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Abstract
Textile industrial activities have become major contributors of water pollution 
through the release of dyes into water systems. Disperse red 13 and disperse orange 
3 dyes are still heavily used in the industry despite having been reported to be 
carcinogenic. Adsorption using locally available materials has recently emerged as 
an effective technology for the removal of pollutants from water. In this study, the 
potential of Cuscuta japonica powder was investigated for the removal of disperse 
red 13 and disperse orange 3 dyes from water. The C. japonica powder’s functional 
groups and the surface chemistry were examined using FTIR spectroscopy and SEM, 
respectively. TG-DTG analyses were employed to study the thermal characteristics of 
the powder while EDS was used to determine the elemental composition profile of 
the powder. Experiments were performed to determine the effect of contact time, 
pH, initial adsorbate concentration and reaction temperature on the removal of the 
two dyes from aqueous solution. After 120 min of reaction at 25 ℃, the removal 
efficiencies recorded were 87.77% and 79.16% for disperse red 13 and disperse 
orange 3, respectively. The corresponding sorption capacities were 11.10 mg/g for 
disperse red 13 and 10.61 mg/g for disperse orange 3. The adsorption of the two 
dyes onto the C. japonica powder followed the pseudo-second order kinetic model. 
This indicates that the adsorption of the two dyes is largely chemisorption. The Sips 
isothermal model provided the most appropriate fit for the two dyes. The adsorption 
of the two dyes onto the powder occur mainly through π–π stacking, hydrophobic 
interactions, and hydrogen bonding. The adsorption reaction of two dyes onto 
the adsorbent was exothermic and spontaneous. It was also established that the 
powder can be used more than three times without significantly losing its adsorptive 
capacity. These findings demonstrate that C. japonica vines can serve as an affordable 
source for adsorbent materials for the remediation of water polluted with industrial 
dyes.
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1   Introduction
Water constitutes over 71% of the earth’s surface and is an important resource for all liv-
ing species. In recent years, population growth and industrial development have inten-
sified both its consumption and pollution [1]. Among the major pollutants, synthetic 
dyes from the textile sector pose serious health and environmental risks because of 
their chemical stability and resistance to conventional treatment methods [2]. Disperse 
dyes, such as Disperse Red 13 (DR13) and Disperse Orange 3 (DO3) are particularly 
of great concern. Their aromatic and azo structures make them highly persistent, and 
during degradation they release toxic aromatic amines associated with carcinogenicity 
and mutagenicity [3]. Exposure to synthetic dyes such as DR13 and DO3 has also been 
linked to respiratory disorders, skin irritation, reproductive complications, allergic reac-
tions and impairment of the nervous system [4]. Even at low concentrations, dyes impair 
the visual quality of water, hinder light penetration, and may bio-accumulate through 
the food chain, thereby amplifying their ecological and health effects [5].

Several treatment methods have been used to mitigate dye-containing effluents, but 
their efficiency remains limited. For instance, chemical approaches such as advanced 
oxidation, ozonation and reverse osmosis can degrade dyes but often generate secondary 
pollutants. They also require intensive energy for operation [6]. Biological treatments 
are friendly to the environment but are slow and ineffective for non-biodegradable dyes 
like disperse dyes [7]. Similarly, physical methods such as coagulation-flocculation and 
membrane filtration offer moderate effectiveness although they are often limited due to 
their high costs of operation and the generation of sludge [8]. Adsorption is the most 
effective technique for the removal of dyes from water due to its affordability, simplicity, 
reusability of the adsorbents, and can remove dye molecules completely without leaving 
toxic moieties [9].

The search for alternative and economically viable adsorbents for wastewater treat-
ment has increasingly focused on the use of locally available materials. The affordabil-
ity, biodegradability, sustainability and environmental friendliness of these materials 
make them more appealing [10]. Although activated carbon is one of the heavily utilized 
adsorbent, its application is limited by its high cost and poor regeneration capacity [11]. 
To address this, various adsorbents has been studied for their potential in removing dyes 
from aqueous solutions. These include, biomass and agricultural wastes [12, 13], natu-
ral clays [14], and industrial waste materials [15]. Among these, lignocellulosic materials 
have shown considerable potential for removing dyes because of their porous structure, 
availability, and abundance of functional groups. Reported examples include sawdust 
[16], fruit peels [17, 18], plant leaves [19], maize cobs [20], and coconut husks among 
others [21].

This work investigated the applicability of Cuscuta japonica powder as an affordable 
and environmentally sustainable bio-sorbent for the removal of DR13 and DO3 from 
water. C. japonica commonly known as dodder is a wild sessile and parasitic plant. Har-
nessing this widespread and invasive species for pollutant removal offers both economic 
value and environmental sustainability. However, data on its suitability for the remedia-
tion of polluted water is limited. Although, it was recently reported to remove atrazine 
and diuron from water achieving efficiencies of 85 and 79%, respectively [22]. Further-
more, no reports are available on its capability to remove dyes from water. In fact, this is 
the first study to report the use of C. japonica in adsorptive removal of dyes from water.
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Adsorptive performance of the C. japonica powder was assessed through a laboratory 
study by examining the effects of reaction contact time, pH, initial dye concentration, 
and temperature. Adsorption kinetics was examined using pseudo-first order, pseudo-
second order, intraparticle diffusion and Elovich models while equilibrium data were 
fitted to the Langmuir, Freundlich, Sips and Temkin isotherm models. Thermodynamic 
properties of the adsorption process were determined by varying the reaction tempera-
ture. The findings provide invaluable data on the efficiency and applicability of C. japon-
ica as a bio-sorbent highlighting its potential in scale-up for water treatment.

