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Abstract:

To remove Brown HT dye from water, an activated carbon model was prepared from a plant source resulting
from the waste of Al-Rashi factories Mosul, which was represented by Iraqi sesame husks that are produced in large
quantities from these factories. It was found that one ton produces a percentage of (200-250 kg) and is not utilized
due to the primitive method in the process of separating the husks.

The peels were burned after washing to the point of charring and treated with potassium hydroxide in a ratio
of (1:1) at a temperature of 600 + 50 °c for three hours. Then the resulting carbon material was taken and purified
from the base by several processes, and also sublimation with 0.05 hydrochloric acid for two hours, then the medium
was neutralized, and the carbon was dried and crushed. Its effectiveness was determined by measuring its ability to
adsorb iodine from its aqueous solution, which is known as the iodine number, which is a rapid measure of the in-
ternal surface area. In addition, the thermodynamic functions’ values for Brown HT dye adsorption were calculated.

This research included determining the optimum conditions for the adsorption process, by studying the factors
affecting the adsorption efficiency, which showed that the ideal weight of the prepared activated carbon is (0.25 g)
at a concentration of (7x10~° M) and that the reaction equilibrium time is (50 minutes).

The experimental data were applied to the Langmuir, Freundlich, and Temkin models at different temperatures
to use them in calculating the thermodynamic functions. The results of the study (through the values of AH, AS¢,
AG 9 showed that the adsorption system is of the physical endothermic type, that the adsorption process occurs
spontaneously, and that the adsorption system became more random due to the ionization of the dye, which is a salt
of sodium ions.

Keywords: Activated carbon, sesame husks, Brown HT dye, thermodynamic functions.
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Introduction:

Water pollution with dyes is con-
sidered one of the most dangerous
types of industrial pollution, which is
mainly caused by the discharge of in-
dustrial wastewater from textile facto-
ries. Industrial dyes contain complex
chemicals that are difficult to break
down naturally, which leads to their
accumulation in surface and ground-
water, causing negative effects on the
environment and public health, as they
hinder the process of photosynthesis in
aquatic plants by preventing the pene-
tration of light, and affect the oxygen
balance in the ecosystem. Some dyes
also contain toxic and carcinogenic
compounds, which increase their risks
to human health and living organisms
(Uddin, F, 2021).

Activated carbon is a carbonized
material with high porosity and high
surface area, and has many applica-
tions in the field of environment and
industry to remove, recover, separate
and modify various compounds in the
liquid and gaseous phases (Heidarine-
jad et al, 2020).

The use of carbon dates back to
(3750) BC, to reduce copper (Cu), zinc

(Zn) and tin (Sn) ores in the bronze in-
dustry by the Egyptians and Sumeri-
ans. In (157) AD, plant and animal car-
bonates were used to treat a wide range
of diseases (Pandey, R. et al, 2023).

(Al-Hyali, 2013) studied the ad-
sorption of diazolidinyl dyes on com-
mercial activated carbon. The results
showed that the Langmuir model and
Freundlich model were applicable to
adsorption. From a kinetic perspective,
it was found that the adsorption pro-
cess followed the pseudo-second-order
reaction model.

(Liu et al, 2018) also adsorbed the
azo dye Direct Red 23 on the surface of
tourmaline powder. The study showed
that the adsorption efficiency increased
at low pH, and the adsorption followed
the Langmuir and Freundlich models,
indicating that there were heteroge-
neous adsorption sites on the tourma-
line surface. The adsorption was of the
endothermic type. (Tunali et al, 2021)
were able to prepare a magnetic adsor-
bent based on magnetic montmorillon-
ite (MagMt) using the co-precipitation
method, which facilitates the separa-
tion process after adsorption.

The results showed that (MagMt)
achieved an adsorption efficiency of
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(98.60%) for Bismark Brown-Y (BB-
Y) dye at pH 4 and using 40 mg of
adsorbent, within 10 minutes. The ad-
sorption process was subjected to the
pseudo-second-order model and the
Langmuir model.

Also, (Hanoody et al, 2024) were
able to adsorb two types of azo dyes on
activated carbon prepared from fallen
eucalyptus leaves in the forests of Mo-
sul city in northern Iraq, and the Freun-
dlich model was the most suitable for
the practical adsorption data, and the
adsorption was physical.

