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Abstract
Synthetic dyes cause serious damage to the environment. If synthetic dyes are discharged without treatment, they become 
a serious environmental problem in aquatic ecosystems. The present study aimed to bio-remove Congo red (CR) from 
aqueous solutions using Robinia pseudoacacia L. fruit (RPF) biosorbent from aqueous solutions via a biosorption process. 
Optimization studies were conducted on the biosorption parameters, including stirring speed, temperature, pH, contact 
time, initial CR dye concentration, zero charge point (pHpzc), and biosorbent dosage. As a result, it was observed that 
80% CR was removed from aqueous solutions using RPF biosorbent under optimum conditions (temperature: 303  K, 
stirring speed: 150 rpm, pH: 6, biosorbent dose: 1 g, contact time: 30 min, and initial CR dye concentration: 10 mg/L). 
For kinetic studies, the R2 value (R2 = 0.999) of the pseudo-second-order kinetic model was a better fit than the R2 value 
(R2 = 0.976) of the pseudo-first-order kinetic model. The R2 value of the Langmuir isotherm was 0.997, and the Langmuir 
isotherm model best fitted the R2 values of the Freundlich (R2 = 0.976), Elovich (R2 = 0.952), and Temkin (R2 = 0.993) 
isotherm models. Because ∆G˚ values (-3.41, -4.5, -5.59 and -6.68 kJ/mol) were calculated as negative in thermodynamic 
studies, the biosorption process occurred spontaneously. Moreover, detoxification studies revealed significant recovery of 
anatomical and physiological parameters in A. cepa and B. oleracea var. acephala after RPF biosorbent treatment. The 
germination rate of B. oleracea var. acephala seeds decreased to 40% with increasing CR concentrations. Moreover, 
significant decreases were observed in the fresh weight (0.46 g), dry weight (0.064 g), root length (1.16 cm), and shoot 
length (1.36 cm). Consequently, the present study highlights the effective treatment, low-cost, and eco-friendly potential 
of RPF biosorbents for the removal of CR from aqueous solutions.
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Introduction

Water resources are gradually decreasing due to the expan-
sion of industries, rapid population growth, and global 
warming. The decline in water resources poses a serious 
hazard to organisms in the ecosystem (Akdemir et al. 2022; 
Rehman et al. 2024). In particular, effluents from textile 
industries, which use synthetic dyes in products such as 
paint, paper, textiles, and cosmetics, create a significant 
environmental problem. Textile industries consume more 
than 700,000 tons of synthetic dyes annually, approximately 
400,000 tons of which are discharged into the environment 
(Abbas et al. 2023; Qaiyum et al. 2023). Synthetic dyes 
exhibit toxic properties including teratogenic, mutagenic, 
and carcinogenic effects. Therefore, the treatment of efflu-
ents containing synthetic dyes has become a global priority 
for mitigating their adverse environmental impacts (Fawzy 
et al. 2023; Gedam et al. 2019).

Congo Red (CR) is an aromatic synthetic dye that is 
widely used in various industries, including pharmaceuti-
cals, printing, and dyeing. CR poses serious risks to human 
health owing to its harmful effects, such as skin, eye, and 
gastrointestinal irritation (Ahmad Aftab et al. 2023; Aou-
nallah et al. 2024; Sathya et al. 2023). When released into 
aquatic environments, such as lakes, rivers, and streams, 
CR prevents the penetration of sunlight, thereby inhibiting 

photosynthesis, which is vital for ecosystem organisms. This 
process ultimately leads to eutrophication, creating severe 
environmental threats. Hence, CR must be treated before 
being discharged into receiving environments (Adeleke et 
al. 2024; Litefti et al. 2019).

Wastewater treatment methods such as membrane filtra-
tion, ion exchange, and coagulation/flocculation have been 
applied for the removal of CR from aqueous solutions. 
However, these methods suffer from drawbacks, includ-
ing chemical reagent usage, membrane fouling, large space 
requirements, and high energy consumption, prompting the 
search for alternative approaches (Munagapati et al. 2024; 
Suteu et al. 2024). In recent years, biosorption has emerged 
as a promising alternative for CR removal utilizing vari-
ous biosorbents derived from natural sources. Biosorption 
is considered an attractive method because of its sustain-
ability, eco-friendliness, and high efficiency for dye removal 
(Sarıkaya et al. 2024; Torun and Aracagök, 2024). Since 
the biosorbents used in biosorption offer advantages such 
as abundance in nature, low-cost, and effective treatment, 
the biosorption process is an effective treatment method for 
the removal of heavy metals and various organic pollutants 
(Ibrahim et al. 2022).

Numerous studies have investigated CR removal using 
biosorbents, such as Valeriana officinalis roots (Akdemir et 
al. 2022), Euroamerican poplar (Stjepanović, et al. 2021), 
neem bark (Sathya et al. 2023), teak leaf powder (Gedam et 
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al. 2019), Vangueria infausta fruit pericarp (Kitemangu et 
al. 2023), Imperata cyclindirica (Bello et al. 2024) and Ter-
minalia ivorensis (Babalola et al. 2017). However, no study 
has been conducted on CR removal from an aqueous solu-
tion-based Robinia pseudoacacia L. (Fabaceae) biosorbent. 
Moreover, although various types of P. acacia-based biosor-
bents have been reported in the literature for dye and heavy 
metal removal studies (Khorshidi and Niazi 2016; Vassileva 
et al. 2018), fruit-based biosorbents have recently been rec-
ognized to possess significant potential for the removal of 
cationic crystal violet dyes (Güllüce et al. 2024). Therefore, 
the effectiveness of this biosorbent against anionic dyes 
such as Congo Red (CR) remains unknown.

The present study aimed to investigate the bio-removal of 
CR dye in aqueous solutions using RPF biosorbent, as well 
as the phytotoxic effects of the CR solution. To determine 
the optimum conditions for CR removal, the parameters 
affecting biosorption, including stirring speed, tempera-
ture, pH, contact time, initial dye concentration, point of 
zero charge (pHpzc), and biosorbent dosage, were evalu-
ated. Furthermore, isotherm, kinetic, and thermodynamic 
models were used to elucidate the underlying biosorption 
mechanisms. In addition, the phytotoxicity of untreated and 
treated CR solutions was examined.

Materials and Methods

Preparation of Congo Red (Cr) Solutions

CR was supplied by Sigma-Aldrich (C.I. 22,120). 100 ppm 
stock solution was prepared by dissolving 0.01 g) in 1 L of 
pure water. The effect of the initial CR dye concentration 
was investigated by diluting the working solutions from the 
stock solution. The general properties of the CR dyes are 
listed in Table 1.

Preparation of Robinia pseudoacacia L. (Fabaceae) 
(RPF) Biosorbent

Robinia pseudoacacia L. (Fabaceae) fruit (RPF) biosorbent 
was collected from the acacia trees. To remove the pollut-
ants from the biomass, it was washed with a galore of tap 
water and then washed with pure water 2–3 times. It was 
then dried at 80 °C for 24 h. Then, the biomass was ground 
into a powder, and the obtained RPF biosorbent was stored 
in an airtight container at room temperature until it was used 
for biosorption studies.

RPF Biosorbent Characterization

An FTIR spectrometer (VERTEX 70v) was used in the 
wavenumber range of 4000–400 cm−1 to determination the 
functional groups in RPF before and after biosorption.

Biosorption Experiments

In biosorption studies, pH (3–10), temperature (303–333 K), 
biosorbent dose (0.2 − 1  g), initial CR dye concentration 
(10 − 30 mg/L), stirring speed (75 − 150  rpm), and contact 
time (5 − 30  min) were investigated as parameters affect-
ing biosorption for CR removal using RPF biosorbent from 
aqueous solutions. The pH was adjusted by adding 0.1 N 
HCl or 0.1 N NaOH. To obtain the amount of biosorption 
of CR dye by the RPF biosorbent, an absorbance calibra-
tion curve versus concentration was plotted (Fig. 1). After 
centrifugation at 6000 rpm for 5 min, the supernatant of the 
samples was measured using a UV–Visible Spectrophotom-
eter (PG Instruments Limited T80 +) at 500 nm (Batana et 
al. 2022; Ozola-Davidane et al. 2021). All experiments were 
performed in triplicates. CR removal (%) was calculated 
using Eq. (1). The biosorption capacity (qe) was calculated 
using Eq. (2).