2   Materials and methods
2.1  Materials

Reference standards for Disperse Red 13 (95%) and Disperse Orange 3 (90%) were pro-
cured from Merck Pty. Sodium hydroxide (98%), Hydrochloric acid (37%) and deion-
ized water were supplied by Kobian Kenya Ltd. Cuscuta japonica vines were collected 
in July 2024 in Lurambi area (0.323° N, 34.77° E) in Kakamega County, Kenya. The plant 
material was identified by Ms. Consolata Shilaho, a taxonomist based at Masinde Muliro 
University of Science and Technology. The voucher specimen was deposited at the Uni-
versity Herbarium with ID NS/KK/01/2024.

Cuscuta japonica was used as an adsorbent of choice in this study due to its abundant 
availability which makes it a low-cost and sustainable material. The plant is fibrous with 
lignocellulosic structure rich in different functional groups that can interact with the 
adsorbate molecules, making it suitable for adsorption studies. Due to its widespread, 
C. japonica offers an eco-friendly alternative that can be collected at low cost and easily 
processed for water treatment.

2.2  Preparation of the adsorbent

The harvested vines were cleaned with deionized water, air-dried at ambient conditions 
before being finely ground using a mechanical grinder. To eliminate surface and soluble 
impurities, the resulting powder was thoroughly cleaned with copious amount of deion-
ized water until the filtrate was clear. The cleaned sample was then oven-dried at 100 
℃ for 24 h. The dried material was subsequently passed through a 200 μm mesh sieve 
to attain uniform particle size suitable for adsorption studies. Surface activation of the 
adsorbent was carried out according to Bulimo et al. (2024) [22], in which the milled 
material was immersed in 0.1 M HCl for 24 h. After that, deionized water was used to 
rinse the adsorbent continually until the pH of the wash water reached neutral. It was 
again oven-dried at 100 ℃ and stored in a tightly sealed container before use.

2.3  Characterization of adsorbent

The surface characteristics of the activated C. japonica powder was examined using 
Scanning electron microscopy (SEM) (JEOL JSM 6701 F, model) while the elemental 
profile of the powder was studied by Energy Dispersive X-ray spectroscopy (EDS). The 
powder was placed on carbon sticky tape to prevent movement and coated with a fine 
layer of gold to make it more conductive and produce better images. The measurements 
were taken using electron beam with energy of 20 kV [23]. The functional groups present 
in the powder were determined using a Perkin-Elmer Fourier transform infrared (FTIR) 
spectrometer between 4000 and 400 cm− 1. The thermal properties of the adsorbent were 
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determined using Mettler Toledo TGA 2 Stare System. The point of zero charge (pHₚzc) 
of the powder was determined by the salt-addition method as described in literature 
[24].

2.4  Batch experiment

Stock solutions of 50.0 ppm were prepared for each dye using deionized water in 500 mL 
volumetric flask. From the stock solutions, a series of standard working solutions were 
prepared by dilution using deionized water. Adsorption studies were monitored spec-
trophotometrically using UV 1609 UV/VIS Spectrophotometer at 520 and 440 nm for 
DR13 and DO3, respectively.

Calibration curves were obtained by plotting the absorbance of different concentra-
tion (three replicates) of the dyes. The calibration curves are shown in Fig. SI 1 (Sup-
plementary Information). The resulting calibration curves were linear over the tested 
concentration ranges (5–30 ppm) indicating a direct proportional relationship between 
absorbance and concentration as expected under the Beer Lambert law [25]. The coef-
ficients of determination (R2) were found to be 0.9992 and 0.9984 for DR13 and DO3, 
respectively. These calibration curves were subsequently used to compute unknown dye 
concentrations from the experiments.

All the experiments were performed using 50 mL of the adsorbate solution in 250 mL 
conical flasks in a temperature-controlled shaker at an agitation speed of 150 rpm. To 
determine the effect of reaction time, 0.2 g of the adsorbent were contacted with 10 ppm 
solution at 298 K. After specific reaction time (5, 10, 15, 30, 45, 60, 75 and 120 min), the 
residual concentration of the dyes in the solution was determined. The influence of ini-
tial concentration of the two dyes was assessed by varying the adsorbate concentrations 
(5, 10, 15, 20, 25 and 30 ppm) while keeping other conditions constant (adsorbent dose 
of 0.2 g, temperature of 298 K and reaction time of 60 min). The effect was conducted by 
varying the pH of the reaction solution while the other conditions constant. The pH of 
the solution was varied from 2 to 10 using 0.1 M HCl and NaOH solutions. Thermody-
namic results were generated by performing the reactions at four different temperatures 
(298, 303, 308 and 313 K) while keeping all other conditions constant (adsorbent amount 
of 0.2 g, contact time of 60 min and 10 ppm solution). All experiments utilized solutions 
prepared using the dye reference standards [24]. Freshly prepared solutions were used in 
all the experiments. All the reactions were monitored in triplicates. Deionized water was 
used for the blank experiments. To further to ensure validity of the results, inter-day and 
intra-day monitoring of absorbance was done.

The percent removal of the dye by the adsorbent (%R) was determine as shown in Eq. 1

dyes removal (%) = (Ci − Ce)
Ci

× 100� (1)

Key: Ci; starting concentration of the dye, Ce; concentration remaining at equilib-
rium, both in mg/L.

The equilibrium dye uptake (qe) by the C. japonica powder at equilibrium per unit mass 
was computed according to Eq. 2

qe = (Ci − Ce) V

M
� (2)
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  Key: V; solution volume (L) used, M; quantity of the powder used (g) [26].

  

2.5  Kinetic study

Adsorption kinetics of DR13 and DO3 onto the C. japonica powder was modelled using 
four different non-linearized models; pseudo-first order (Eq. 3), pseudo-second order 
(Eq. 4), Elovich (Eq. 5) and the Intraparticle diffusion (Eq. 6) [27–29].

qt = qe

(
1 − e−k1t

)
� (3)

Key: qt; adsorption capacity (mg/g) at time t, qe ; equilibrium adsorption capacity 
(mg/g), k1; rate constant (min− 1).

qt = k2q2e

1 + k2qt
t� (4)

Key: q2e; amount adsorbed (mg/g) at equilibrium, qt ; the amount adsorbed (mg/g) 
at time t, k2 ; rate constant (g mg− 1 min− 1).

qt = 1
β

ln (αβ) + 1
β

ln (t)� (5)

Key: α ; initial adsorption rate (mg g− 1min− 1), β ; relates to surface coverage and 
activation energy for chemisorption (g mg− 1).

qt = KP t0.5 + C � (6)

Key: KP ;intra-particle diffusion, C ; rate constant.