Brown HT Dye:

Chocolate Brown HT EI155 is an

organic food azo dye, reddish brown
in color, odorless, given the symbol
(EEC.NO.E-155), the state of the sub-
stance is solid in the form of fine pow-
der or granules, its density is (0.7), its
solubility is (180 mgr/liter), its hydro-
gen atom (pH= 4-6), its molecular col-
or is (652.57), its molecular formula is
(C,,H,N,NaO,S), its chemical name
is (Abbas, 2000):

Disodium 4,4°-[(2,4-dihy-
droxy-5-hydroxy-methylphenyl)azo]
bis(5-hydroxy-6-methyl-3-sulfona-
to-2,7-naphthalene disulfonate)

Its structural formula is:

QP
Nair .D.-'S
g N
N.r

Figure (1) The structural formula of Brown HT dye

QP
g S o Na®
N, g
OH
OH

Practical part:

First: Wash the peels and burn them
until charred.

Second: Preparation of activated

carbon:

The material resulting from the
(first) step was taken and treated with
potassium hydroxide in a ratio of (1:1)
at a temperature of (600 = 50 <) for
three hours. Then, the carbon material
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was cooled and washed with distilled
water several times until neutraliza-
tion, then treated with a 5% hydro-
chloric acid solution by thermal subli-
mation for two hours, then the carbon
material was cooled and filtered and
then washed with distilled water sever-
al times until neutralization, then dried
and stored with a particle size of 150
micrometers, making it ready to mea-
sure its effectiveness.

Third: Determining the effective-
ness of activated carbon:

A- Adsorption of iodine from its
aqueous solution:

One gram of the prepared activated
carbon was taken and placed in a con-
ical flask with a capacity of (250 ml)
and (100 ml) of iodine solution with
a concentration of (0.1 normal) was
added to it and the mixture was shaken
for half an hour, then the dye solution
was separated by filtration, taking into
account ignoring (20 ml) of the solu-
tion at the beginning of the filtration to
avoid the effect of the adsorption of the
filter paper on the dye solution as well
as the calibration process.

To complete the measurement, (50
ml) of iodine solution was taken and
calibrated with aqueous sodium thio-

sulfate solution with a concentration of
(0.1 N) using starch as a reagent me-
dium. The volume of thiosulfate used
to calculate the iodide absorbed by
the prepared activated carbon was cal-
culated according to the relationship
(Ibraheem, S et al, 2024):

X= A-[2.2B x ml of Thiosulfate

Used]....... (1)
A=N1 x12693 ........ (2)
B=N2x12693 ........ (3)

X: weight of iodine adsorbed in mg
by the activated carbon, N1,N2: stan-
dard of iodine solution and standard
of sodium thiosulfate respectively (0.1
N).

The iodine number is calculated
through the equation:

Where X: weight of carbon used, D:
correction factor.

B- Adsorption:

1- Making a calibration curve for
Brown HT dye:

At the beginning of the study and
before starting the adsorption exper-
iments, multiple concentrations were
prepared ranging between (1x107° -
9x10° M) to determine the wavelength
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of maximum dye absorption; to be used
in measuring concentrations before
and after the adsorption process. A re-
lationship was drawn between the ab-
sorption and concentration to obtain a
main equation based on the Beer-Lam-
bert law (Aleboyeh et al, 2005):

(A) represents the dye absorbance,
(€) the molar absorption coefficient
(L.mol".cm™), L the optical path length
of visible light (L = 1 cm), and C the
molar concentration (mol.L").

2- Effect of the amount of adsorbent:

The effect of the amount of adsor-
bent on the adsorption efficiency was
studied using a dye solution with a con-
centration of (7x10°M) with changing
the amount of adsorbent in a range be-
tween (0.05 - 0.25 g) and at a tempera-
ture of (25 «) and a volume of (10 ml).

3- Determining the equilibrium
time:

To determine the time required for
equilibrium, the dye solution was pre-
pared at the same concentration above,
and an amount of (0.15 g) of activated
carbon was taken, and a volume of (10
ml), with the absorbance measured at
different times ranging between (5, 10,
20, 30, 40, 50, 60, 70) minutes.

