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Driven by the need for sustainable and economical water treatment solutions, this study explores the use of agricultural byproduct
adsorbents, specifically hemp seed oil cake (HSOC), for the removal of reactive black 5 (RB5) dye. Batch experiments identified the ideal
conditions for the adsorption process, resulting in a maximum removal efficiency of 99.94%. The process, identified as spontaneous and
exothermic through thermodynamic analysis, was most effective under the following conditions: an initial RB5 dye concentration of 10
mg/L, 1.5 g of HSOC adsorbent, a pH of 4 (acidic condition), 45 min of contact time, 100 rpm agitation and a temperature of 50 °C. These
results collectively affirm HSOC’s promise as a highly efficient, bio-based material for the remediation of dye-contaminated water.
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INTRODUCTION

The advancement of industry and technology has led to
widespread dependency on synthetic dyes across multiple
sectors, including textiles, plastics, paper, rubber, leather and
pharmaceuticals for product colouration. This dependency is
concerning given the recalcitrant nature of these compounds,
which poses a significant environmental threat due to their
resistance to microbial degradation [1]. The textile industry
is the most detrimental in terms of effluent volume and
composition, presenting significant difficulties for traditional
biological wastewater treatment processes [2-4]. The synth-
etic dye market is substantial, with an annual global output
estimated at 7 x 10° tons of dyestuff, encompassing a diverse
array of chemical classes such as azo, reactive, anthraquinone
and metal-complex dyes [5,6].

Despite its widespread application in the textile industry
owing to its cost-effectiveness and durability, the anionic diazo
dye reactive black 5 (RB5) is resistant to biodegradetion. Its
discharge in textile effluent leads to significant water discol-
ouration, which diminishes light penetration and disturbs aquatic
ecosystems. An additional hazard is the potential release of
carcinogenic aromatic amines during its degradation [7]. Conse-
quently, the elimination of dyes from wastewater is a critical

objective, driving significant interest in the development of
remediation technologies for dye-contaminated water.
Nowadays, a variety of physical, chemical and biological
techniques are available for toxic dye removal, including mem-
brane filtration [8], advanced oxidation process [9,10], ion
exchange [11], coagulation-flocculation [12,13], adsorption
[14], electrochemical [15,16], chemical precipitation [17],
photocatalytic degradation [18] and ozonation [19,20]. Due
to its operational simplicity, cost-effectiveness, high effici-
ency and the potential for recyclability, adsorption is widely
recognised as the preferred technique for treating industrial
dye effluents [21-23]. The effectiveness of adsorption is dire-
ctly determined by the adsorbent’s characteristics.
Agricultural waste offers a sustainable, low-cost solution
for removing toxic dyes and heavy metals from industrial
wastewater, serving as a viable alternative to expensive com-
mercial activated carbon [24]. The primary advantage is cost-
effectiveness, as these organic materials are readily available
as byproducts, significantly reducing production costs [25].
A wide variety of agricultural wastes have been extensively
researched and proven effective for this purpose. These include
biodegradable materials such as longan peel [26], potato peel
[27], jackfruit peel [28], rice husk [29], peanut husk [30],
coffee grounds [31,32], silybum marianum stem [33], mul-
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berry leaves [34,35], linden leaves [36], walnut shell [37],
chestnut shell [38], apricot kernel shell [39], corn stalk [40],
sawdust [41] and others.

Originating in China, the ancient crop hemp (Cannabis
sativa L.) spread across Asia, the Middle East and Europe via
established trade routes. The solid byproduct of hemp seed
oil extraction, hemp seed oil cake (HSOC), is valued not only
for its nutritional applications in animal feed and human food
but also for its promise as a sustainable adsorbent for waste-
water treatment [42]. A key advantage of HSOC over other
agricultural waste adsorbents is due to its protein-rich comp-
osition. This composition yields a high concentration of
amine and carboxyl functional groups, which serve as potent
active sites for chemisorption. As a result, HSOC frequently
exhibits superior adsorption capacities for contaminants such
as heavy metals [43] and dyes [44], often with minimal pre-
treatment needed. This inherent functional diversity enables
HSOC to achieve high removal efficiency across a broader
spectrum of pollutants compared to adsorbents derived from
predominantly lignocellulosic waste materials [45].