2.6  Adsorption isotherm modeling

Adsorption isotherms describe how the adsorbate is distributed at equilibrium on the 
solid sorbent at a constant temperature. They provide valuable information for design-
ing and optimizing adsorption processes [30]. This study used four different isothermal 
models; Langmuir (Eq. 7), Freundlich (Eq. 8), Temkin (Eq. 9) [31] and Sips (Eq. 10) [32]

qe = qmaxKLCe

1 + KLCe
� (7)

Key: Ce; equilibrium concentration (mg/L), qe; quantity of dye adsorbed at equilib-
rium (mg g− 1), qmax; maximum adsorption capacity (mg/g), KL; binding affinity (L 
/mg).

qe = Kf (Ce )� (8)

Key: Kf; adsorption capacity, n; adsorption intensity.

qe = RT

BT
ln (AT Ce)� (9)
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Key; BT ; Temkin heat of sorption (J/mol), AT ; Equilibrium binding constant (L/g), 
T; temperature (K).

qe = qs KsCn
e

(1 + KsCn
e ) � (10)

Key; qs, Ks and n are isotherm constants. n represents heterogeneity index. The 
greater the n value is, the more heterogeneous the system is said to be.

2.7  Thermodynamics study

To understand the nature and energy changes during adsorption, and the applicability 
of the adsorbent, ∆ G, ∆ H  and ∆ S were computed. The change in Gibbs free energy 
( ∆ G) was calculated using Eq. 11 [31]

∆G = −RTlnkc� (11)

Where kc = qe

Ce

∆ H  and ∆ S were obtained from Van’t Hoff plots of lnkc against 1
T  as expressed by 

Eq. 12.

lnKc = −∆H

RT
+ ∆S

T
� (12)

2.8  Statistical analysis

The data obtained from this study was processed and analyzed using Origin 2019 soft-
ware. The model’s suitability was assessed using statistical parameters such as coefficient 
of determination (R2) and error analysis metrics (sum of squared errors (SSE) and Chi-
square (χ2)). These error functions are important in selecting the most suitable model by 
minimizing deviations between experimental and predicted values [33].

3  Results and discussion
3.1  Characterization of the activated C. japonica powder

3.1.1  Scanning electron microscopic analysis

The surface topography and structural properties of C. japonica powder were analyzed 
using SEM. Figure 1 present images at magnification of x500 (a) and x1000 (b), reveal-
ing the texture and physical structure of the adsorbent. The micrographs confirmed the 
heterogeneity of the surface by showing spaced sheets that have pores and cavities. The 

Fig. 1  Morphology of C. japonica powder as observed through SEM at x500 (a) and x1000 (b)
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nature of the sheets increases the surface area providing opportunity for the attachment 
of the dye molecules through adsorption. The adsorbent’s surface is characterized by 
voids and roughness which enhances the interaction and dispersion of the adsorbates 
into the pores where they are adsorbed on the active sites [34].

3.2  EDS analysis

The EDS analysis provided a comprehensive elemental composition of the C. japonica 
powder. Figure 2 revealed that the adsorbent’s surface contains carbon (about 61%) oxy-
gen (about 38%) and small amounts of Calcium and Potassium.

The carbon and oxygen likely originate from carbohydrates and lignin, which are pres-
ent in the plant materials. These chemical metabolites bear the functional groups like 
the aliphatic and aromatic hydroxyl, carboxyl, methoxyl and amine. This is supported 
by the FTIR results. These functional groups are important in the surface chemistry of 
the powder for its use as an adsorbent for the removal of the selected dyes from aqueous 
solutions [19, 20].

3.3  Fourier transform infrared (FTIR) spectroscopic analysis

The 4000 –400 cm− 1 FTIR spectrum of the powdered C. japonica was obtained and is 
displayed in Fig. 3.

The broad peak at 3425 cm− 1 is attributable –OH stretch interpreted for hydrogen 
bonded hydroxyl groups for alcohols and phenols in the powder [35]. The absorption 
bands observed at 2855 and 2922 cm− 1 corresponds to stretching vibration of aliphatic 
C-H groups, indicating the presence of alkanes on the surface of the adsorbent [36]. A 
minor absorption peak at 1734 cm⁻¹ is characteristic for pectin in the cellulose. Fur-
thermore, the peak at 1637 cm⁻¹ represents –N-H bend, a functional group for primary 
amines [37]. In addition, medium peaks at 1420 and 1398 cm⁻¹ represent a -C-C stretch, 
while that at 1334 cm⁻¹ is assigned to -C-N stretch for aromatics [38]. The presence of 
amine groups in the C. japonica was further supported by strong bands at 1110 and 1035 
cm⁻¹ reflecting -C–N stretches and at 909 cm⁻¹ interpreted for –N-H wag for primary 
amines [39]. The peaks at 744–831 are attributed to N-H deformation of amine [40]. The 

Fig. 2  EDS elemental composition for C. japonica powder
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band at 616 cm⁻¹ may correspond to C-O-H deformation or skeletal vibration. The peaks 
at 778 and 535 cm⁻¹ are attributable to bending vibration of C-H while the peak at 472 
cm⁻¹ is attributable to bending vibrations of C-O-C and C-O-H [41].