4- Calculating thermodynamic func-
tions:

The values of adsorption enthalpy
(AH) can be calculated by calculating
the value of the equilibrium constant at
different temperatures (Al-Hyali et al,
2016):

InK = Const- 22 . 6)

RT
The value of the equilibrium con-
stant can be calculated using the equa-
tion:

The value of (AH) was calculat-
ed by plotting a relationship between
(In K) versus (1/T); to give a straight
line with a slope equal to (-AH/R), and
(R) represents the gas constant (8.314
J.mol' k"), while the values of (AG®)
and (AS°) were calculated based on the
following equations (Ali Mohsin et al,
2022):

AG =-RT InK...... (8)

g oo (AH°-AG)
T

A

5- Application of adsorption iso-
therms:
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First: Langmuir isotherm:

When drawing a relationship be-
tween C /q_ versus C, it gives a slope
(l/q,,) and a section (1/bq_ ) at dif-

ferent temperatures:

C._ 1 .G
q& bQH}IﬂX Qmaxm

e

e (10)

C, represents the concentration of
the unadsorbed material (mg/l), q, rep-
resents the amount of adsorbed materi-
al (mg/g), while b represents the Lang-
muir isotherm constant (L.mg") related

to the adsorption energy, and Q  rep-

resents the maximum adsorption ca-

pacity (Mikolajczyk et al, 2024).
Second: Freundlich isotherm:
Freundlich equation can be ex-

pressed by the following relationship:
1
logg. =1logK +Hlﬁgﬂe ......... (11)

The values of K and n represent
Freundlich constants, and their values
depend on the nature of the adsorbent,
the adsorbent surface, and the tem-
perature, while the value of q_ rep-
resents the amount of adsorbent (mg
of adsorbent/per gram of adsorbent),
and C_ represents the concentration of
the unadsorbed substance at equilibri-

um (mg.liter'). When drawing a rela-
tionship between log q_ versus log C,
a straight line with a slope of (1/n) is
given, which represents a measure of
the intensity of adsorption, and a line
segment of log K, which is a function
of the adsorption capacity (Yaffar et al,
2025).

Third: Temkin isotherm:

The linear form of Temkin’s equa-
tion 1s as follows:

de = BrInK++ BrInC,

Where B, = RT/b, T is the absolute
temperature (K), R is the gas constant
(8.314 J.mol/K), b is a constant relat-
ed to the heat of adsorption (J/mol),
and (Liter / mg) K_ is the equilibrium
bonding constant, which indicates the
maximum bonding energy, and B is a
constant related to the differential sur-
face capacity for dye adsorption per
unit bonding energy. By drawing the
relationship between q_ versus InC,
the values of the constants B and K
can be found from the slope and inter-
cept values, respectively (Singh, M. et
al,2024).

Results and discussion:
To know the quality and efficiency
of the prepared activated carbon, sev-
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eral measurements were conducted, results are presented in Figure (2) and
including (EDX, XRD, and BET). The Table (1):

1.0 i

Figure (2) EDX measurement of carbon

Table (1)
Element ratios on the surface of the prepared activated carbon
Element Atomic Weight
(%) (%)
Carbon 90.32 86.60
Oxygen 8.88 11.35
Chlorine 0.24 0.68
Silicon 0.23 0.53
Calcium 0.14 0.44
Magnesium 0.09 0.18
Sulphur 0.05 0.12
Aluminum 0.05 0.11

The EDX measurement indicat- es of other elements that may have
ed that the percentage of carbon was appeared during preparation or were

(90.32%), followed by oxygen at present in the original material.
(8.88%), with very small percentag-
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Figure (3) XRD measurement of carbon

X-ray diffraction (XRD) measure-
ments indicated that the prepared sam-
ple was non-crystalline, as evidenced
by the wide 2-theta band, which ranged
from 20 to 30 (Wibawa et al., 2020).
The results of adsorption measure-
ments using the BET method showed
that the prepared activated carbon had
a large surface area, small pore vol-
ume, and small average pore diameter,
as shown in the following table (Bicil
& Dogan, 2021).

Table (2) BET measurement

Mesurement Analysis Data

Surface area (m?/g) 493.43

Pore volume (cm’/g) 0.3147
Average pore dimeter (nm) 2.5514

The process of preparing activat-
ed carbon using hydroxides is one of
the most important preparation meth-
ods, and is considered the most import-
ant, as it is a process of carbonization
and activation at the same time. The
hydroxide ions present in potassium
hydroxide work to withdraw hydrogen
from the raw material in the form of
H, O, leaving the positive ion to control
the size and type of pores formed in the
activated carbon. It was found that the
radius of the positive ion controls the
size, type, and efficiency of the pores
formed in activated carbon (Mendes et
al, 2021).