Table 1  General properties of CR

Dye Common Name Molecular weight Class Molecular Structure

Congo Red 696.665 g/mol Anionic Dye

C32H22N6O6S2·2Na
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for the pseudo-second-order kinetic model is shown in 
Eq. (4).

t

qt
= 1

kqe
+ t

qe
� (4)

qt is the biosorption capacity at time t (mg/g). where k2 is the 
rate constant (g/(mg *min)). The qe and k2 values were cal-
culated from the slope point and cut-off point of the graph 
drawn against (t/qt) versus t, respectively. The formula for 
the Elovich kinetic model is shown in Eq. (5).

qt = 1
β

In (α ∗ β) + 1
β

In (t)� (5)

where α is the initial biosorption rate (mg/(g *min)). β is 
the Elovich constant (g/mg). The β and α values were cal-
culated from the slope point and cut-off point of the graph 
drawn against qt versus In(t), respectively. The formula for 
the intraparticle diffusion kinetic model is shown in Eq. (6).

qt = C + ki

√
t� (6)

ki is the intraparticle diffusion rate constant (mg/(g *min1/2)). 
C is a constant that defines the thickness of the boundary 
layer. (mg/g). The C and ki values were calculated from the 
slope point and cut-off point of the graph drawn against qt 
versus t1/2, respectively.

Biosorption Isotherms Studies

Langmuir, Freundlich, Elovich, and Temkin isotherm mod-
els were used in the biosorption isotherm studies. The for-
mula for the Langmuir isotherm is given in Eq. (7).

1
qe

= 1
q0L

1
Ce

+ 1
q0 � (7)

L is the constant of the Langmuir isotherm, which 
depends on the biosorption free energy. (L/mg). where q0 
is the biosorption capacity of the Langmuir isotherm on a 
monolayer(mg/g). The L and q0 values were determined 
from the slope point and cut-off point of the graph drawn 
against (1/qe) versus (1/Ce), respectively. The separation 
factor (RL) values in Eq. (8) is a dimensionless value of the 
Langmuir isotherm model.

RL = 1
1 + LC0

� (8)

The formula of the Freundlich isotherm was shown by 
Eq. (9).

CRremoval (%) =
(

1 − Ce

C0

)
× 100� (1)

qe = (C0 − Ce)
w

× V � (2)

qe is the biosorbent capacity at equilibrium (mg/g). where w 
is the weight of RPF biosorbent (g). C0 and Ce (mg/L) are 
the initial and equilibrium CR dye concentrations, respec-
tively. V is the solution volume (L), and all studies were 
carried out in a 0.05 L solution volume.

Zero Charge Point (pHpzc) of RPF

pHpzc is a critical parameter used to determine the net sur-
face charge of the biosorbent. To calculate the pHpzc value 
of RPF biosorbent, 0.15 g of RPF biosorbent was added to 
each of 0.05 L of 0.1 M NaCl solution. The pH of each sam-
ple was adjusted between 2 and 12 with 0.1 N HCl or 0.1 N 
NaOH. After the pH adjustment, the samples were shaken in 
an incubator at 150 rpm for 48 h. Then, the final pH values 
of the samples were measured, and ∆pH (initial pH–final 
pH) was calculated. A graph of ∆pH against pH is plotted. In 
this graph, the point that intersects the abscissa of pH gives 
the pHpzc (Mubarik et al. 2025).

Biosorption Kinetics Studies

Pseudo-first-order, pseudo-second-order, Elovich and intra-
particle diffusion kinetic models were calculated for the 
biosorption kinetic studies. The formula for the pseudo-
first-order kinetic model is shown in Eq. (3).

In (qe − qt) = In (qe) − kt� (3)

k1 is the rate constant (min−1). The k1 and qe values were cal-
culated from the slope point and cut-off point of the graph 
drawn against In(qe-qt) versus t, respectively. The formula 

Fig. 1  Calibration curve
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Determination of Detoxification Potential of The Rpf 
Biosorbent Treatment

The phytotoxicological effects of untreated and treated CR 
solutions were determined using inhibition of seed germina-
tion and seedling growth parameters (Kishor et al. 2021). 
Isogenic kale seeds (Brassica oleracea var. acephala), were 
obtained from the Faculty of Agriculture. Ten healthy seeds 
were selected for each treatment group. Surface sterilization 
was performed by treating the seeds with 2% HgCl2 solu-
tion for 2 min. The seeds were washed twice with sterile 
distilled water and placed in sterile petri dishes with sterile 
Whatman Grade 1 filter paper at the bottom. CR solutions 
(5 mL of CR solutions was added to the test groups and 5 
mL of distilled water was added to the control groups. The 
Petri dishes were incubated at 28 °C in a BOD incubator for 
7 days. On the second day of incubation, seed germination 
rates were recorded and seedling growth parameters were 
calculated at the end of the incubation period. The seed ger-
mination rate (%) was calculated using Eq. (15).

Ger min ationrate (%) =
(

countofger min atedseeds

countofsowedseeds

)
× 100� (15)

In addition, Allium root tips grown in the control and test 
solutions were used to determine anatomical alterations in 
the plant roots. For this purpose, uniformly sized healthy 
Allium cepa L. bulbs were purchased from local markets. 
Then, the yellow–brown outer scales of selected bulbs were 
peeled off, and the bulbs were immersed in test tubes con-
taining either distilled water (control group), untreated, or 
treated CR solutions (test groups). After a 48 h incubation 
period at 25 °C in the dark, the root tips were collected 
from the bulbs and washed with distilled water. Cross-sec-
tions were then taken with a sharp razor blade and stained 
with methylene blue (5%) for 2 min. Finally, cellular and 
structural damage was observed under a light microscope 
(LEICA DM 750) at 500 × magnification (Çavuşoğlu et al. 
2021).

All phytotoxicity experiments were conducted in tripli-
cate with two replicates, and the results were statistically 
analysed by 1-way analysis of variance (ANOVA) followed 
by Duncan’s multiple range test (p < 0.05) and presented as 
means and standard deviations.

Results and Discussion

FTIR Analysis

FTIR analysis was performed to characterize the RPF bio-
sorbent surface before and after biosorption of Congo Red 

Inqe = InKf + 1
n

InCe� (9)

Kf is a constant in the Freundlich isotherm model. where n 
is the biosorption density on heterogeneous surfaces in the 
Freundlich isotherm. The n and Kf values were determined 
from the slope point and cut-off point of the graph drawn 
against In(qe) versus In(Ce), respectively.

The formula of the Elovich isotherm was shown by 
Eq. (10).

In

(
qe

Ce

)
= In (Keqs) −

(
qe

qs

)
� (10)

Ke is the constant in the Elovich isotherm model. where qs 
is the maximum biosorption capacity in the Elovich iso-
therm (mg/g). The qs and Ke values were determined from 
the slope point and cut-off point of the graph drawn against 
In(qe/Ce) versus (qe), respectively.

The formula of the Temkin isotherm was shown by 
Eq. (11).

qe = RT

∆T
In (KT) + RT

∆T
In (Ce)� (11)

KT is a constant of the Temkin isotherm model (L/g). ∆T is 
the energy change during the biosorption process (kJ/mol). 
R is the universal gas constant (8.314 J/mol*K). where T is 
the absolute temperature. The ∆T and KT values were cal-
culated from the slope point and cut-off point of the graph 
drawn against (qe) versus In(Ce), respectively.

Biosorption Thermodynamics

A thermodynamic study was conducted to determine 
whether the results obtained from the biosorption process 
were physical or chemical. ΔG° (kJ/mol), ΔH° (kJ/mol), and 
ΔS° (J/mol*K) values were calculated using Eqs. (12) and 
(13) (Van 't Hoff Equations).

InKM = ∆S

R
− ∆H

RT
� (12)

∆G = ∆H − T∆S� (13)

KM value was calculated using Eq. (14).

KM = Ca

Ce
� (14)

Ca is CR concentration on RPF biosorbent (mg/L).
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charge of the biosorbent. In the graph of ∆pH versus pH, 
pHpzc was calculated as 5.56 (Fig. 3b). At pHpzc = 5.56, the 
net surface charge of the RPF biosorbent is neutral.