3.4  Thermogravimetric analysis

Thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses are useful 
in evaluating the stability and decomposition behavior of the adsorbent by monitoring 
the change in mass as a function of temperature. The TG-DTG curves of the C. japonica 
powder is shown in Fig. 4. TG analysis determines how the mass of the material changes 
when it is subjected to heating. This provides an insight into moisture content loss, 
volatile release and thermal decomposition profile of the material. It can also reveal the 
decomposition of non-carbonaceous components. On the other hand, DTG curve dis-
plays the rate of mass loss with respect to temperature [42].

From Fig. 4, the TG curve of C. japonica powder exhibited multiple weight loss stages. 
An initial weight 5–10% loss occurred between 50 and 200 °C due to moisture evapora-
tion [43]. The second mass loss of 50–60% occurred between 200 and 400 °C as a result 
of the decomposition of cellulose, hemicellulose and lignin [44]. The gradual mass loss 
observed from 400 to 600 °C is due to the breakdown of carbonaceous materials in the 
powder. A final minor weight loss of 5% between 600 and 800 °C corresponds to residual 
carbon oxidation, leaving behind ash. The DTG curve provides a clearer view of these 
transitions, with distinct peaks: a small one at 50–150 °C for moisture removal, a sharp 
peak between 300 and 350 °C indicating cellulose and hemicellulose degradation, and 
broader peaks between 400 and 600 °C representing lignin decomposition [45]. These 
results show that the sorbent is thermally stable at the temperatures adopted for the 
adsorption experiment.

Fig. 3  4000 –400 cm− 1 FTIR spectrum of C. japonica powder
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3.5  Adsorption studies

3.5.1  Effect of reaction contact time

To determine the extent to which contact time affects adsorption capacity, the samples 
were subjected to experimental duration ranging from 5 to 120 min. As shown in Fig. 5, 

Fig. 5  Percent removal of DR13 and DO3 by C. japonica powder as function of reaction time

 

Fig. 4  TG and DTG curves for the C. japonica powder
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the highest percent removal of dyes was 87.77% for DR13 and 79.16% for DO3 after 
120 min.

The percent removal increased rapidly during the preliminary phase of the reaction, 
reaching equilibrium uptake within 60 min for the two disperse dyes. This increase can 
be linked to the presence of abundant unoccupied sites on the adsorbent’s surface allow-
ing efficient interaction between the adsorbates and the active binding sites [46]. In addi-
tion, the adsorption of the dye molecules can be associated with their interaction with 
various functional groups on the surface of the adsorbent as evidenced by FTIR analysis. 
The percent removal of DR13 was higher than that DO3 despite it having a larger molar 
mass of 348.78 g/mol compared to 242.23 g/mol of DO3. This is likely due to its various 
functional groups which promote stronger interactions with the adsorbent.

However, beyond the optimal time (60 min), the rate of adsorption gradually declined 
and no significant changes were observed. The reduction in the rate of dye removal can 
be due to the system reaching equilibrium as well as the saturation of the active sites 
which impedes further adsorption [47]. The subsequent adsorption reactions were 
therefore monitored for 60 min.

3.6  Effect of initial concentration

A key aspect that significantly affects adsorption capacity is the initial pollutant concen-
tration. In the current study, the concentrations used were 5, 10, 15, 20 and 30 mg/L. 
According to Fig. 6, the amount sorbed improved with rising dye concentration, as indi-
cated by rise in adsorption capacity from 1.28 to 4.71 mg/g for DR13 and from 1.89 to 
6.86 mg/g for DO3. The reason for this is that as the concentration was increased the 
concentration gradient pushed the mass transfer process to overcome resistance [48]. 
When dye is present at low concentration, the powder has more available sites for 
adsorption which facilitates the uptake of the dye molecules. However, when there are 
more dye molecules present in the solution, there is a high competition for the adsorp-
tion sites leading to saturation. This reduces the overall percent removal [49]. Specifi-
cally, for DR13, the adsorption percent decreased from 89.6 to 61.6% and for DO3, from 
85.4 to 59.1%. Sudarsan and coworkers (2025) reported a similar observation, where 
the removal efficiency of Congo red from water using activated carbon obtained from 
Spathodea campanulata flowers reduced from 84.05 to 46.56% when the dye concentra-
tion was increased from 20 to 60 mg/L [50].

Fig. 6  Removal of DR13 and DO3 by C. japonica powder as a function of initial dye concentration
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3.7  Effect of pH

pH of the reaction solution is an important parameter that can alter the charge on the 
surface of an adsorbent, thereby affecting adsorption efficiency [51]. The effect of pH on 
the removal of DR13 and DO3 was studied by varying the reaction solution pH from 3 
to 10. Figure 7 shows the percent removal of the dyes as a function of pH, measured at a 
constant contact time of 60 min, an adsorbent mass of 0.2 g, and a dye concentration of 
10 mg/L and a temperature of 298 K.

It was observed that the removal efficiency remained almost constant between pH 3 
and 6 for DR13 showing that the adsorption process in this range is largely independent 
of solution pH. Such stability can be attributed to π–π stacking, hydrogen bonding and 
van der Waals interactions between the dye molecules and the functional groups on the 
surface of the adsorbent. On the other hand, the removal efficiency of DO3 showed a 
slight increase within the same pH range. This may be attributed to alteration of charge 
distribution and hydrophobic character of the dye [52].

DR13 and DO3 are nonionic in nature, lacking sulfonate or quaternary groups that 
typically drive strong electrostatic interactions. Nevertheless, their polar substituents 
may undergo protonation under acidic conditions, introducing partial positive charges 
that further support adsorption. Beyond pH 6, the percent removal gradually declined 
for the two dyes. As shown in Fig. 8, the point of zero charge (pHpzc) of the powder 
was 6.0. At pH values below this point, the surface remains positively charged, which 
favors weak interactions with protonated dye substituents and helps sustain adsorp-
tion. Beyond pH 6, the adsorbent surface becomes increasingly negatively charged. Since 
DR13 and DO3 are nonionic, this does not lead to strong electrostatic repulsion. Instead, 
the negative surface charge decreases the availability of hydrogen bonding sites and 
weakens interactions with the adsorbates. Additionally, the presence of excess hydroxyl 

Fig. 7  Effect of pH on the removal of DR13 and DO3
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ions at higher pH may interfere with hydrogen bonding and weakly compete with dyes 
for sorption sites, decreasing the removal efficiency further [53].