When measuring the effectiveness
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of carbon in absorbing iodine from
its aqueous solution, it gave an iodine

number of (934.2).

1- Making a calibration curve and
finding the wavelength of maximum

absorption:

After measuring the dye absorption
at concentrations (1x10”° — 8x10° M),

it was found that the dye obeys the

Beer-Lambert law and obtained a high

correlation coefficient:

14
12

1
0.3
0.6
04
02

0

0

v=11054x + 02765

Brown HT

B*=0.991

0.00002 000004 0.00006

0.00008

0.0001

Figure ( 4 ) Calibration curve for Brown HT dye

2- Effect of the amount of adsorbent:
After studying the effect of the

amount of adsorbent, the following re-

sults were obtained:

Table (3) Effect of the amount of activated carbon on the adsorption efficiency
at a temperature of (25¢°) and a concentration of (7x10° M)

Dye C Abs C, q. Efﬁ%iency
(2) (mg /1) (mg/g) /o
0.05 0.592 28.023 3.531 38.65
0.10 0.346 15.026 3.065 67.11
Brown HT 0.15 0.200 7.312 2.558 83.99
0.20 0.116 2.874 2.140 93.71
0.25 0.066 0.232 1.818 99.49
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The adsorption efficiency values
showed that the preferred weight for
activated carbon adsorption is (0.25 g),
which means that increasing the amount
of adsorbent leads to an increase in the
number of sites eligible for adsorption,
and this increase increases the efficien-
cy of the adsorbent in removing the dye
from the aqueous solution (Zheng et al,
2024). (0.15 g) of activated carbon was

chosen to conduct subsequent studies
within this study; because; large quan-
tities lead to complete removal, which
makes the study difficult.

3- Determine the equilibrium time:

By measuring the absorbance at dif-
ferent times using (10 ml) of the dye
solution and concentration (7x10° M)
at a temperature of (25 <), the results
were obtained as shown in Table (4):

Table (4)
Effect of reaction time on adsorption efficiency
t C Efficienc
Dye (min) Abs (mg/1) (mcgl;/g) % ’
5 0.451 20.574 1.674 54.96
10 0.303 12.754 2.195 72.08
20 0.286 11.856 2.255 74.04
30 0.263 10.641 2.336 76.70
Brown HT
40 0.235 9.162 2.435 79.94
50 0.212 7.946 2.516 82.60
60 0.320 13.652 2.135 70.11
70 0.323 13.811 2.125 69.77

We noticed from Table (4) that
the equilibrium time was in minute
(50), to be the time that will be adopted
in subsequent studies, and the equilib-
rium time in adsorption reactions is the
period of time that the adsorbent (solid
or surface) takes to reach an equilibri-

um state with the adsorbent (molecules
in the gas or liquid phase). This de-
pends largely on the stages of the mol-
ecules’ transfer from the solution to the
adsorbent surface. The process 1s fast
at the beginning due to the availability
of a large number of empty sites on the
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adsorbent surface (external diffusion),
then the number of these sites begins to
decrease, which creates a kind of com-
petition between the dye molecules for
the available sites, so the speed of the
molecules’ transfer decreases little by
little until they reach the equilibrium
state where the adsorption and separa-
tion rates are equal, and all of this pro-
cess is controlled by many factors, in-
cluding: the size of the molecules and
their polarity, as well as the surface
area of the carbon and the nature of the
surface in addition to the presence of

effective functional groups and the de-
gree of freedom and movement (Ho Y.
S. & McKay G., 1999).

4- Calculating thermodynamic func-
tions:

The value of (AH) was calculated
by plotting a relationship between (In
K) versus (1/T) at different concentra-
tions; to give a straight line with a slope
equal to (-AH/R), where (R) represents
the gas constant (8.314 J.mol' k") of
the equation, while the values of (AG
9 and (AS 9 were calculated based on
equations (8,9):

3.5 y=-2892% + 11458
R*=09207
; y =-2129x +8.8252
b R*=0.7368
. S y=-1784x +7.5612
' — R*=0.9848
T T y=-1781x +7.46
2 t S _ [} 948
R*=0.948
e b i S
= & % y=-2129x+8.8252
[ F -
15 3 R*=0.7368
e Sx10-5M
1
& 6x10-5M
73 7%10-5 M
0 Bx10-5 M
0.0029 0003 00031 00032 0.0033 0.0034 0.0035
® Hi0-5M
1T
Figure ( 5) The relationship
between InK versus 1/T to calculate the values of adsorption enthalpy
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Table (5) Values of equilibrium constants and thermodynamic functions
at different concentrations and different temperatures