As the pH increased, the CR removal and biosorption 
capacities decreased. When pHpzc > pH, the biosorbent 
surface charge was positively charged. At low pH values, 
H + ions are high, which creates electrostatic interactions 
between the RPF biosorbent and anionic CR dye molecules. 
At pH > pHpzc, the biosorbent charge is negatively charged 
and OH- ions are high, which creates electrostatic repulsion 
between the RPF biosorbent and dye molecules. Therefore, 
as the pH increases, CR removal and biosorption capac-
ity decrease (Akdemir et al. 2022; Kitemangu et al. 2023). 
Many similar studies have shown that CR removal and bio-
sorption capacity decrease as the pH increases in the litera-
ture (Alabi et al. 2024; Bellaj et al. 2024; Bello et al. 2024; 
Kitemangu et al. 2023).

At pH 6, CR removal was 80% and the biosorption 
capacity was 0.40 mg/g. All experiments were carried out at 
the natural pH of the CR dye (pH = 6).

Effect of Contact Time

The effect of the contact time on CR removal (%) was deter-
mined, as shown in Fig. 4. The CR removal also increased 
when the contact time was increased from 5 to 25 min. This 
increase was observed in the first 25 min because the active 
sites of the RPF biosorbent were available and the dye mol-
ecules were bound to the active sites (Solmaz 2024). It was 
observed that equilibrium was reached equilibrium between 
25–30 min. This was because the free areas of the biosor-
bent surface were accessible during the first 25 min. How-
ever, a repulsive force occurred because the dye molecules 
bound to the empty biosorbent surface between 25–30 min. 

from aqueous solutions (Fig.  2a and b), and a large peak 
value was observed at 3383  cm−1 before the biosorption 
process, indicating the presence of –OH groups of phenols 
and alcohols in the lignin and cellulose of the RPF (Dutta et 
al. 2025). The peak at 2850 cm−1 could be assigned to the 
C − H stretching of the methyl group (Sorour et al. 2024). 
The peak values at 1731 and 1615 cm−1 could be attributed 
to the stretching of the non-conjugated C = O, C = O stretch-
ing of the carboxyl group, and -NH2 stretching of the amino 
group (Shkliarenko et al. 2023; Güllüce et al. 2024). The 
strong peak at 1026 cm−1 could be assigned to C − O stretch-
ing (Gemici 2024). After biosorption, the peak at 3390 cm−1 
can be attributed to -OH and -NH stretching (Bellaj et al. 
2024). The peak at 2854 cm−1 could be assigned to the C − H 
stretching (Adeleke et al. 2024). The peak values at 1733 
and 1620 cm−1 could be attributed to the stretching of the 
non-conjugated C = O, conjugated C = C stretching (Abbas 
et al. 2023; Shkliarenko et al. 2023). The strong peak at 
1031 cm−1 could be assigned to C − O stretching (Galera et 
al. 2023). The peak values of 3383, 2850, 1731, 1615, and 
1026 cm−1 shifted to the peak values of 3390, 2854, 1733, 
1620, and 1031 cm−1 after biosorption. This shift indicates 
that the interaction between the CR dye molecules and func-
tional groups on the RPF biosorbent surface resulted in a 
successful biosorption process.

Effect of pH

The pH is a critical parameter in determining the physical 
interaction between the dye solution and the biosorbent in 
the biosorption process (Mehrez et al. 2024). The effects 
of biosorption capacity (qe) and CR removal (%) in the 
pH range of (3–11) was investigated (Fig. 3a). In addition, 
the pHpzc value was calculated to determine the net surface 

Fig. 2  FTIR spectrum a before b 
after biosorption of CR onto RPF
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Effect of biosorbent dose

CR removal (%) and biosorption capacity are shown in 
Fig.  5 for their effect on biosorbent dose. According to 
these results, as the biosorbent dose increased, CR removal 
increased from 64 to 80%. The reason for this increase is 
explained more binding of dye molecules to the active sites 
of the biosorbent since the active sites of the biosorbent are 
more (Ahmad Aftab et al. 2023; Munagapati et al. 2024).

However, as the biosorbent dose increased, the biosor-
bent capacity decreased. CR dye molecules may have accu-
mulated in the binding sites of the RPF biosorbent (Oulkhir 
et al. 2023). In addition, due to the extension of the diffusion 
path, the binding of dye molecules to the biosorbent surface 
is decreased (Karadayı et al. 2025).

(Chandarana et al. 2021). Furthermore, because the dye 
molecules bind sufficiently to the biosorbent surface, the 
biosorbent surface becomes saturated (Isik et al. 2023).

Fig. 4  Effect of contact time CR removal (%) based on RPF biosorbent

 

Fig. 3  Effect of pH on biosorption 
capacity (mg/g) and CR removal 
(%) based on RPF biosorbent (a); 
Effect of the zero charge point of 
the RPF biosorbent (b)
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dye molecules and biosorbents increases the biosorption 
capacity (Güllüce et al. 2023).

Effect of Stirring Speed

The effects of biosorption capacity and CR removal (%) on 
the stirring speed were investigated (Fig. 7). It was found 
that CR removal increased from 64 to 80% as the stir-
ring speed increased. This increase in CR removal can be 
explained by the excessive binding of dye molecules to the 
biosorbent porous sites through mass transfer (Gulluce et 
al. 2020).

Effect of Temperature

The effect of temperature (303–333 K) on CR removal is 
shown in Fig. 8. According to these results, when the tem-
perature increased, CR removal increased from 80 to 92%. 
The biosorption process is naturally endothermic, as CR 
removal increases with an increase in temperature. The dif-
fusion rate increases when the dye molecules pass from the 
outer boundary layer to the inner environment and bind to 
the biosorbent active sites. This increase in the diffusion rate 
also increases CR removal (Singh et al. 2017). This is also 

Effect of Initial Cr Dye Concentration

The effects of biosorption capacity and CR removal (%) 
on the initial CR dye concentration (10 − 30  mg/L) were 
investigated (Fig. 6). When the initial CR dye concentration 
increased, the CR removal decreased from 80 to 64%. This 
is because the biosorbent surface has more porous sites com-
pared to the number of dye molecules. These sites almost 
completely adsorb the dye molecules, and insufficient sites 
are available for the remaining dye molecules (Laghzal et 
al. 2024). In addition, dye molecules accumulate in the bio-
sorbent at high dye concentrations. It was observed that CR 
removal decreased because diffusion in the active sites of 
the biosorbent decreased with the accumulation of dye mol-
ecules (Al-Saeedi et al. 2023).

However, when the initial CR dye concentration was 
increased, the biosorption capacity increased from 0.4 mg/g 
0.97 mg/g. Increases in biosorption capacity occur with an 
increase in the repulsive force effect provided by the mass 
transfer resistance between the dye molecules and the bio-
sorbent (Roy et al. 2024). Additionally, at high CR dye con-
centrations, an increase in the number of collisions between 

Fig. 8  Effect of temperature CR removal (%) based on RPF biosorbent

 

Fig. 7  Effect of stirring speed CR removal (%) based on RPF biosorbent

 

Fig. 6  Effect of initial CR dye concentration on biosorption capacity 
(mg/g) and CR removal (%) based on RPF biosorbent

 

Fig. 5  Effect of biosorbent dose on biosorption capacity (mg/g) and 
CR removal (%) based on RPF biosorbent
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kinetic model (qe = 0.428 mg/g) and experimental qe value 
(qe = 0.4 mg/g).

In the biosorption process, the intraparticle diffusion 
occurs in 3 stages: film diffusion, intraparticle diffusion, and 
the interaction between dye molecules and sorbent active 

thought to be due to the electrostatic interaction of van der 
Waals forces and H bonds between the biosorbent and dye 
molecules (Güllüce et al. 2024).