DR13 and DO3 are disperse azo dyes composed of large aromatic backbones with 
azo linkages (–N = N–), along with polar substituents such as nitro (–NO₂) and amino 
(–NH₂) groups. These polar heads confer some degree of polarity, aiding dispersion 
in water. As a result, the dyes exist largely as suspended particles or aggregates, and 
adsorption is governed primarily by π–π stacking, hydrophobic interactions, and hydro-
gen bonding rather than strong electrostatic attraction.

In this study, the adsorption studies were carried out at neutral pH because we intent 
to apply the powder in wastewater treatment under natural environmental conditions.

3.8  Effect of temperature

Reaction temperature plays a significant role in determining the efficiency and applica-
bility of an adsorbent, since it influences the extent to which the adsorbate binds on the 
adsorbent. In this work, the adsorptive removal of the two dyes was carried at four dif-
ferent temperatures (298, 303, 308 and 313 K). Figure 9 shows that the quantity of dye 
adsorbed decreased when the reaction temperature was raised showing that the adsorp-
tion process was exothermic.

In regard to this, increasing the reaction temperature causes the dye molecules to 
acquire more kinetic energy which reduces their likelihood of adhering to the adsorbent 
[54]. In addition, higher temperatures may also weaken the physical structures of the 
dyes which further decreases the efficiency of the adsorption process [55]. Such pro-
cesses are common in physisorption and are marked by the interaction of adsorbent and 
adsorbate mainly through electrostatic attraction and van der Waals forces. This proves 
that the bond between the molecules and the sorbent surface is stronger at lower tem-
peratures [56]. A similar observation on the effect of temperature on disperse dyes was 
reported by Tiwari and coworker (2015) [57].

Fig. 8  A plot showing the point of zero charge of C. japonica powder
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3.9  Kinetic modeling

To assess the kinetics of DR13 and DO3 the following models were applied: pseudo-
first order, pseudo-second order, intra-particle and Elovich. The results are presented in 
Table 1 while the fittings are displayed in Fig. SI 2 (Supplementary Information).

Table 1  Kinetic results obtained for the adsorptive removal of DR13 and DO3 by C. japonica powder
Model Parameter DR 13 DO 3
Pseudo-first order Qe (mg/g) 2.061 ± 0.053 3.046 ± 0.054

(k1) (min–1) 0.241 ± 0.038 0.309 ± 0.042
(Radj)

2 0.672 0.694
ꭓ2 0.0157 0.018
SSE 0.094 0.108

Pseudo-second order Qe (mg/g) 2.179 ± 0.028 3.159 ± 0.025
K2 (g/mg min) 0.207 ± 0.025 0.126 ± 0.009
(Radj)

2 0.949 0.957
ꭓ2 0.0024 0.0025
SSE 0.0145 0.0151

Intra-particle diffusion Kdiff(mg/g min− 0.5) 0.068 ± 0.021 0.077 ± 0.021
C 1.540 ± 0.338 2.472 ± 0.086
(Radj)

2 0.843 0.834
ꭓ2 0.0075 0.0269
SSE 0.0450 0.0161

Elovich α (mg/g.min) 131.559 ± 9.34 256.384 ± 20.7
β (g/mg) 5.049 ± 0.32 4.459 ± 0.31
(Radj)

2 0.9699 0.9701
χ2 0.0014 0.0018
SSE 0.0086 0.0106

Fig. 9  Removal efficiencies of DR13 and DO3 as a function of reaction temperature
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The pseudo first order model is centered on the postulation that the rate of adsorp-
tion is proportionate to the vacant sorption sites [58]. For DR13, the calculated equi-
librium adsorption capacity (Qe) was 2.061 ± 0.053 mg/g with a rate constant (k1)​ of 
0.241 ± 0.038 min⁻¹, whereas DO3 showed a higher Qₑ of 3.046 ± 0.054 mg/g and a 
k1​ value of 0.309 ± 0.042 min⁻¹. However, the model exhibited a poor fit for both dyes 
with an adjusted R2​ of 0.6715 for DR13 and 0.6943 for DO3. The relatively high sum of 
squared errors (SSE) of 0.094 for DR13 and 0.108 for DO3, together with chi-square (χ²) 
of 0.0157 and 0.018 for DR13 and DO3, respectively further showing that this model 
does not adequately describe the adsorptive kinetic behavior of the two dyes. The poor 
performance of pseudo first order suggests that adsorption is not governed by a simple 
physisorption process or diffusion-limited process but rather by chemisorption interac-
tions. This interpretation is supported by the heterogeneous nature of C. japonica, as 
revealed by SEM images showing rough, irregular surfaces with varying pore sizes (Fig. 
1). Similar deviations have also been reported in previous studies, where heterogeneous 
surface chemistry limited the applicability of the pseudo-first order model. This likely 
results from dye molecules adhering to active surface sites through chemical bond for-
mation [59].

From the results, the pseudo-second order model fitted the kinetic data better com-
pared to the pseudo-first order and the intra-particle diffusion models. This is evidenced 
by the high R2 values of 0.949 and 0.957 for DR13 and DO3, respectively, as well as low 
corresponding χ2 values of 0.0024 and 0.0025. In addition, the model recorded low SSE 
values of 0.0145 and 0.0151 for DR13 and DO3, respectively. This indicates that che-
misorption is the rate-limiting step, involving electron sharing or electron exchange 
between dye molecules and the functional groups on the powder’s surface [60]. DR13 
exhibited a higher adsorption rate constant (0.207 ± 0.025 g/mg·min) compared to DO3 
(0.126 ± 0.009 g/mg·min), implying a faster initial uptake.