The primary objective of this study was to evaluate the
potential of HSOC as an economical and eco-friendly adsor-
bent for removing RB5 azo dye from aqueous solutions. A
batch adsorption method was used to investigate the effects
of critical parameters viz. initial pH, adsorbent dosage, initial
dye concentration and contact time. These variables were
quantified to determine the optimal conditions for achieving
the highest possible dye removal and adsorption capacity.

EXPERIMENTAL

Hemp seed oil cake (HSOC) as a sustainable adsorbent
was obtained from Cansizzade Bitkisel Yaglar herbalist in
Istanbul, Tiirkiye. Reactive black 5 dye (m.w. = 991.82 g/mol;
m.f. = C26H21Ns5NasO19Ss; Amax = 597 nm) as an adsorbate in
the adsorption studies was supplied from Sigma-Aldrich. The
effect of initial pH on the adsorption process was studied
using buffer solutions at pH 4 (citrate), 7 (phosphate) and 10
(carbonate). The HSOC adsorbent used in this study is
depicted in Fig. 1.

Fig. 1. Hemp seed oil cake (HSOC) for the adsorption of RB5 dye

General procedure: A 1000 mg/L stock solution of RB5
dye was prepared by dissolving an accurately measured amount
in distilled water from a purification system (Mikrotest MSD-
08). Subsequent experimental solutions were prepared by dil-
uting this stock with an appropriate amount of distilled water.
The adsorption process was carried out in a shaking water
bath that controlled temperature (Julabo SW22). The pH of
the solution was monitored with a pH meter (WTW InoLab
Cond pH 720). The amount of adsorbed dye was then deter-
mined by analyzing its concentration using a UV-Vis spectro-
photometer (Agilent 8453) at the RB5 dye’s maximum wave-
length (Amax) Of 597 nm. To determine the functional groups
in the HSOC structure responsible for RB5 dye adsorption,
measurements were performed using a Nicolet 1S10 FTIR
spectrometer (FTIR-ATR; Nicolet 1S10). Similarly, scanning
electron microscopy (SEM; Zeiss EVO LS10) was used to
elucidate the morphological changes occurring during
adsorption.

Adsorption process: Batch experiments were conducted
to study the adsorption of RB5 dye onto HSOC adsorbent.
The experimental conditions systematically assessed the
influence of several parameters, including adsorbent dose
(0.1-1.5 g), initial pH (4-10), initial RB5 dye concentration
(10-50 mg/L), temperature (25-50 °C), stirring speed (100-
180 rpm) and contact time (5-180 min). In each test, 50 mL
of RB5 dye solution was agitated with a specified amount of
HSOC adsorbent in a temperature-controlled water bath shaker.
After the set time, the mixture was filtered and the remaining
dye concentration in the filtrate was determined by meas-
uring its absorbance with a UV-Vis spectrophotometer. The
initial and final absorbance measurements were then used in
eqgns. 1 and 2 to determine the percentage removal (%R) and
the equilibrium adsorption capacity (Qc) of the dye onto the
HSOC adsorbent, respectively.

R (o) =" Ce

%100 (1)

Q, =—=—2xV @

Where C, and C. represent the initial and equilibrium concen-
trations (mg L) of the RB5 dye; V denotes the solution
volume (L); m indicates the mass (g) of HSOC adsorbent.

RESULTS AND DISCUSSION

Adsorbent characterisation

SEM studies: The SEM image of HSOC before adsor-
ption revealed an irregular and rough surface morphology
(Fig. 2), while significant particle accumulation and surface
coating were observed after RB5 adsorption. The morphol-
ogical changes after adsorption indicate that the dye molecules
occupy the active surface regions and that the adsorption
process induces physical changes on the surface.