Kinetic Studies

Pseudo-first-order, pseudo-second-order and Elovich 
kinetic models are generally used for kinetic studies in 
order to determine the binding rate of dye molecules to the 
biosorbent active sites at time t in the biosorption process 
(Karadayı et al. 2025). The results of the kinetic models 
used for the biosorption process are presented in Table 2. 
According to these results, the R2 values of the pseudo-
first-order, pseudo-second-order and Elovich kinetic mod-
els were 0.976, 0.999, and 0.974, respectively (Fig. 9a−c). 
Therefore, the pseudo-second-order kinetic model pro-
vided the best fit. Moreover, the dye molecule–biosorbent 
interaction rate occurred via chemisorption because the 
pseudo-second-order kinetic model was more appropriate 
(Alprol et al. 2024). Similar results were obtained for the qe 
value calculated using Eq.  (4) in the pseudo-second-order 

Table 2  Kinetic parameters values of pseudo-first-order, pseudo-sec-
ond-order elovich and intraparticle diffusion kinetic models
Model Kinetic parameters Value
Pseudo-first-order kinetic k1 0.096

qecal 0.17
qeexp 0.4
R2 0.976

Pseudo-second-order kinetic k2 0.867
qecal 0.428
qeexp 0.4
R2 0.999

Elovich kinetic α 1.483
β 16.58
R2 0.974

Intraparticle diffusion kinetic ki 0.033
C 0.225
R2 0.934

Fig. 9  Kinetic models curve of a pseudo-first-order b pseudo-second-order c Elovich and d intraparticle diffusion for the biosorption of CR dye 
onto RPF biosorbent
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Isotherm Studies

Isotherm studies seek to determine how biosorption occurs 
and the interaction between dye molecules and biosorbents 
(Saadallah et al. 2024). The results of the isotherm models 
used for the biosorption process are presented in Table 3. 
According to these results, the R2 values were calculated 
as 0.997, 0.976, and 0.993 for the Langmuir, Freundlich, 
Temkin, and 0.952 for the Elovich isotherm, respectively 
(Fig.  10a−d). According to the calculated R2 values, the 
Langmuir isotherm provided a better fit than other isotherm 
models. The Langmuir isotherm model describes the mono-
layer homogeneous surface of the biosorbent during the 
biosorption process (Yildiz and Yüksel 2024). As a result, 
CR dye molecules were formed in the monolayer and homo-
geneous regions of the RPF biosorbent. The RL values are 
shown in Fig.  11. According to the graph, the RL values 
are in the range of (0.335 − 0.144). If RL > 1, biosorption is 
unfavorable, whereas 0 < RL < 1 biosorption is favorable. If 
the RL value is 1 or 0, biosorption is linear or irreversible, 
respectively (Adeleke et al. 2024). Because the calculated 
RL values fall between 0 and 1, the biosorption process is 
considered favorable.

The n value of the Freundlich isotherm is calculated 
to be 1.96. The biosorption process is considered suitable 
when n is greater than 1 (Abdallah and Alprol 2024). The 

sites (Elgarahy et al. 2020). The results of the intraparticle 
diffusion model used for the biosorption process are pre-
sented in Table 2. As shown in Fig.  9(d), since the curve 
does not pass through the origin, it indicates that the bio-
sorption process is governed by the diffusion model, but the 
intraparticle diffusion model is not the only rate-determin-
ing step (Al-Saeedi et al. 2023).

Table 3  Isotherm parameters values of Langmuir, Freundlich, Elovich 
and Temkin isotherm models
Isotherm Kinetic parameters Value
Langmuir q0 1.41

L 0.2
R2 0.997

Freundlich n 1.96
Kf 0.295
R2 0.976

Elovich Ke 0.554
qs 0.681
R2 0.952

Temkin KT 1.7
∆T 7.55
R2 0.993

Fig. 10  Isotherm models curve of a Langmuir b Freundlich c Elovich and d Temkin for the biosorption of CR dye onto RPF biosorbent
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at different temperatures (303–333  K) in the biosorption 
process. The ∆H°, ∆G°, and ∆S° values are listed in Table 5. 
The ∆H˚ value was calculated to be 29.592 kJ/mol. Because 
∆H˚ > 0, it is thought that the biosorption process is endo-
thermic (Hmamouchi et al. 2024). The ΔS˚ value was cal-
culated as 108.93 j/mol*K. Because ΔS˚ > 0, it increases the 
randomness created by the interaction between the dye mol-
ecules and the biosorbent active sites (Elgarahy et al. 2020). 
∆G˚ values are -3.41, -4.5, -5.59 and -6.68 kJ/mol. Because 
ΔG˚ values range between -20  kJ/mol and 0  kJ/mol, the 
biosorption process occurs physically (Güllüce et al. 2024). 
When ∆G˚ < 0, biosorption occurs spontaneously (Zubair et 
al. 2024). As a result, CR removal from aqueous solutions 
based on RPF biosorbents in the biosorption process occurs 
spontaneously.

Detoxification of Cr by the Rpf Biosorbent 
Treatment

Phytotoxicity studies on B. oleracea var. acephala seed 
germination and seedling growth showed that significant 
physiological effects occurred at CR concentrations of up 
to 10 ppm. The germination rate of B. oleracea var. aceph-
ala seeds decreased to 40% with increasing dye concen-
trations. Moreover, significant decreases were observed 
in fresh weight, dry weight, and root and shoot lengths of 
seedlings. In this regard, these parameters were measured 
as 1.27 ± 0.021 g for fresh weight, 0.79 ± 0.0004 g for dry 
weight, 3.7 ± 0.26 cm for root length and 12.16 ± 1.04 cm for 
shoot length of the control group, while the same param-
eters were measured as 0,46 ± 0.004  g, 0.064 ± 0.0002  g, 
1.16 ± 0.15 cm and 1.36 ± 0.15 cm respectively for the CR 
treated group (10 ppm). On the other hand, treatment of the 
CR solution with the RPF biosorbent resulted in a statisti-
cally significant recovery in all tested physiological param-
eters (Table 6 and Fig. 12), with germination rate increasing 
from 40.00 to 91.67%, root length from 1.16 to 2.60  cm, 
shoot length from 1.36 to 9.13 cm, fresh weight from 0.46 
to 1.23 g, and dry weight from 0.064 to 0.80 g.

Anatomical alterations in plant tissues are also widely 
used as indicators of ecotoxicity (Çavuşoğlu et al. 2021). 
The results of the present study revealed that CR causes 
significant plant cell and tissue damage, including cellular 
damage to the epidermis and cortex, thickening of the cell 
wall, formation of flattened cell nuclei, and vascular tissue 
deformations in A. cepa roots. In addition, the RPF biosor-
bent treatment significantly alleviated CR-induced anatomi-
cal damage, with the epidermis cell damage rate decreasing 
from 1.1 to 0.1%, cortex cell damage from 0.6 to 0.0%, 
thickening of the cortex call wall from 1.3 to 0.0%, flattened 
cell nucleus rate from 0.4 to 0.0%, and unclear vascular 

biosorption capacity (qe) value in the Langmuir isotherm 
model was calculated as 1.41  mg/g. Table 4 provides a 
comparison of qe values for CR removal using various bio-
sorbents in the literature. According to the q0 values, RPF 
biosorbent has been observed to provide effective treatment 
performance in CR removal. RPF biosorbent is promising 
due to its eco-friendly and low-cost. Furthermore, because 
RPF biosorbent is abundant in nature and easily accessible, 
it can contribute to the development of sustainable and eco-
nomical wastewater treatment technologies.

Thermodynamic Studies

The ∆G˚ (standard free energy change), ∆S˚ (entropy 
change), and ∆H˚ (enthalpy change) values were investigated 

Table  4  Comparison of biosorption capacity using different biosor-
bents for Congo red dye removal in literature
Biosorbent Biosorp-

tion 
capacity 
(mg/g)

Reference

Vangueria infausta 7.91 Kitemangu et al. 2023
Burned shoot of Eichhornia 
crassipes

5.18 Roy and Mondal 
2019

Pine bark 3.92 Litefti et al. 2019
Cabbage waste powder 2.313 Wekoye et al. 2020
Banana peel 1.721 Mondal and Kar 2018
Eichhornia Crassipes roots 1.58 Wanyonyi et al. 2014
Eggshell 1.22  Rápó et al. 2018
Activated carbons of commer-
cial grade

0.635 Mall et al. 2005

Robinia pseudoacacia L 1.41 Present study

Table 5  Thermodynamic parameters for CR biosorption on RPF bio-
sorbent
ΔHº (kJ/mol) ΔSº (J/mol*K) ΔGº (kJ/mol)

303 K 313 K 323 K 333 K
29.592 108.93 -3.41 -4.5 -5.59 -6.68

Fig.  11  Alteration of separation factor (RL) of initial CR dye 
concentration
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conducted to eliminate CR-induced hazards in aqueous solu-
tions. In this regard, the removal and detoxification of CR 
and other synthetic dyes from aqueous solutions using bio-
sorbents prepared from various biomass types is considered 

tissue formation from moderate to no damage (Table 7 and 
Fig. 13).