The better overall fit for DO3 compared to DR13 indicates stronger and more sta-
ble interactions at equilibrium. This outcome is somewhat inconsistent with diffusion 
expectations, since the smaller DO3 molecule (242.23 g/mol) should, in principle, adsorb 
faster than the bulkier DR13 (348.78 g/mol). The anomaly can be attributed to preferen-
tial surface interactions of DR13 with high-energy sites, possibly through π–π stacking 
with aromatic moieties. Nonetheless, the smaller size of DO3 allows deeper pore pen-
etration, which explains its stronger equilibrium binding. This behavior is typical in sys-
tems where the dye forms strong chemical bonds with the active sites, as observed in 
other adsorption studies involving azo dyes and lignocellulosic adsorbents [61].

Intra-particle diffusion model was employed to evaluate how internal diffusion resis-
tance and dye molecule diffusion into the adsorbent’s pores influence the adsorption 
process. The results revealed that adsorption of the two dyes onto the powder pro-
ceeded in two steps: the first fast step is initial boundary layer diffusion while the second 
slower one is intra-particle diffusion. The diffusion constants (Kdiff) were 0.068 ± 0.021 
mg/g·min⁰·⁵ for DR13 and 0.077 ± 0.021 mg/g·min⁰·⁵ for DO3, indicating that DO3 dif-
fused more rapidly, likely due to its smaller molecular size (242.23 g/mol) compared to 
DR13 (348.78 g/mol). The non-zero intercepts (C) of 1.540 ± 0.338 for DR13 and 2.472 
± 0.086 for DO3 confirm that intra-particle diffusion was not the sole rate-limiting step; 
boundary layer resistance also played a role. Since a larger C value reflects a thicker 
boundary layer, DO3 experienced greater external mass transfer resistance than DR13 
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role [62]. The R² value was higher for DR13 (0.8428) than for DO3 (0.8343), suggest-
ing that intra-particle diffusion contributed slightly more to the removal of DR13. These 
results agree with earlier documented reports showing that dye molecules undergo 
adsorption through a multi-step process. It involves both film diffusion and pore diffu-
sion mechanisms [63].

Chemisorption on energetically heterogeneous surfaces is frequently explained by the 
Elovich model [64]. The adsorption data of the two dyes fitted best in this model achiev-
ing R² values of 0.9698 for DR13 and 0.9701 for DO3. This is supported further by lowest 
error values observed (χ2 = 0.0014 and SSE = 0.0086 for DR13 and ꭓ2 =0.0018 and SSE = 
0.0106 for DO3). The initial adsorption rate (α) was high for the two dyes recording val-
ues of 131.6 mg/g·min for DR13 and 256.4 mg/g·min for DO3. The larger value obtained 
for DO3 indicate that its initial uptake is more rapid compared to DR13. The β constants 
were 5.05 g mg⁻¹ for DR13 and 4.46 g mg⁻¹ for DO3. The slightly lower β for DO3 sug-
gests a slower decline in adsorption rate and thus a comparatively stronger interaction 
with the adsorbent. These findings support the view that the heterogeneous surface of 
C. japonica powder provides diverse active sites that facilitate chemisorption. Similar 
findings have been reported by Hoa et al. (2025) where the initial rate was higher than 
desorption rate confirming an excellent fit to the Elovich model on a heterogeneous sur-
face and diffusion-controlled mechanism [65].

3.10  Adsorption isotherms

Table 2 shows the adsorption data obtained from the four different isothermal model fit-
tings. The fittings are displayed in Fig. SI 3 (Supplementary Information).

According to the Langmuir model, adsorbate molecules form a monolayer on uni-
form energy sites and that the sorbed solutes do not interact [66]. From Table 2, DO3 
recorded an adsorption capacity (qmax)​ of 7.959 ± 0.334 mg/g, which is greater than that 

Table 2  Adsorption isotherm data for DO3 and DR13
Model Parameter DO3 DR 13
Langmuir isotherm qmax (mg g− 1) 7.959 ± 0.334 5.678 ± 0.334

KL (L mg− 1) 0.337 ± 0.042 0.316 ± 0.053
RL 0.029 0.031
(Radj)

2 0.987 0.980
ꭓ2 0.040 0.033
SSE 0.158 0.131

Freundlich isotherm KF (mg g− 1) 2.441 ± 0.139 1.623 ± 0.049
1/n 0.402 ± 0.173 0.4327 ± 0.15
(Radj)

2 0.984 0.989
ꭓ2 0.049 0.006
SSE 0.196 0.026

Temkin isotherm qmax (mg g− 1) 3.706 ± 0.512 3.639 ± 0.611
(Radj)

2 0.989 0.982
ꭓ2 0.034 0.029
SSE 0.135 0.116

Sips qmax (mg g− 1) 10.608 ± 0.112 11.097 ± 0.209
KS (L mg− 1) 0.266 ± 0.040 0.163 ± 0.008
ns 0.717 ± 0.076 0.601 ± 0.011
(Radj)

2 0.996 0.999
ꭓ2 0.0094 1.053 × 10− 4

SSE 0.028 3.158 × 10− 4



Page 16 of 23Shiyoya et al. Discover Chemistry           (2025) 2:274 

of DR13 (5.678 ± 0.334 mg/g). This suggests that DO3 has a higher binding affinity and 
stronger adsorption interaction with the adsorbent likely due to its smaller molecular 
weight making it fit better into the adsorbent’s active sites. Similarily, DO3 recorded a 
higher KL​ value (0.337 ± 0.042 L/mg) compared to DR13 (0.316 ± 0.053 L/mg), indicat-
ing a slightly more favorable adsorption process for DO3 [34]. The factor RL, an indi-
cator of isotherm’s favorability was found to be 0.0288 for DO3 and 0.0307 for DR13. 
Since both values were within the range 0 < RL<1, adsorption of the two dyes by C. 
japonica was favorable [27]. The goodness-of-fit values further confirm the Langmuir 
model’s suitability, particularly for DO3, with an R2 of 0.986 and low error terms (χ² = 
0.0395; SSE = 0.116), suggesting monolayer adsorption behavior. For DR13, although the 
adjusted R2 was slightly lower (0.979), it still indicates a strong correlation affirming the 
model’s applicability.

