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Abstract 
In this study, water hyacinth root-derived biochar (WHB) was prepared as a low-cost adsorbent for the removal of three phthalates, namely, 
benzyl butyl phthalate (BBP), dimethyl phthalate (DMP) and bis(2-ethylhexyl) phthalate (BEHP) from single solute aqueous solutions. 
The equilibrium data were best described by the adsorption isotherm models in the order Freundlich>Langmuir>Dubinin-Radushkevich-
Kaganer (D-R-K) isotherms. The maximum monolayer adsorption capacity (Qo) was 1.83, 1.77, and 1.62 mg/g for DMP, BBP, and BEHP, 
respectively. The adsorption of the phthalates was diminished by increased molecular weight and molar volume of the molecules but 
compensated by their hydrophobicity. The kinetic data were best described by the pseudo-second order (PSO) model and pore diffusion 
was not the sole operative rate-determining step. The calculated thermodynamic functions, changes in Gibb’s free energy (ΔG<0), enthalpy 
(ΔH<0), and entropy (ΔS<0) demonstrate the adsorption of DMP, BBP, and BEHP onto WHB is energetically favorable, exothermic, 
spontaneous and of a physical type controlled by hydrophobic interactions. The comparative adsorption capacities imply that WHB would 
sequester phthalates regardless of their physicochemical profiles.
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INTRODUCTION

Endocrine-disrupting chemicals (EDCs) are chemical substances 
that disturb the functionality of the endocrine system in both animals 
and humans. They interfere with natural hormone cycles, specifically 
affecting reproduction, development, metabolism, and growth.1 Most 
endocrine-disrupting chemicals are man-made.2 Unfortunately, 
these EDCs have been reported in groundwater, oceans, lakes, 
marine, and food products, posing a potential risk to both aquatic 
and terrestrial life forms.3,4 They have negative health effects on male 
and female reproductive systems (natural estrogen and androgens), 
thyroid and breast development, and cause birth defects and 
obesity.5 Examples of EDCs reported in water resources include 
persistent organic pollutants (POPs), pesticides, pharmaceuticals 
and personal care products (PPCPs), and per- and polyfluoroalkyl 
substances (PFAS).6 Complete removal of these contaminants from 
drinking water is therefore critical. Among the POPs with endocrine 
disruption potential reported in effluents from wastewater treatment 
plants (WWTPs) are phthalates.4 This indicates that WWTPs are 
point sources of phthalates loading into recipient water bodies, 
a testament that these traditional WWTPs are not designed to 
sequester phthalates from water. Alternative approaches are required. 
Phthalates are potentially carcinogenic, have been linked to infertility 
and even birth defects are some of the harmful effects.7 Approaches 
for the removal of water contaminants include adsorption, 
membrane filtration, ion exchange treatment, advanced oxidation 
process (AOPs), precipitation, and solvent extraction.8 Unfortunately, 
some of these techniques, such as AOPs, require intensive capital 
investment thus making them unsustainable, especially in rural 
areas in low-income countries.9 Some of the materials reported as 
possible adsorbents for the removal of phthalates include activated 
carbons,10 polymer resins,11 carbon nanotubes,12 chitosan13 and 
seaweed biosorbent14 among others. Adsorption onto biomass 

waste-derived adsorbents has been demonstrated as an alternative 
and sustainable method for the removal of organic micropollutants 
from water due to its eco-friendliness, efficiency, cost-effectiveness, 
simplicity, and availability of these feedstocks even in remote places.15 
The aforementioned studies show that the adsorption characteristics 
of biomass-based adsorbents depend on the type of feedstock and 
the adsorbent preparation conditions. Furthermore, the adsorption 
kinetics and adsorption capacity are also a function of the molecular 
properties such as molecular weight, kinetic diameter, solubility, and 
functional group density of the phthalates.16 For a given adsorbent, it 
is important to evaluate the interplay of these factors to optimize the 
performance. 

Water hyacinth (WH), an aquatic weed prevalent on the Kenyan side 
of the Lake Victoria basin, presents a suitable candidate for biomass-
based adsorbent development with concomitant environmental 
benefits. While water hyacinth-derived biochar (WHB) has been 
reported as a suitable material for the removal of antibiotics from 
water,17 heavy metals,18 pesticides,19 and industrial chemicals,20 to 
date, there has been no study of the adsorption characteristics (rates 
and capacity) of WHB for the removal of phthalates as influenced by 
both environmental conditions and the physicochemical properties 
of the phthalates. For WHB to be considered a next-generation 
adsorber, its ability to adsorb a broad spectrum of pollutants and the 
associated drivers must be evaluated.

The objective of this study was to symmetrically evaluate the 
adsorption of three phthalates, namely, dimethyl phthalate (DMP), 
benzyl butyl phthalate (BBP), and Bis(2-ethylhexyl) phthalate 
(BEHP), onto WHB. The compounds were selected as probe 
molecules for their recalcitrance to conventional WWTPs techniques 
and occurrence in treated effluents21 and for their varied chemical 
structures and molecular properties as shown in Table 122 that 
influence their environmental partitioning.

https://orcid.org/0000-0003-3562-6372
https://orcid.org/0000-0003-0570-7403
https://orcid.org/0000-0002-2295-293X


Research Article	 Ogora, Getenga, Gichumbi, Shikuku	 2
	 S. Afr. J. Chem., 2025, 79, 1–9
	 https://journals.co.za/content/journal/chem/

MATERIALS AND METHODS

Chemicals, reagents and apparatus

The standards (99.9% purity) of DMP, BBP, and BEHP, analytical grade 
methanol, de-ionized water, glass wool filter papers, and 0.45µm glass 
micro filters were purchased from Kobian Scientific Ltd, Kenya. 