Although there is no information in the literature that 
directly matches our study, several studies have been 

Table 7  Alleviating role of the RPF biosorbent against CR-induced cell and tissue damages in A. cepa roots
Test groups Anatomical damages

ECD (%) CCD (%) TCCW (%) FCN (%) TD (%) UVT
GROUP I 0.1f 0.0 g 0.0 g 0.0d 0.1 h -
GROUP II 1.0b 0.8a 1.5a 0.4a 3.7a  +  + 
GROUP III 0.1f 0.1ef 0.1f 0.0d 0.3f -
GROUP IV 0.2e 0.1d 0.4e 0.0d 0.7e -
GROUP V 0.3d 0.2c 0.6d 0.1c 1.1d  + 
GROUP VI 0.6c 0.2c 0.9c 0.3b 2.0c  + 
GROUP VII 1.1a 0.6b 1.3b 0.4a 3.4b  +  + 
GROUP VIII 0.1f 0.0ef 0.0 g 0.0d 0.1gh -
GROUP I: Negative control (ddH2O); GROUP II: Positive control (EMS 25 µM); GROUP III: 2 ppm CR; GROUP IV: 4 ppm CR; GROUP V: 
6 ppm CR; GROUP VI: 8 ppm CR; GROUP VII: 10 ppm CR and GROUP VIII: 10 ppm CR treated with the RPF biosorbent. Data are shown as 
mean ± SD. The mean values indicated by different letters (a–f) in the same column are significant (p < 0.05). ECD epidermis cell damage, CCD 
cortex cell damage, TCCW thickening of the cortex call wall, FCN flattened cell nucleus, TD Total damages, UVT unclear vascular tissue. (+ +) 
moderate damage, ( +) little damage, (-) no damage

Fig.  12  Phytotoxic effect of increasing CR concentrations on the 
physiological parameters of B. oleracea var. acephala seedlings and 
detoxification with the RPF biosorbent treatment (GROUP I: control; 

GROUP II: 2 ppm CR; GROUP III: 4 ppm CR; GROUP IV: 6 ppm 
CR; GROUP V: 8 ppm CR; GROUP VI: 10 ppm CR and GROUP VII: 
10 ppm CR treated with the RPF biosorbent)

 

Test groups Germina-
tion (%)

Root length 
(cm)

Shoot length 
(cm)

Fresh weight 
(g)

Dry weight
(g)

GROUP I 98.33 3.70 ± 0.26d 12.16 ± 1.04f 1.27 ± 0.021e 0.79 ± 0.0004d

GROUP II 81.67 2.20 ± 0.26b 9.26 ± 0.87e 1.23 ± 0.011e 0.072 ± 0.0005c

GROUP III 73.33 2.13 ± 0.15b 7.73 ± 0.75d 1.06 ± 0.068d 0.067 ± 0.0021b

GROUP IV 58.33 1.86 ± 0.20b 4.50 ± 0.50c 0.72 ± 0.020c 0.065 ± 0.0012ab

GROUP V 51.67 1.36 ± 0.15a 3.13 ± 0.41b 0.55 ± 0.005b 0.064 ± 0.0007ab

GROUP VI 40.00 1.16 ± 0.15a 1.36 ± 0.15a 0.46 ± 0.004a 0.064 ± 0.0002a

GROUP VII 91.67 2.60 ± 0.30c 9.13 ± 0.32e 1.23 ± 0.009e 0.80 ± 0.0022d

GROUP I: control; GROUP II: 2 ppm CR; GROUP III: 4 ppm CR; GROUP IV: 6 ppm CR; GROUP V: 
8 ppm CR; GROUP VI: 10 ppm CR and GROUP VII: 10 ppm CR treated with the RPF biosorbent. Data 
are shown as mean ± SD. The mean values indicated by different letters (a–f) in the same column are sig-
nificant (p < 0.05)

Table 6  The inhibitory effect of 
increasing CR concentrations on 
the physiological parameters of 
B. oleracea var. acephala seed-
lings and detoxification potential 
of the RPF biosorbent treatment
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is no information on the bioremoval and detoxification of 
CR using a biosorbent from R. pseudoacacia fruits, all these 
and similar studies in the literature support and explain the 
observed physiological and anatomical recovery after the 
RPF biosorbent treatment in the present study.

Conclusions

This study revealed the successful bio-removal of CR using 
the RPF biosorbent. CR (80%) was removed from aqueous 
solutions using RPF biosorbent under optimum conditions 
(303 K temperature, 1 g biosorbent dose, pH 6, 10 mg/L 
initial CR dye concentration, and 150 rpm stirring speed). 
In kinetic studies, the pseudo-second-order correlation 

a promising environmental approach. In this regard, Asses et 
al. (2018) Aspergillus niger as a biosorbent for the removal 
of CR from aqueous solutions, and it significantly reduced 
CR toxicity in Zea mais and Solanum lycopersicum seeds 
after treatment. Similarly, Ellafi et al. (2023) developed 
sustainable biosorbents using Bacillus spp. to treat aqueous 
CR solutions. A significant recovery in the physiological 
parameters of Raphanus sativus, Lycopersicon esculentum 
and Lepidium sativum was reported after treatment of CR 
solutions with these biosorbents. In a recent study, Telke 
et al. (2010) tested the toxicity of CR wastewater before 
and after treatment with Pseudomonas sp. SU-EBT biosor-
bent and reported significant recovery in the physiological 
parameters of Sorghum bicolor, Vigna radiata, Lens culina-
ris and Oryza sativain the treated groups. Although there 

Fig. 13  CR-induced cell damages (b,d,e,g,i) and healthy cells (a,c,f,h) induced A. cepa roots
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coefficient was calculated as 0.999, which was the best 
fit. In the isotherm studies, the R2 value of the Langmuir 
isotherm was 0.997, which was a better fit than that of the 
other isotherms (Freundlich, Temkin, and Elovich isotherm 
models). Compared with the various biosorbents used in 
the literature for CR bio-removal, the q0 value in the Lang-
muir isotherm was calculated as 1.41 mg/g. Because val-
ues of ∆G˚ (-3.41, -4.5, -5.59 and -6.68 kJ/mol) calculated 
negative for thermodynamic studies, biosorption process 
occurred spontaneously. The phytotoxicological effects of 
untreated and treated CR solutions were determined. In this 
regard, the germination rate of B. oleracea var. acephala 
seeds decreased to 40% with increasing dye concentrations. 
Moreover, significant decreases were observed in fresh 
weight, dry weight, and root and shoot lengths of seedlings. 
The findings of the present study demonstrate that Rob-
inia pseudoacacia L. (Fabaceae) biosorbent successfully 
removes CR dye from aqueous solutions. In this regard, 
the use of Robinia pseudoacacia L. (Fabaceae) biosorbent 
for the removal of various synthetic dyes will shed light on 
many studies in the literature because of its advantages such 
as low cost, eco-friendliness, and effective treatment. How-
ever, the findings of the present study could be improved in 
future studies using composite dye solutions, such as those 
containing different pollutants, dye staff, metal salts, and 
textile auxiliaries. Moreover, further research is needed to 
evaluate the possibility of removing other wastewater con-
taminants, such as heavy metals and pharmaceuticals, using 
Robinia pseudoacacia L. (Fabaceae) biosorbent.

Acknowledgements  The authors declare that there is no any acknowl-
edgement in this paper.

Funding  Open access funding provided by the Scientific and Techno-
logical Research Council of Türkiye (TÜBİTAK).

Data Availability  Data will be made available on request.