Conc. AH AS° AG®
Daye T (K) K
(M) (kJ.mol") | (J.mol"K™") | (kJ.mol™)

288 5.832 98.146 -4.222

298 6.405 96.124 -4.601

5x10° 308 7.771 24.044 95.110 -5.250
318 11.252 95.736 -6.400

328 18.667 97.637 -7.981

288 5.832 76.122 -4.222

298 5.712 73.886 -4.317

6x10° 308 6.310 17.701 72.786 -4.717
318 7.611 72.538 -5.366

328 14.637 76.277 -7.318

288 4.564 64.122 -3.635

298 5.385 63.768 -4.171

Brown 7x10° 308 6.006 14.832 63.062 -4.591
318 7.611 63.516 -5.366

328 9.367 63.820 -6.101

288 4.245 63.434 -3.462

298 4.974 63.027 -3.975

8x10° 308 5.238 14.807 61.841 -4.240
318 6.817 62.522 -5.075

328 8.839 63.262 -5.943

288 4.160 62.080 -3.413

298 4.748 61.493 -3.859

9x10° 308 4.932 14.466 60.234 -4.086
318 6.541 61.104 -4.965

328 8.468 61.866 -5.826

It was noted from the results listed creasing temperature and at a constant
in Table (5) that the values of the equi- concentration, and that they decrease
librium constant (K) increase with in- with increasing initial concentration,
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and the adsorption capacity also in-
creases with increasing temperature,
and that the positive sign of the adsorp-
tion heat values (AH) indicates that the
nature of the association is endother-
mic between the dye molecules and
the surface of the activated carbon, and
that the results show that the values of
(AH) are less than (40 kj.mol"), which
proves that the adsorption is physi-
cal (Guo & Wang, 2021) and that the
positive values of (AS9 indicate an in-
crease in the randomness of the studied
system (Ortiz et al, 2023). This may
be due to the nature of the dye used,
which 1s sodium salts that ionize in
the aqueous solution, releasing sodium

ions that cause an increase in the ran-
domness of the system.

Negative values of (AG 9 indicate
that the adsorption process is sponta-
neous (Loutfi et al,3023), and that the
spontaneity of the reaction increases
with increasing temperature, due to the
reaction being endothermic.

5-Application of adsorption iso-
therms:

First - Langmuir isotherm:

This model was applied to the ex-
perimental adsorption data by plotting
a relationship between C /q_ versus C,
which gives a slope (1/Q_ ) and an in-
tercept (1/bQ__ ) of Eq. (10), at differ-
ent temperatures (Mehr et al, 2019):

(=9

3.5

Cefoe
Pa

0 1 2 3 4 5 & 7

y=0.1542x% + 1952
R*=0.9397
o yw=0.1392x+ 1.7738
R*= 09858
yw=0.1766x + 1.5458
Rz=0.9775
y=0.1842x + 0.9385
R*=019524
y=02240y + 0. 4765
R2=10.9591
& 15c

® 25
35¢c
9 10 11 12 45c

® 55¢c

Figure ( 6 ) The relationship
between C /q_ versus C_for the Langmuir isotherm
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Table (6) Values of the Langmuir constants and correlation coefficients
obtained from the Langmuir isotherm:

T (K) b Qmax R
(L/mg) (mg/g)
288 0.079 6.485 0.9693
208 0.078 7.183 0.9928
308 0.131 5.663 0.9886
318 0.196 5.429 0.9759
328 0.472 4.446 0.9793

From Table (6), we note that the cor-
relation coefficient is good, which in-
dicates the possibility of applying the
model to the adsorption process. We
also noted an increase in the value of the
constant (b) and a decrease in the value
of (Q_, ) with increasing temperature,
thus consistent with the absorbent na-
ture of adsorption (Latour, 2015).