Studies of pH zero-point charge: The critical pH for
HSOC was determined to be 5.4, as shown in Fig. 3. Below
this value, the adsorbent surface became protonated and acg-
uired a positive charge. The finding of an optimum pH value
of 5.4 in experimental studies can be explained by strong
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Fig. 2. SEM images of HSOC before (a) and after (b) adsorption

i electrostatic attractions between the anionic RB5 dye mole-
cules and the positively charged adsorbent surface [46]. As
2- the pH rises above the critical pH, the surface charge becomes
.A negative, increasing electrostatic repulsion and decreasing
" \ PH,,. = 5.4 adsorption efficiency.
FT-IR results: As shown in Fig. 4, the intense, broad
T " / band at 3277.75 cm™ is attributed to cellulose-derived ~OH
T o+ groups and to the possible formation of hydrogen bonds during
e 1T % 9 4% 3 8 9 10 1 1213 adsorption. Similarly, the bands at 2922.83 and 2852.24 cm!
5 nital phl, support surface interactions of aliphatic groups during RB5
adsorption via C—H stretching vibrations. The band at 1743.17
cmL, described as the carbonyl (C=0) band, is interpreted as
-2 ~a an ester carbonyl stretch originating from cellulose or fatty acid
Sm structures. The band around 1632.65 cm™ is associated with
3 aromatic C=C vibrations that explain the lignin structure in the
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Fig. 4. FT-IR spectra of HSOC powder before and after adsorption of RB5
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specific aromatic skeleton vibrations (C=C), confirms the pre-
sence of lignin in the sample. Bands at lower wavelengths,
such as 1231.31 cm™2, can be associated with C—O stretching
vibrations of aryl-alkyl ether bonds in the lignin structure,
while the 1049.32 cm™ band can be associated with cellulose
derived C-O and C-O-C vibrations (polysaccharide struc-
tures). As the obtained FT-IR findings show, the presence of
hydroxyl (—OH), carbonyl/ester (C=0), ether (C-O-C) and
aromatic functional groups on the HSOC surface suggests that
the RB5 anionic dye can be adsorbed via hydrogen bonding,
dipole-dipole interactions and aromatic =-w interactions [2].
UV-visible studies: To determine the maximum absor-
bance wavelength of reactive black 5 (RB5) dye, peaks observed
between 350-750 nm in the UV-Vis spectrum were examined.
The absorption spectrum shown in Fig. 5 exhibited a
maximum absorbance in the 597-600 nm range; therefore, a
wavelength of Amax = 597 nm was selected for all subsequent
analyses. The standard calibration curve for RB5 is presented
in Fig. 6. The linear relationship between absorbance (A) and
concentration (C) was described by the equation A=0.0798C
— 0.009, with a correlation coefficient (R?) of 0.9996, indi-
cating excellent linearity and confirming compliance with the
Beer-Lambert law over the studied concentration range.
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Fig. 5. The determination of the Amax value of the RB5 dye

Adsorption experiments: The results of the studies con-
ducted to determine the optimum operating parameters for
the adsorption experiments using HSOC as the adsorbent are
presented below.

Effect of adsorbent dosage: To investigate the influence
of adsorbent dosage, varying amounts of HSOC (0.1-1.5 g)
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Fig. 6. The standard measurement curve for the RB5 dye

were added to 50 mL of a 30 mg/L RB5 dye solution. The
samples were agitated at 180 rpm and a controlled tempera-
ture of 25 = 0.2 °C for 30 min. The dye concentration remain-
ing in the filtered solutions was quantified by measuring the
absorbance at 597 nm. The resulting effects on both removal
efficiency (%R) and equilibrium adsorption capacity (Q.) are
shown in Fig. 7.

The removal efficiency improved substantially, rising from
22.25% to 94.21% as the adsorbent dosage increased from
0.1to 1.5 g. This positive correlation reflects the proportional
expansion of the total surface area and a concomitant increase
in the number of available adsorption sites. In contrast, the
equilibrium adsorption capacity decreased markedly, declin-
ing from 1.11 to 0.31 mg/g over the same dosage range. The
inverse relationship can primarily be attributed to the reduction
in the concentration gradient between the solution and the
adsorbent. At higher adsorbent dosages, a fixed amount of dye
is distributed over a larger number of available adsorption sites,
resulting in a lower dye uptake per unit mass of adsorbent and,
consequently, a decrease in the equilibrium adsorption capacity.

Effect of initial RB5 dye concentration: To investigate
the influence of initial RB5 dye concentration on its adsorp-
tion onto the HSOC adsorbent, the experiments were conducted
across a concentration range of 10 to 50 mg/L. The experi-
ments were conducted under constant parameters at 25 + 0.2
°C and 180 rpm for 30 min. The optimal equilibrium perfor-
mance, in terms of both removal efficiency and adsorption
capacity, was achieved at the lowest initial concentration of
10 mg/L, as shown in Fig. 8.