Declarations

Conflict of interest  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

1 3

135  Page 14 of 16

https://doi.org/10.1007/s13762-023-04986-7
https://doi.org/10.1038/s41598-024-54539-2
https://doi.org/10.1038/s41598-024-54539-2
https://doi.org/10.1016/j.aej.2024.02.042
https://doi.org/10.1016/j.aej.2023.03.055
https://doi.org/10.1016/j.aej.2023.03.055
https://doi.org/10.1016/j.matchemphys.2022.126763
https://doi.org/10.1016/j.matchemphys.2022.126763
https://doi.org/10.1080/15226514.2024.2390190
https://doi.org/10.1080/15226514.2024.2390190
https://doi.org/10.1007/s11270-024-07180-8
https://doi.org/10.1007/s11270-024-07180-8
https://doi.org/10.3389/fmars.2023.1202362
https://doi.org/10.3389/fmars.2023.1202362
https://doi.org/10.1007/s10562-024-04777-w
https://doi.org/10.1007/s10562-024-04777-w
https://doi.org/10.1155/2018/3049686
https://doi.org/10.1155/2018/3049686
https://doi.org/10.1007/s40090-016-0109-5
https://doi.org/10.21608/EJCHEM.2022.113994.5188
https://doi.org/10.21608/EJCHEM.2022.113994.5188
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


International Journal of Environmental Research (2026) 20:135

Hmamouchi S, Abbad Y, El Yacoubi A, Boulouiz A, Sallek B, El Idrissi 
BC (2024) Optimization study of methylene blue dye adsorption 
on Chamaerops humilis fibers biosorption using a central com-
posite design. Desalin Water Treat. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​d​w​
t​.​2​0​2​4​.​1​0​0​8​2​4

Ibrahim NA, Abdellatif FH, Hasanin MS, Abdellatif MM (2022) Fab-
rication, characterization, and potential application of modified 
sawdust sorbents for efficient removal of heavy metal ions and 
anionic dye from aqueous solutions. J Clean Prod 332:130021. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​l​​e​p​r​​o​.​2​0​​2​1​​.​1​3​0​0​2​1

Isik B, Cakar F, Cankurtaran O (2023) Valorization of Urtica dio-
ica roots as a highly-effective and eco-friendly biosorbent for 
adsorptive removal of hazardous textile dyes. Mater Sci Eng B 
293:116451. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​s​e​b​.​2​0​2​3​.​1​1​6​4​5​1

Karadayı M, Güllüce E, Gülşahin Y, Çolak İ, Karadayı G, Aksu Ş, Gül-
lüce M (2025) Molecular docking assisted toxicity assessment of 
Congo Red and detoxification potential of Fraxinus excelsior L. 
(Oleaceae) biosorbent application. Biomass Convers Biorefinery. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​3​9​9​-​0​2​5​-​0​6​8​4​2​-​9

Khorshidi N, Niazi A (2016) Optimization of pyrocatechol violet bio-
sorption by Robinia pseudoacacia leaf powder using response 
surface methodology: kinetic, isotherm and thermodynamic stud-
ies. J Water Reuse Desalin 6(2):333–344. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​6​6​​
/​w​r​​d​.​2​0​1​5​.​0​5​4

Kishor R, Saratale GD, Saratale RG, Ferreira LFR, Bilal M, Iqbal 
HMN, Bharagava RN (2021) Efficient degradation and detoxi-
fication of methylene blue dye by a newly isolated ligninolytic 
enzyme producing bacterium Bacillus albus MW407057. Col-
loids Surf B Biointerfaces 206:111947. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​
.​​c​o​l​​s​u​r​​f​b​.​2​​0​2​​1​.​1​1​1​9​4​7

Kitemangu A, Vegi MR, Malima NM (2023) Biosorption of Congo 
Red dye from aqueous solution using adsorbent prepared from 
Vangueria infausta fruit pericarp. Adsorpt Sci Technol. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​2​0​​2​3​/​4​3​1​9​0​5​3

Laghzal A, Hmamou M, Boudinar B, Nouj N, Ighnih H, Salmoun F, 
Azzirgue EM, Tligui Y (2024) Valorizing Moroccan crab shells to 
purify water from Orange G dye: Exploring equilibrium, kinetics, 
and thermodynamics. Desalin Water Treat. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​
6​​/​j​.​​d​w​t​.​2​0​2​4​.​1​0​0​7​3​8

Litefti K, Freire MS, Stitou M, González-Álvarez J (2019) Adsorption 
of an anionic dye (Congo Red) from aqueous solutions by pine 
bark. Sci Rep 9(1):16530. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​1​9​-​5​
3​0​4​6​-​z

Mall ID, Srivastava VC, Agarwal NK, Mishra IM (2005) Removal of 
Congo Red from aqueous solution by bagasse fly ash and acti-
vated carbon: kinetic study and equilibrium isotherm analyses. 
Chemosphere 61(4):492–501. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​h​e​​m​o​s​​p​
h​e​r​​e​.​​2​0​0​5​.​0​3​.​0​6​5

Mehrez M, Chaari I, Medhioub M (2024) Biosorption of a leather 
dye (Dycem TTO) onto banana peel: characterization, isotherm, 
kinetic, thermodynamic, and mechanism studies. Water Air Soil 
Pollut 235(2):119. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​2​7​0​-​0​2​4​-​0​6​9​0​5​-​z

Mondal NK, Kar S (2018) Potentiality of banana peel for removal of 
Congo Red dye from aqueous solution: isotherm, kinetics and 
thermodynamics studies. Appl Water Sci 8:157. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​0​7​​/​s​1​​3​2​0​1​-​0​1​8​-​0​8​1​1​-​x

Mubarik S, Tahir M, Ehsan S, Parveen S, Imran M (2025) Citrus 
microcarpa biochar: a green solution for the adsorption of dyes 
and phenols. Desalin Water Treat. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​d​w​t​.​
2​0​2​4​.​1​0​0​8​9​8

Munagapati VS, Wen HY, Gollakota ARK, Wen JC, Lin KYA, Shu 
CM, Yarramuthi V, Basivi PK, Kim CW, Tang JT (2024) Efficient 
removal of anionic Amaranth azo dye from the aqueous envi-
ronment using papaya leaf stalks: Studies on batch adsorption, 
mechanism, and desorption. J Dispers Sci Technol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​8​0​​/​0​1​​9​3​2​​6​9​1​​.​2​0​2​​4​.​​2​4​3​6​9​2​9

effective removal of Congo red dye from contaminated water: 
experimental studies and theoretical insights. Environ Res 
255:119089. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​r​e​s​.​2​0​2​4​.​1​1​9​0​8​9

Bello OS, Akinwale FT, Agboola OS, Ibrahim AO, Adesina OO (2024) 
Liquid-phase adsorption of Congo red dye using modified spear 
grass (Imperata cylindrica) root as adsorbent. Biomass Convers 
Biorefinery 14(4):5157–5170. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​3​9​9​-​0​2​
2​-​0​3​0​7​8​-​9

Çavuşoğlu D, Yalçin E, Çavuşoğlu K, Acar A, Yapar K (2021) Molecu-
lar docking and toxicity assessment of spirodiclofen: protective 
role of lycopene. Environ Sci Pollut Res 28:57372–57385. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​5​6​-​0​2​1​-​1​4​7​4​8​-​y

Chandarana H, Senthil Kumar P, Seenuvasan M, Anil Kumar M (2021) 
Kinetics, equilibrium and thermodynamic investigations of meth-
ylene blue dye removal using Casuarina equisetifolia pines. Che-
mosphere 285:131480. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​h​e​​m​o​s​​p​h​e​r​​e​.​​2​0​
2​1​.​1​3​1​4​8​0

Dutta SK, Jahan MN, Kaur N, Barna SD, Sathi NJ, Sultana R, Dhar 
PK, Al Mamun MS, Chakrabarty S, Amin MK (2025) Banana 
leaves powder as an effective, low-cost adsorbent for methyl blue 
dye removal: kinetics, isothermal, thermodynamics, ANN and 
DFT analysis. Int J Environ Sci Technol 22(3):1865–1890. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​7​6​2​-​0​2​4​-​0​5​7​1​8​-​1

Elgarahy AM, Elwakeel KZ, Mohammad SH, Elshoubaky GA (2020) 
Multifunctional eco-friendly sorbent based on marine brown 
algae and bivalve shells for subsequent uptake of Congo red dye 
and copper(II) ions. J Environ Chem Eng 8(4):103915. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​e​c​e​.​2​0​2​0​.​1​0​3​9​1​5

Ellafi A, Dali A, Mnif S, Ben Younes S (2023) Microbial enzymatic 
degradation, spectral analysis and phytotoxicity assessment of 
congo red removal by Bacillus spp. Catal Lett 153:3620–3633. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​5​6​2​-​0​2​3​-​0​4​2​7​2​-​8

Fawzy MA, Aloufi AS, Hassan SHA, Alessa AH, Alsaigh AA, Koutb 
M, Abdel-Rahim IR (2023) Sustainable use of marine macroalga 
Sargassum muticum as a biosorbent for hazardous crystal violet 
dye: isotherm, kinetic and thermodynamic modeling. Sustainabil-
ity 15(20):15064. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​s​u​​1​5​2​0​1​5​0​6​4

