
tween the adsorbate and the adsorbent. This is proof
of the homogeneity in the binding energy of the mol-
ecules to the adsorbent, and it can be said that the
adsorption interaction is physical. At the same time,
the Freundlich and Langmuir isotherms are insuffi-
cient to explain the physical and chemical properties
of adsorption. The D-R isotherm is more general than
the Langmuir isotherm as it does not assume a ho-
mogeneous surface or a constant adsorption poten-
tial. The average adsorption energy E (kJ/mol) in the
D-R isotherm expresses the adsorption energy that
gives information about the chemical or physical prop-
erties of adsorption. Since the E value is < 8 kJ/mol,
it is concluded that adsorption is physical adsorption
(Alacabey, 2022b).

Kinetic calculations

To determine the kinetic mechanism of the adsorption
interaction, it was studied at three different tempera-
tures and eleven different interaction times, and the
data obtained are shared in Table 5. Graphs were ob-
tained for the pseudo-first-order kinetic model, pseu-
do-second-order kinetic model, and intraparticle dif-
fusion model calculated with the equations in Table 2
(SI-Fig. 5-7). The data obtained by using these graphs
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Freundlich
n 1/n K¢ (mg/g) R?
1.6956 0.5898 1.7701 0.9902
1.7143 0.5833 21194 0.9631
1.7979 0.5562 2.4603 0.9481
Dubinin-Radushkevich
q,, (mg/g) E (kJ/mol) R?
5.3427 1.5830 0.7469
5.3455 2.0854 0.6932
5.3778 2.5752 0.6770

are given in Table 6. When all these data are evaluated,
the correlation factor (R?) values for the kinetic models
are higher for the pseudo-second-order kinetic model,
and in addition, the q, ., values in this kinetic model
are in better agreement with the experimentally found
de @xp Values. Therefore, the adsorption system fits this
kinetic model.

Thermodynamic parameters

The thermodynamic parameters obtained with the help
of the graphs drawn by using the equations in Eq. 4,
Eq. 5, and Eqg. 6 are given in Table 7. When the table
is examined, it is seen that the AH® value is less than
40 kJ/mol. This result indicates that the adsorption is
physical (Kul et al., 2010). In addition, due to the pos-
itive AH® value, the adsorption of RB 19 dyestuff on
activated carbon was found to be endothermic (Depci
et al., 2011). Besides, the AS® value was calculated as
0.0749 kJ/mol. Positive values of entropy may be due
to some structural changes in the adsorbate and ad-
sorbent during the adsorption process in an aqueous
solution. Moreover, the positive value of AS® indicates
increased randomness at the solid-liquid interface dur-
ing the adsorption of RB 19 onto activated carbon. AG®
values for the adsorption of RB 19 on activated carbon
are negative and these values indicate that the adsorp-
tion is spontaneous. These values decrease with in-
creasing temperature and better adsorption is obtained
at higher temperatures (Caliskan et al., 2011).
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Table 5. Kinetic data of the adsorption of RB 19 dye on activated carbon

Temperature (K) t (min) C,(mg/L) C.(mg/L) q,(mg/g) q.(mg/g) t/q,((min g)/mg))

1 80 73.980 0.376 4.578 2.658

3 80 49.810 1.887 4578 1.590

5 80 44.380 2.226 4578 2.246

7 80 41.740 2.391 4578 2.927

10 80 37.380 2.664 4578 3.754

298 15 80 29.920 3.130 4578 4.792
25 80 22.530 3.592 4578 6.960

35 80 15.080 4.058 4578 8.626

45 80 7.700 4519 4578 9.959
60 80 7.270 4546 4578 13.200
75 80 6.750 4578 4578 16.382

1 80 72.240 0.485 4.829 2.062

3 80 49.700 1.894 4.829 1.584

5 80 40.200 2.488 4.829 2.010

7 80 37.050 2.684 4.829 2.608

10 80 34.100 2.869 4.829 3.486

308 15 80 26.070 3.371 4.829 4.450
25 80 18.310 3.856 4.829 6.484

35 80 12.830 4198 4.829 8.337

45 80 6.980 4564 4.829 9.860
60 80 2.660 4.834 4.829 12.413
75 80 2.740 4.829 4.829 15.532

1 80 72.110 0.493 4.884 2.028

3 80 49590 1.901 4.884 1.578

5 80 38.090 2.619 4.884 1.909

7 80 33.940 2.879 4.884 2.432

10 80 27.640 3.273 4.884 3.056

318 15 80 21.380 3.664 4.884 4.094

25 80 10.690 4.332 4.884 577

35 80 7.390 4538 4.884 7.712

45 80 4.020 4.749 4.884 9.476
60 80 1.850 4.884 4.884 12.284
75 80 1.860 4.884 4.884 15.357
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Table 6. Kinetic parameters of adsorption mechanism
298 K 308 K 318K
k, 0.0802 0.0548 0.0723
e (calo) 4.3418 3.5454 3.6542
Pseudo-first-order kinetic model
Qe o) 4.5781 4.8288 4.8838
R? 0.9450 0.9710 0.9860
k, 0.0637 0.0516 0.0423
Qe b 5.1635 5.3387 5.3810
Pseudo-second-order kinetic model
e (exp) 45781 4.8288 4.8838
R? 0.9920 0.9960 0.9970
ki 0.4928 0.5020 0.5059
Intraparticle diffusion model
R? 0.8950 0.8920 0.8390
Table 7. Thermodynamic parameters of adsorption interaction
T (K) InK?° AH° (kJ/mol) AS° (kJ/mol) AG° (kj/mol)
298 0.6370 -1.5782
308 0.9163 20.7502 0.0749 -2.346
318 1.1636 -3.076
Conclusions

In this study, reactive blue 19 dye removal from the
agueous solution with activated carbon obtained from
pumpkin seed waste was studied. For this purpose, ex-
perimental studies were carried out with different initial
concentrations at 25°C, 35°C, and 45°C temperatures and
optimum pH, respectively, and the results of the exper-
iments were applied to Langmuir, Freundlich, Temkin,
and Dubinin-Radushkevich (D-R) isotherms. At the same
time, the thermodynamic parameters of the adsorption
interaction (AG®°, AH®, and AS°) were found and the re-
sults were interpreted. When we looked at the correla-
tion coefficient (R?) values, which helped us in comparing
the isotherm suitability of the adsorption study, it was
seen that these values ranged between 0.94 and 0.99 in
the Freundlich isotherm model and were higher than all
other models. This is explained by the assumption that
the adsorption process takes place on a heterogeneous
surface and the adhesion is multilayered. It has been de-
termined that the Freundlich constant (K;) takes values

between 1.7701 and 2.4603 mg/g and these values in-
crease with the increase in temperature, so our system
is endothermic. Due to the fact that the adsorption energy
(E) calculated using the D-R isotherm model is less than
8 kJ/mol, it was concluded that the binding mechanism
occurs through physical interactions. As a result of kinet-
ic studies, it was determined that the adsorption mecha-
nism complies with the pseudo-second-order adsorption
kinetics. AG®, AH®, and AS® parameters were found as
a result of thermodynamic calculations. A positive AH°
indicated that there was an endothermic adsorption. The
positive value of entropy (AS°®) indicates that the disor-
der of the molecules increases during adsorption. In this
study, it was determined that the values of AG®, decrease
with increasing temperature. The negative values of AG®
indicate that the adsorption takes place spontaneously.
When all our data are evaluated, it shows that activated
carbon produced from pumpkin seed waste hydrochar
can be used as a suitable adsorbent for RB 19 dye.
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