1.2
1.0 (b)
0.8
0.6 .

0.4

0.2

0

0 0.2 0.4 0.6 0.8 1.0

Adsorbent dosage (g/50 mL)

1.2 1.4 1.6

Fig. 7. Influence of HSOC adsorbent dosage on the (a) adsorption efficiency (%R) and (b) adsorption capacity (Qe) of RB5 dye
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Fig. 8. Influence of initial RB5 dye concentration on RB5 dye (a) removal efficiency (%R) and (b) adsorption capacity (Qe) on HSOC

adsorbent

Higher initial dye concentrations reduced adsorption
efficiency (%R) while increasing the adsorbent’s capacity
(Qe). This apparent divergence can be explained by the
saturation dynamics of the adsorbent’s active sites. A high
number of available surface sites at low dye concentrations
results in high removal efficiency. Conversely, at elevated
initial concentrations, the increased driving force for mass
transfer and the greater availability of dye molecules lead to
the uptake of a larger absolute quantity of adsorbate, thereby
enhancing the overall adsorption capacity despite a reduction
in the relative removal percentage [47].

Effect of contact time: To assess the impact of contact
time on RB5 dye adsorption, a series of batch experiments
was conducted. Under set conditions (10 mg/L dye, 1.5 g
adsorbent, 100 rpm, 50 + 0.2 °C), dye removal was measured
at intervals from 5 to 180 min. The results, shown in Fig. 9,
indicate that the highest removal rate of 99.87% was achieved
after 45 min of contact, identifying this as the time needed to
reach equilibrium. The removal efficiency of RB5 dye
increases with contact time until an optimum is reached. After
this peak, a decrease is observed until a dynamic equilibrium
is achieved, a phenomenon attributed to the progressive occu-
pancy and eventual saturation of the adsorbent’s binding sites.
Consequently, the optimum contact time for RB5 dye adsorp-
tion was established at 45 min, determined by analyzing this
equilibrium state.

120

100 e o o

Removal (%)
(2] ©
o o

N
o

N
o

0

0 50 100 150 200
Contact time (min)

Influence of contact time on the removal efficiency (%R) of RB5
dye on HSOC adsorbent

Fig. 9.

Effect of temperature: The influence of temperature on
the adsorption efficiency of RB5 was examined over a range

of 25 to 50 °C. Considering the critical influence of temper-
ature on thermodynamic analysis, adsorption experiments were
conducted under well-defined and controlled conditions. A
constant initial RB5 concentration of 10 mg/L, HSOC dosage
of 1.5 g, contact time of 30 min and stirring speed of 180 rpm
were maintained to isolate the effect of temperature on the
adsorption performance. The adsorption process was found
to be endothermic, as evidenced by a positive correlation
between temperature and removal efficiency. Fig. 10 shows
that increasing the temperature from 25 to 50 °C increased
the RB5 dye removal efficiency (%R) from 80.96% to a
maximum of 99.94% at 50 + 0.2 °C.
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Fig. 10. Influence of temperature on RB5 removal efficiency (%R)