Galera RM, da Silva ACP, Jorgetto ADO, Wondracek MHP, Saeki MJ, 
Schneider JF, Pedrosa VDA, Martines MAU, Castro GR (2023) 
Application of the biomass of leaves of Diospyros kaki L.f. 
(Ebenaceae) in the removal of metal ions from aqueous media. 
Separations 11(1):12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​s​e​​p​a​r​a​t​i​o​n​s​1​1​0​1​0​0​
1​2

Gedam VV, Raut P, Chahande A, Pathak P (2019) Kinetic, thermody-
namics and equilibrium studies on the removal of congo red dye 
using activated teak leaf powder. Appl Water Sci 9(3):55. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​2​0​1​-​0​1​9​-​0​9​3​3​-​9

Gemici BT (2024) Crystal violet adsorption onto modified biosorbent 
prepared from agricultural waste: kinetics, isotherm and thermo-
dynamic studies. Chem Eng Commun 211(4):582–591. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​0​​9​8​6​​4​4​5​​.​2​0​2​​3​.​​2​2​6​6​6​7​7

Gulluce E, Karadayi M, Gulluce M, Karadayi G, Yildirim V, Egamber-
dieva D, Alaylar B (2020) Bioremoval of Methylene Blue from 
aqueous solutions by Syringa vulgaris L. hull biomass. Environ 
Sustain 3(3):303–312. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​2​3​9​8​-​0​2​0​-​0​0​1​2​
2​-​0

Güllüce E, Koç TY, Güllüce M, Karadayı M (2023) Isolation of Meth-
ylene Blue from aqueous solution using a Fraxinus excelsior L. 
(Oleaceae) based biosorbent: isotherm, kinetics, and thermody-
namics. Anal Lett 56(3):422–432. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​0​​0​3​2​​
7​1​9​​.​2​0​2​​2​.​​2​0​7​3​3​6​5

Güllüce E, Koç TY, Gülşahin Y, Çolak İ, Koç TY, Hıdıroğlu İspirli N, 
Güllüce M (2024) Removal of Crystal Violet dye from aqueous 
solutions using Robinia pseudoacacia L. (Fabaceae) fruits bio-
sorbent. Int J Phytoremediation 27(5):688–699. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​8​0​​/​1​5​​2​2​6​​5​1​4​​.​2​0​2​​4​.​​2​4​3​8​7​6​3

1 3

Page 15 of 16  135

https://doi.org/10.1016/j.dwt.2024.100824
https://doi.org/10.1016/j.dwt.2024.100824
https://doi.org/10.1016/j.jclepro.2021.130021
https://doi.org/10.1016/j.jclepro.2021.130021
https://doi.org/10.1016/j.mseb.2023.116451
https://doi.org/10.1007/s13399-025-06842-9
https://doi.org/10.1007/s13399-025-06842-9
https://doi.org/10.2166/wrd.2015.054
https://doi.org/10.2166/wrd.2015.054
https://doi.org/10.1016/j.colsurfb.2021.111947
https://doi.org/10.1016/j.colsurfb.2021.111947
https://doi.org/10.1155/2023/4319053
https://doi.org/10.1155/2023/4319053
https://doi.org/10.1016/j.dwt.2024.100738
https://doi.org/10.1016/j.dwt.2024.100738
https://doi.org/10.1038/s41598-019-53046-z
https://doi.org/10.1038/s41598-019-53046-z
https://doi.org/10.1016/j.chemosphere.2005.03.065
https://doi.org/10.1016/j.chemosphere.2005.03.065
https://doi.org/10.1007/s11270-024-06905-z
https://doi.org/10.1007/s13201-018-0811-x
https://doi.org/10.1007/s13201-018-0811-x
https://doi.org/10.1016/j.dwt.2024.100898
https://doi.org/10.1016/j.dwt.2024.100898
https://doi.org/10.1080/01932691.2024.2436929
https://doi.org/10.1080/01932691.2024.2436929
https://doi.org/10.1016/j.envres.2024.119089
https://doi.org/10.1007/s13399-022-03078-9
https://doi.org/10.1007/s13399-022-03078-9
https://doi.org/10.1007/s11356-021-14748-y
https://doi.org/10.1007/s11356-021-14748-y
https://doi.org/10.1016/j.chemosphere.2021.131480
https://doi.org/10.1016/j.chemosphere.2021.131480
https://doi.org/10.1007/s13762-024-05718-1
https://doi.org/10.1007/s13762-024-05718-1
https://doi.org/10.1016/j.jece.2020.103915
https://doi.org/10.1016/j.jece.2020.103915
https://doi.org/10.1007/s10562-023-04272-8
https://doi.org/10.1007/s10562-023-04272-8
https://doi.org/10.3390/su152015064
https://doi.org/10.3390/separations11010012
https://doi.org/10.3390/separations11010012
https://doi.org/10.1007/s13201-019-0933-9
https://doi.org/10.1007/s13201-019-0933-9
https://doi.org/10.1080/00986445.2023.2266677
https://doi.org/10.1080/00986445.2023.2266677
https://doi.org/10.1007/s42398-020-00122-0
https://doi.org/10.1007/s42398-020-00122-0
https://doi.org/10.1080/00032719.2022.2073365
https://doi.org/10.1080/00032719.2022.2073365
https://doi.org/10.1080/15226514.2024.2438763
https://doi.org/10.1080/15226514.2024.2438763


International Journal of Environmental Research (2026) 20:135

Sorour FH, Marouf YM, Abd-ElMonem NM, Aboeleneen NM, Man-
sour RA (2024) Raw sawdust utilization for the removal of Acid 
red57 and Basic Fuchsin dyes from aqueous solution: equilib-
rium, kinetics, and thermodynamic investigation. Int J Phytore-
mediat 26(5):669–683. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​5​​2​2​6​​5​1​4​​.​2​0​2​​3​.​​2​
2​5​9​9​9​9

Stjepanović M, Velić N, Galić A, Kosović I, Jakovljević T, Habuda-
Stanić M (2021) From waste to biosorbent: removal of Congo 
red from water by waste wood biomass. Water (Switzerland) 
13(3):279. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​w​1​​3​0​3​0​2​7​9

Suteu D, Blaga AC, Rusu L, Tanasa AM (2024) Saccharomyces pas-
torianus residual biomass immobilized in a polymer matrix as a 
biosorbent for reactive dye removal: investigations in a dynamic 
system. Polymers 16(4):491. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​p​o​​l​y​m​1​6​0​4​
0​4​9​1

Telke AA, Joshi SM, Jadhav SU, Tamboli DP, Govindwar SP (2010) 
Decolorization and detoxification of Congo red and textile indus-
try effluent by an isolated bacterium Pseudomonas sp. SU-EBT. 
Biodegradation 21:283–296. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​5​3​2​-​0​0​
9​-​9​3​0​0​-​0

Torun M, Aracagök YD (2024) Adsorption of rhodamine B by Pleu-
rotus eryngii: growth, modification, characterization, adsorption 
isotherms, kinetics and thermodynamics. Biomass Convers Bio-
refinery 20:26225–26245. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​3​9​9​-​0​2​3​-​0​
4​8​6​2​-​x

Vassileva PS, Detcheva AK, Radoykova TH, Avramova IA, Aleksieva 
KI, Valchev IV NSK, Mehandjiev DR (2018) Studies on Ag 
adsorption using two new lignocellulosic materials based on 
Populus alba L. and Robinia pseudoacacia L. Cellulose. Chem 
Technol 52(7–8):633–643

Wanyonyi WC, Onyari JM, Shiundu PM (2014) Adsorption of 
Congo red dye from aqueous solutions using roots of Eichhor-
nia crassipes: kinetic and equilibrium studies. Energy Procedia 
50:862–869. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​g​y​p​r​o​.​2​0​1​4​.​0​6​.​1​0​5

Wekoye JN, Wanyonyi WC, Wangila PT, Tonui MK (2020) Kinetic 
and equilibrium studies of Congo red dye adsorption on cabbage 
waste powder. Environ Chem Ecotoxicol 2:24–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​c​e​c​o​.​2​0​2​0​.​0​1​.​0​0​4