The Freundlich isotherm explains adsorption on non-uniform surfaces and allows for 
multilayer adsorption [67]. In this study, as shown in Table 2, adsorption constant KF 
indicated stronger interaction for DO3 ​(2.441 ± 0.14 mg/g) compared to DR13 ​(1.623 
± 0.049 mg/g). The 1/n values for both dyes were less than 1 (0.402 ± 0.17 for DO3 and 
0.433 ± 0.15 for DR13), confirming favorable adsorption and suggesting that the adsorp-
tion sites are heterogeneous [68]. A strong correlation was also observed between the 
experimental data and the Freundlich model, with adjusted R2 values of 0.984 for DO3 
and 0.989 for DR13. The model indicates that heterogeneity and multilayer adsorption 
may be more pronounced for these dyes.

According to the Temkin model, the heat of the adsorption process is inversely pro-
portional to the surface coverage [69]. The model gave qmax of 3.706 ± 0.51 mg/g for 
DO3 and 3.639 ± 0.61 mg/g for DR13 both lower than those predicted by Langmuir. The 
R2 values obtained from this model were high for two dyes (0.989 for DO3 and 0.982 for 
DR13), and the error values were relatively low, particularly for DR13 (χ² = 0.029, SSE 
= 0.116). This indicates that adsorbate–adsorbent interactions are significant, especially 
for DR13, and supports the presence of surface heterogeneity and varying adsorption 
energies, likely due to chemical heterogeneity of the adsorbent [70].

The Sips isotherm employs the strengths of both Langmuir and Freundlich models 
and is frequently used to explain adsorption on heterogeneous surfaces that approach 
monolayer saturation at higher solute concentrations [71]. For DO3, the Sips model pre-
dicted a maximum adsorption capacity (qmax) of 10.61 ± 0.11 mg/g, while DR13 exhib-
ited a slightly higher qmax of 11.10 ± 0.21 mg/g. These values are substantially greater 
than those obtained from the Langmuir model (7.96 and 5.68 mg/g for DO3 and DR13, 
respectively), suggesting that the Sips model better captures the adsorbent’s ability to 
bind the dyes across both low- and high-energy sites. The affinity constants (KS) were 
0.266 ± 0.04 L/mg for DO3 and 0.163 ± 0.008 L/mg for DR13, indicating that DO3 mol-
ecules interact more strongly with the high-energy adsorption sites. However, DR13 
ultimately achieved the greater overall uptake capacity, confirming that it adsorbed bet-
ter than DO3 and exhibited superior maximum loading. The ns values of 0.717 ± 0.076 
for DO3 and 0.601 ± 0.011 for DR13, both less than unity, confirms adsorption on an 
energetically heterogeneous surface. A lower ns value indicates greater surface hetero-
geneity; thus, DR13 adsorption involves a wider distribution of binding energies than 
DO3. This may be attributed by the fact that DR13, is more relatively bulkier with more 
functional groups and interacts with a broader range of functional groups and surface 
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domains on the adsorbent. This agrees with SEM observations of a rough and porous 
morphology and FTIR evidence of diverse functional groups that provide a spectrum of 
binding energies. In terms of statistical validity, the Sips model showed excellent agree-
ment with the experimental data, with adjusted determination coefficients of 0.996 for 
DO3 and 0.999 for DR13. Error analysis further confirmed this, yielding very low values 
(χ² = 0.0094 for DO3 and 1.05 × 10⁻⁴ for DR13; SSE = 0.028 and 3.16 × 10⁻⁴, respectively). 
These results demonstrate that the Sips model is superior to Langmuir, Freundlich, and 
Temkin for describing the adsorption of the two dyes. Importantly, although DO3 shows 
stronger affinity for high-energy sites, DR13 achieved the highest overall adsorption 
capacity, confirming its superiority in total uptake among the two dyes.

3.11  Thermodynamic results

Various thermodynamic parameters ( ∆ G, ∆ S, ∆ H) were determined. ∆ H  and ∆ S 
of the reaction were determined from the Van’t Hoff plots. The plots are displayed in 
Fig. SI 4 (Supplementary Information) while corresponding thermodynamics results are 
summarized in Table 3.

The negative ∆G values for the two dyes observed at 298, and 303 K indicated the 
spontaneity of adsorption of the two dyes onto the C. japonica powder. ∆G turned 
positive as the temperature increased (at 308 and 313 K), revealing that the adsorptive 
removal is less likely to happen at higher temperatures. Al-asadi et al. (2023) reported 
a comparable outcome in relation to methylene blue dye sequestration, noting that ∆G 
became less negative with increasing temperature [72]. The negative enthalpy changes 
(ΔH = − 61.11 kJ/mol for DR13 and − 39.99 kJ/mol for DO3) further confirm that the 
process is exothermic and falls within the range typically associated with chemisorption 
rather than weak physisorption. Both dyes also displayed negative entropy changes (ΔS), 
reflecting decreased randomness at the solid–solution interface and indicating that dye 
molecules adopt a more ordered arrangement on the biosorbent surface compared with 
their initial state in solution [73]. The entropy decrease is more pronounced for DR13 
(–202 J/molK) than for DO3 (–132 J/molK). This larger negative ΔS signifies a greater 
loss of interfacial disorder and is consistent with DR13’s more ordered surface packing. 
Owing to its larger, more planar molecular geometry, this dye can arrange itself into 
closely packed, highly ordered layers on the C. japonica surface, displacing more water 
molecules and creating a more organized interfacial region. In contrast, the smaller DO3 
molecules produce less structural ordering and therefore exhibit a less negative entropy 
change.