Effect of stirring speed: The impact of stirring speed on
RB5 dye adsorption was investigated by testing a range of
100 to 180 rpm. All other parameters, including the amount
of HSOC adsorbent (1.5 g), RB5 dye concentration (10 mg/L
in 50 mL), contact time (30 min) and temperature (50 + 0.2 °C),
were held constant to ensure only the agitation intensity varied.
After the sample solutions were filtered, the absorbance values
were measured at the dye’s maximum wavelength of 597 nm.
As shown in Fig. 11, a stirring speed of 100 rpm yielded the
highest removal efficiency at 99.89%. Excessive mechanical
agitation promotes interparticle abrasion within the adsorbent
matrix, leading to its fragmentation into fine particles that
hinder efficient filtration. Moreover, overly vigorous agitation
can compromise the structural integrity of the adsorbent, ulti-
mately diminishing its adsorption performance [48].
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Fig. 11. Influence of stirring speed on the adsorption efficiency (%R) of
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Effect of pH: The initial pH of the dye solution plays a
crucial role in adsorption efficiency (%R) by affecting the
ionisation and surface charge of dye. The impact on RB5 dye
removal was tested at pH 4, 7 and 10 using buffer solutions.
Under constant conditions, the effect of initial pH on RB5 dye
adsorption is shown in Fig. 12. The tests were performed with
10 mg/L of RB5 dye, 1.5 g of HSOC adsorbent in a 50 mL
solution, stirred at 100 rpm and held at 50 + 0.2 °C for 30 min.
The results indicate that the HSOC adsorbent showed high
adsorption at low pH values (acidic conditions). This optimum
is a result of the surface properties of the HSOC adsorbent
interacting with the anionic dye (RB5 dye). At pH 4, the adsor-
bent surface becomes positively charged, developing a strong
electrostatic attraction with the dye anions and leading to
high removal rates of 99.94%.
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Fig. 12. Influence of initial pH on the RB5 dye adsorption efficiency (%R)

Thermodynamic studies: The thermodynamic parameters
for the adsorption of RB5 onto HSOC were evaluated using
the apparent distribution coefficient (Kq = ge/Ce) obtained at
different temperatures [49]. The standard Gibb’s free energy
change (AG®) was calculated using the following equation:

AG® =-RT In K¢

where R is the universal gas constant (8.314 J mol* K1) and
T is the absolute temperature (K).

The values of enthalpy change (AH®) and entropy change
(AS°) were determined from the slope and intercept of the
Van’t Hoff plot according to:

AL AS°
R T R

InK, =-

As shown in Table-1, positive AG® values at 25-40 °C
(298-313 K) indicate that adsorption of RB5 onto HSOC does
not occur spontaneously at lower temperatures, whereas the
negative AG° value at 50 °C (323 K) confirms that the adsor-
ption process is thermodynamically spontaneous at higher
temperatures. The positive enthalpy change (AH®) shows that
adsorption of RB5 onto HSOC is endothermic and that higher
temperatures support dye uptake, which shows that the maxi-
mum adsorption value occurs at 50 °C. Furthermore, the posi-
tive entropy change (AS°) indicates an increase in random-
ness at the solid-solution interface, which can be interpreted as
a structural rearrangement of surface functional groups during
adsorption and partial dissolution of RB5 molecules.

TABLE-1
THERMODYNAMIC PARAMETERS FOR RB5
ADSORPTION ONTO HEMP SEED OIL CAKE

Temperature Thermodynamic parameters
(K) AG® (ki/mol)  AHP (ki/mol)  ASP (I/mol K)
298 +10.56 +218.10 +699.95
303 +1.76
313 +4.63
323 -10.78

Comparison of adsorption capacity of RB5 dye with
different adsorbents: Some studies on the removal of RB5
dye are shown in Table-2. Based on these data, it can be seen
that effective removal values can be achieved for RB5 dye from
aqueous media using HSOC, due to its natural and abundant
presence.

TABLE-2
THE REMOVAL DATA ABOUT THE RB5 DYE
USING DIFFERENT ADSORBENT MATERIALS

Removal
Adsorbent efficiency Ref.
(%)

Longan peel activated carbon 83-90 [49]
Kaolin filter cake activated carbon >90 % [50]
Laccase-modified silica fiime ~95 % [51]
CNT adsorbents 98-100 % [52]
Hemp seed oil cake 99.94 % Present study

Conclusion

The potential of hemp seed meal (HSOC), an agricultural
byproduct, as an economical and environmentally friendly
adsorbent for removing reactive black 5 (RB5) dye from aqu-
eous solutions was systematically investigated. The experimen-
tal results revealed that the optimum conditions for achieving
the highest dye removal efficiency were an initial RB5 dye
concentration of 10 mg/L, a mass of 1.5 g of adsorbent, pH
4, a temperature of 50 + 0.2 °C and a contact time of 45 min
with constant stirring at 100 rpm. The highest removal rate
was 99.94%, showing a positive correlation with adsorbent
dose and temperature under acidic conditions and an inverse
relationship with stirring speed. These findings confirm that
HSOC is a highly effective, economical and promising alter-
native adsorbent for RB5 dye removal.
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