Yildiz H, Yüksel AY (2024) A novel biosorbent material from waste 
fish scales (Cyprinus carpio) for biosorption of toxic dyes in 
aquatic environments. Biomass Convers Biorefinery. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​3​9​9​-​0​2​4​-​0​5​9​0​0​-​y

Zubair M, Manzar MS, Khan SA, Suleiman MA, Nawaz M, Khan TA, 
Bakather OY, da Gama BMV, Yasir M, Melli L, Khan G (2024) 
Enhanced adsorption of anionic dyes onto NaOH modified green 
coffee waste biochar: characteristics and performance evaluation. 
Int J Environ Sci Technol. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​0​7​/​​s​1​3​​7​6​2​-​​0​2​4​-​0​​
6​0​9​0​-​w

Publisher's Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Oulkhir A, Lyamlouli K, Danouche M, Benhida R (2023) Biosorp-
tion of a cationic dye using raw and functionalized Chenopodium 
quinoa pericarp biomass after saponin glycosides extraction. J 
Environ Chem Eng 11(5):110419. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​e​c​e​.​
2​0​2​3​.​1​1​0​4​1​9

Ozola-Davidane R, Burlakovs J, Tamm T, Zeltkalne S, Krauklis AE, 
Klavins M (2021) Bentonite-ionic liquid composites for Congo 
red removal from aqueous solutions. J Mol Liq 337:116373. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​o​l​l​i​q​.​2​0​2​1​.​1​1​6​3​7​3

Qaiyum MA, Sahu PR, Samal PP, Dutta S, Dey B, Dey S (2023) 
Towards a win-win chemistry: extraction of C.I. orange from 
Kamala fruit (Mallotus philippensis), and simultaneous exercise 
of its peels for the removal of Methylene Blue from water. Int J 
Phytoremediation 25(7):907–916. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​5​​2​2​6​​
5​1​4​​.​2​0​2​​2​.​​2​1​1​9​9​3​6

Rápó E, Szép R, Keresztesi Á, Suciu M, Tonk S (2018) Adsorptive 
removal of cationic and anionic dyes from aqueous solutions by 
using eggshell household waste as biosorbent. Acta Chim Slov 
65(3):709–717. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​7​3​4​​4​/​a​​c​s​i​.​2​0​1​8​.​4​4​0​1

Rehman R, Aiman V, Akram M, Dar A, Al-Thagafi T, Z I Alsantali 
R, (2024) Use of physio-chemically fabricated Musa paradisi-
aca mulch for Congo Red dye sorptive detoxification in an eco-
friendly way from water. J Dispers Sci Technol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​8​0​​/​0​1​​9​3​2​​6​9​1​​.​2​0​2​​4​.​​2​4​1​7​6​9​7

Roy TK, Mondal NK (2019) Potentiality of Eichhornia shoots ash 
towards removal of Congo red from aqueous solution: isotherms, 
kinetics, thermodynamics and optimization studies. Groundw 
Sustain Dev 9:100269. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​g​s​d​.​2​0​1​9​.​1​0​0​2​6​
9

Roy TK, Mondal A, Mondal NK (2024) Removal of Congo red by 
waste fish scale: isotherms, kinetics, thermodynamics and opti-
mization studies. Pollution 10(1):329–347. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​2​0​
5​​9​/​P​​O​L​L​​.​2​0​​2​3​.​3​​6​1​​3​1​3​.​1​9​6​3

Sarıkaya AG, Kopar EE, Osman B (2024) Congo red removal 
from aqueous solution via biosorption onto Trametes trogii 
-loaded poly(hydroxyethyl methacrylate) cryogel. J Polym Sci 
62(18):4302–4314. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​p​o​​l​.​2​0​2​4​0​1​0​7

Sathya K, Jayalakshmi H, Reddy SN, Ratnam MV, Bandhu D (2023) 
Effective removal of Congo red dye using adsorbent prepared 
from bio-waste: isotherm, kinetic, and thermodynamic studies. 
Biomass Convers Biorefinery. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​3​9​9​-​0​
2​3​-​0​5​2​1​3​-​6

Shkliarenko Y, Halysh V, Nesterenko A (2023) Adsorptive perfor-
mance of walnut shells modified with urea and surfactant for cat-
ionic dye removal. Water Basel 15(8):1536. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​
9​0​​/​w​1​​5​0​8​1​5​3​6

Singh H, Chauhan G, Jain AK, Sharma SK (2017) Adsorptive potential 
of agricultural wastes for removal of dyes from aqueous solu-
tions. J Environ Chem Eng 5(1):122–135. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​
6​​/​j​.​​j​e​c​e​.​2​0​1​6​.​1​1​.​0​3​0

Solmaz A (2024) adsorption of methylene blue and eriochrome black 
t onto pinecone powders (pinus nigra arn): equilibrium, kinetics, 
and thermodynamic studies. Processes 12(9):2044. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​3​​3​9​0​​/​p​r​​1​2​0​9​2​0​4​4

1 3

135  Page 16 of 16

https://doi.org/10.1080/15226514.2023.2259999
https://doi.org/10.1080/15226514.2023.2259999
https://doi.org/10.3390/w13030279
https://doi.org/10.3390/polym16040491
https://doi.org/10.3390/polym16040491
https://doi.org/10.1007/s10532-009-9300-0
https://doi.org/10.1007/s10532-009-9300-0
https://doi.org/10.1007/s13399-023-04862-x
https://doi.org/10.1007/s13399-023-04862-x
https://doi.org/10.1016/j.egypro.2014.06.105
https://doi.org/10.1016/j.enceco.2020.01.004
https://doi.org/10.1016/j.enceco.2020.01.004
https://doi.org/10.1007/s13399-024-05900-y
https://doi.org/10.1007/s13399-024-05900-y
https://doi.org/10.1007/s13762-024-06090-w
https://doi.org/10.1007/s13762-024-06090-w
https://doi.org/10.1016/j.jece.2023.110419
https://doi.org/10.1016/j.jece.2023.110419
https://doi.org/10.1016/j.molliq.2021.116373
https://doi.org/10.1016/j.molliq.2021.116373
https://doi.org/10.1080/15226514.2022.2119936
https://doi.org/10.1080/15226514.2022.2119936
https://doi.org/10.17344/acsi.2018.4401
https://doi.org/10.1080/01932691.2024.2417697
https://doi.org/10.1080/01932691.2024.2417697
https://doi.org/10.1016/j.gsd.2019.100269
https://doi.org/10.1016/j.gsd.2019.100269
https://doi.org/10.22059/POLL.2023.361313.1963
https://doi.org/10.22059/POLL.2023.361313.1963
https://doi.org/10.1002/pol.20240107
https://doi.org/10.1007/s13399-023-05213-6
https://doi.org/10.1007/s13399-023-05213-6
https://doi.org/10.3390/w15081536
https://doi.org/10.3390/w15081536
https://doi.org/10.1016/j.jece.2016.11.030
https://doi.org/10.1016/j.jece.2016.11.030
https://doi.org/10.3390/pr12092044
https://doi.org/10.3390/pr12092044

	﻿Bio-removal and Detoxification of Congo Red Dye in Aqueous Solutions by Using a Sustainable Biosorbent from ﻿Robinia pseudoacacia﻿ L.
	﻿Abstract
	﻿Highlights
	﻿Introduction
	﻿Materials and Methods
	﻿Preparation of Congo Red (Cr) Solutions
	﻿Preparation of Robinia pseudoacacia L. (Fabaceae) (RPF) Biosorbent
	﻿RPF Biosorbent Characterization
	﻿Biosorption Experiments
	﻿Zero Charge Point (pH﻿pzc﻿) of RPF
	﻿Biosorption Kinetics Studies
	﻿Biosorption Isotherms Studies
	﻿Biosorption Thermodynamics
	﻿Determination of Detoxification Potential of The Rpf Biosorbent Treatment

	﻿Results and Discussion
	﻿FTIR Analysis
	﻿Effect of pH
	﻿Effect of Contact Time
	﻿Effect of biosorbent dose
	﻿Effect of Initial Cr Dye Concentration
	﻿Effect of Stirring Speed
	﻿Effect of Temperature
	﻿Kinetic Studies
	﻿Isotherm Studies
	﻿Thermodynamic Studies
	﻿Detoxification of Cr by the Rpf Biosorbent Treatment

	﻿Conclusions
	﻿References