Table 3  Thermodynamic results for adsorption of DR13 and DO3 onto C. japonica powder
Dye Temp (K) % removal ∆ G

(kJ/mol)
∆ H  (kJ/mol) ∆ S (J /molK)

DR13 298 86.30 -0.828 -61.11 ± 3.04 -201.89 ± 6.24
303 80.46 -0.150
308 75.87 1.128
313 68.96 2.118

DO3 298 78.13 -0.435 -39.99 ± 2.95 -132.27 ± 4.87
303 69.19 -0.055
308 58.50 0.637
313 49.18 1.551
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3.12  Regeneration of the adsorbent

In order to assess economic viability of C. japonica powder as an efficient adsorbent, 
desorption and regeneration tests were conducted. Four desorption cycles were evalu-
ated in batch experiment system using ethanol as eluent. The results, presented in Fig. 
10, indicate that the adsorption performance remained relatively stable during the first 
three cycles, with C. japonica showing nearly the same removal efficiency. Following 
each regeneration, adsorption experiments were conducted under standardized condi-
tions (C₀ = 10 mg/L, contact time 60 min, agitation 150 rpm, 25 °C). For DR13, the initial 
removal was 87.8%, and efficiency stayed above 84% through the first three cycles before 
dropping to 75.24% in the fourth. DO3 followed a similar pattern, starting with 79.16%, 
remaining above 70% for the first three cycles, and then falling to 66.31% by the fourth 
cycle. This stepwise loss of capacity indicates a progressive but moderate degeneration of 
the sorbent’s active sites, likely due to partial pore blockage or structural fatigue caused 
by repeated adsorption–desorption treatments. These results demonstrate that C. 
japonica powder combines high adsorption capacity with favorable regeneration ability 
and reusability as a biosorbent. Comparable gradual declines in removal efficiency over 
successive regeneration cycles have also been reported by other researchers, supporting 
the view that performance loss is common during repeated use of biosorbents [74].

3.13  Comparison of C. japonica powder efficiency with Plant-Based adsorbents

The adsorption capacity of C. japonica powder was compared with other plant-based 
adsorbents. Table  4 summarizes the adsorption capacity values obtained for vari-
ous plant-derived adsorbents used in water treatment under comparable experimental 
conditions.

  
From the comparison, C. japonica powder used in this study recorded even higher dye 

adsorption capacity than some of other unmodified plant based adsorbents as shown 

Fig. 10  Reusability cycles of the C. japonica
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in Table 4. This makes the powder from C. japonica vines a suitable adsorbent for the 
removal of disperse dyes from water. It is worth noting that this is the first study to 
report the use of adsorbent derived from C. japonica for the removal of dyes from water.

3.14  Cost Estimation and analysis

 Cuscuta japonica used in this study is an invasive plant abundantly available in the 
region, and was collected from the immediate surrounding environment at no cost. 
The preparation of the adsorbent, washing, drying, grinding, and acid treatment, was 
estimated to cost approximately USD 0.10 per kilogram under bench-scale condi-
tions. Based on its adsorption capacity (qₑ), the total treatment cost was calculated at 
about USD 0.025 per cubic metre of treated solution without adsorbent regeneration. 
This brought the total cost of the adsorbent to about USD 0.125 per kilogram. Besides, 
the adsorbent can be regenerated for reuse and therefore further reducing the cost. In 
comparison, the price of commercial activated carbon reported in the literature ranges 
between USD 1.20–6.40 per kilogram [83]. These findings indicate that C. japonica is a 
cost-competitive and sustainable alternative for dye removal compared to conventional 
adsorbents.

3.15  Novelty statement

This study reports for the first time the adsorption of disperse dyes onto the low cost 
powder obtained from C. japonica vines. Prior to this study, there were no reports for 
the possible utilization of this plant in the removal of dyes from water. Harnessing the 
invasive parasitic C. japonica is difficult, and therefore its utilization for the removal 
of dyes and other pollutants would be both of economic value and environmentally 
sustainable.

4  Conclusion
This study has shown that C. japonica powder can be effectively used to remove DR13 
and DO3 from water through adsorption. DR13 exhibited higher removal efficiency 
(87.7%) compared to DO3 (79.16%) after 120  min. The adsorption process of the two 
dyes onto C. japonica powder followed the pseudo-second order kinetics suggesting a 
strong adsorbate-adsorbent interactions and is best described by the Sip isotherm model 
with DR13 achieving a slightly higher capacity (11.1 mg/g) than DO3 (10.6 mg/g). The 
removal efficiency of the two dyes by C. japonica decreased with increase in reaction 
temperature implying the reaction was exothermic in nature. The adsorption process 

Table 4  Shows comparison of maximum uptake of dyes with various adsorbents
Adsorbent Dye Maximum adsorption capacity (mg/g) Reference
Maize cob Malachite green 66.52  [75]
Date seeds Methyl violet 59.50  [76]
Rice husk Methylene blue 24.48  [77]
Nut shell Methylene blue 16.44  [78]
Cuscuta japonica Disperse red 13 11.10 This study
Cuscuta japonica Disperse orange 3 10.60 This study
Mango bark Rhodamine 2.7  [79]
Sugar cane bagasse Remazol Brilliant Violet-5R 2.45  [80]
Trifolium repens Crystal violet 1.952  [81]
Gliricidia sepium Disperse yellow 211 0.253  [82]
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was feasible and spontaneous. Collectively, these findings highlight the potential of 
C. japonica powder as a renewable adsorbent for wastewater treatment. Beyond dye 
removal, valorizing this invasive plant as a treatment material provides a dual benefit of 
environmental remediation and ecological management offering a promising pathway 
toward sustainable water purification technologies.
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