Second: Freundlich isotherm:

The Freundlich isotherm equation
(Equation 11) was applied to the exper-
imental data at temperatures ranging
between (288-328) absolute, and Fre-
undlich constants (K_,n) were calculat-
ed from the slope (1/n) and the intercept
(log K) resulting from drawing the rela-
tionship between log qe versus log C :

0.6 v=0.6091x - 0.1545
' R*=(9879
) . > y=06472x - 0.145
0.3 . . R*=0.9091
° e = 0.5401x - 0.0288
0.4 o s R*=0.9927
. " ’ v=04913z + 0.0796
T3 @ R*=097890
S oo y=0.3657x +0.233
R*=0938
02 ® 15¢
01
& Qi
0
0.2 0.4 0.6 0.8 1 12 35
log Ce
Figure ( 7 ) The relationship
between log C_versus log q_ for the Freundlich isotherm




313 ||

a1y ol &oolall - du Ul &uls - & alellg dugu sl lwladl &lao
02025 Ul - clousdl pgle - phue CWWI sdanll - gguiiellg guo Bl saell

Table (7) Values of Freundlich constants and correlation coefficients
obtained when applying the Freundlich isotherm

T(K) n K, R

288 1.997 1.024 0.9986
298 1.930 1.012 0.9962
308 2.133 1.109 0.9979
318 2.102 1.128 0.9942
328 2.300 1.314 0.9834

The increase in (K,) values indicates
an increase in the ability of carbon to
be adsorbed with increasing tempera-
ture, and the values of (n) between (1-
10) indicate that the adsorption is of
the preferred type (Javed et al, 2024).

Third: Temkin isotherm:

Using the Temkin equation (Equation
12), a relationship was drawn between
(q,) versus (InC)) at different tempera-
tures, where the value of (B,) was cal-
culated through the slope of the straight
line with an intercept equal to (K.):

4 y=14768x - 0.5429
R%=0.967
35 * y=1.6046x - 0.5547
» R*= (.9898
3 . ¢ . y= 1.3550x + 0.0759
. P R®=0.9812
25 po e y=1.2809x + 0.6323
4.4 R*=(0.9539
g 2 - W/ y=0.9824x + 1.5201
R== 0.9289
15 e 15c
1 & 25C
0.5 -
0 0.5 1 15 2 25 3 #5e
nCe ® 55C
Figure ( 8 ) The relationship
between q_ versus In C_for the Temken isotherm
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Table (8) Values of the Temken constants
and the correlation coefficients obtained when applying the Temken isotherm

K
T(K) B, T R
(I/mg)
288 1.4768 0.5429 0.9833
298 1.6046 0.5547 0.9948
308 1.3559 0.0759 0.9905
318 1.2809 0.6323 0.9766
328 0.9824 1.5201 0.9637

The values of the correlation coeffi-
cient (R) in Table (8) indicate a good
linear relationship at different tem-
peratures, indicating the possibility of
applying the Temkin isotherm to such
types of systems. Also, the increase in
the values of the constant (K) with in-
creasing temperature is consistent with
the positive sign of the heat content
(Alale et al, 2025).

Conclusion:

This study aimed to prepare acti-
vated carbon from Iraqi sesame husks,
an abundant agricultural waste from
tahini factories, and evaluate its effi-
ciency in removing Brown HT dye
from aqueous solutions. The activat-
ed carbon was synthesized by car-
bonizing the husks at (600+50 <),

followed by chemical activation using
potassium hydroxide at a 1:1 ratio, and
purification with hydrochloric acid.
The prepared carbon was character-
ized using advanced techniques such
as EDX, XRD, and BET, revealing a
high carbon content of (90.32%) with
minor impurities like oxygen and chlo-
rine. Additionally, the carbon exhibited
a large surface area (493.43 m?*/g) and
small pore size (2.55 nm), enhancing
its adsorption capacity.

The study demonstrated that the ac-
tivated carbon achieved high efficien-
cy in adsorbing Brown HT dye, with
a removal rate of (99.49%) at an opti-
mal dose of 0.25 g and an equilibrium
time of 50 minutes at a concentration
of (7107 M). Thermodynamic anal-
ysis indicated that the adsorption pro-
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cess was endothermic (positive AH °
values), spontaneous (negative AG°
values), and increased system random-
ness (positive AS °values).

The adsorption data were analyzed
using various isotherm models, in-
cluding Langmuir, Freundlich, and
Temkin. The results showed a strong
fit with the Freundlich model, suggest-
ing heterogeneous surface adsorption
with a physical nature. These find-
ings highlight the potential of sesame
husk-derived activated carbon as an ef-
fective material for treating industrial
dye-contaminated wastewater.

The study provides valuable in-
sights into sustainable waste-to-re-
source strategies and contributes to the
development of eco-friendly solutions
for water purification.
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