Adsorbent preparation

The water hyacinth (Eichhornia crassipes) was collected from Lake 
Victoria, in Kisumu City (0°5’30.1” S, 34º46’4.8” E), Kenya. The roots 
were cut into pieces and washed with distilled water to remove all 
the dirt and air dried. Biochar preparation was done through a slow-
pyrolysis temperature of 350 °C, at a heating rate of 10 °C/minute for 
1 hour using a furnace. The sample was then washed using distilled 
water. It was oven-dried at the temperature of 1000C for a period of 
2 hours.23 The resulting sample (WHB) was sieved through a 212 µm 
sieve and stored for adsorption experiments. 

Adsorbent characterization

Elemental analysis of WHB was carried out using an XRF (Brucker, 
S1 TITAN, Germany). The surface functional groups in the WHB 
were inspected using FTIR (IRAffinity-1S, Shimadzu) between 4000 
and 400 cm-1 wavenumbers. Crystallinity and mineral phases were 
determined by XRD.

Effect of contact time

A mass of 0.1 g of WHB was placed in a 250 mL conical flask containing 
50 mL of a 10 mg/L phthalate solution and agitated at 125 rpm using 
an orbital shaker at room temperature.. At regular time intervals 
of 5 minutes (5, 10, 15, 20, 25, 30, 35, 40, and 50 min), the residual 
concentrations of phthalate in the solution were determined by HPLC 
(Thermos Scientific Dionex UltiMateTM 3000 HPLC system). The 
mobile phase consisted of methanol and water in a 80:20 v/v ratio, 
operating in isocratic mode. A, a C18 reverse phase HPLC column 
maintained at 35 °C and, a mobile phase flow rate of 10 μL/min was 
used, and column temperature maintained at 35 °C. The amounts of 
phthalate (mg/g) adsorbed onto WHB per unit mass (qe) at any given 
time (t) were determined as:

​​q​ e​​  = ​  (​C​ 0​​ − ​C​ e​​ ) V _ m ​​	 (1)

�where C0 and Ce are the initial and equilibrium phthalate concentrations 
(mg/L), respectively. m is the mass (g) of the WHB used, and V is the 
volume of the solution (L). The experimental data obtained were fitted 
to three kinetic models: 

Pseudo-first-order (PFO):24 

 ​log (​q​ e​​ − ​q​ t​​ ) = log ​q​ e​​ − ​ ​k​ 1​​ _ 2.303 ​ t​	 (2)

Pseudo-second-order (PSO):25

​​ t _ ​q​ t​​ ​  = ​  1 _ ​k​ 2​​ ​q​ e​ 2​ ​ + ​ 1 _ ​q​ e​​ ​ t​	 (3)

Intra-particle diffusion (IPD) model:26 

​​q​ t​​  = ​ k​ p​​ ​t​​ 0.5​ + C​	 (4)

�where t (minutes) and qt (mg/g) are the time and amount adsorbed at 
equilibrium time, respectively, while qe is the equilibrium adsorption 
capacity. Also, k, k2, and kp are rate constants for PFO, PSO, and IPD 
models, respectively. The intercept C is related to the mass transfer 
across the boundary.

Effect of initial concentration 

Masses of 0.1 g of WHB were separately, put into 50 ml of phthalate 
solutions with varying concentrations ranging between 4 to 12 mg/L 
(4, 6, 8, 10, and 12 mg/L) done at 298 K and then agitated at 125 
rpm for 25 min. The residual phthalate in the solution was then 
determined. 

The experimental data were then fitted to linearized Langmuir, 
Freundlich isotherm and Dubinin-Radushkevich-Kaganer (D-R-K) 
isotherm models,27-30 shown in Table 2. In Table 2, qe (mg/g) and 
Ce (mg/L) are the solute concentration on the adsorbent and in the 
bulk solution at equilibrium, respectively. Qo (mg/g) is the maximum 
monolayer adsorption capacity, while qs and ε are theoretical isotherm 
saturation capacity (mg/g) and Polanyi potential, respectively. RL is 
the dimensionless Langmuir separation constant. The KL (L/g), Kf 
and Kads (mol2/kJ2) are Langmuir, Freundlich, and D-R-K isotherm 
constants, respectively. The exponential factor ​​ 1 _ n ​​ is related to the 
adsorption affinity and surface heterogeneity.31 The constants R and T 
represent the universal gas constant (8.314 J/K.mol) and temperature 
(K), respectively.

Table 1: Physicochemical properties of phthalates (log Kow is the octanol-water partition coefficient, a measure of a compound’s hydrophobicity, LeBas molar 
volume is the molar volume of a molecule).

Name Structure Molecular weight Solubility in water 
(mg/L)

log Kow LeBas molar volume 
(cm3/mol)

DMP 194.2 4200 1.5-2.1 206.4

BB BBP 312.4 2.7 4.8 364.8

BEHP 390.57 0.003 8.8 520.4

Source: Cousins et al. (2003)22
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Effect of temperature

The effect of temperature change on the adsorption of selected 
phthalates onto WHB was studied in the range of 298-338 K. A mass 
of 0.1 g of WHB was put into 50 mL of 10 mg/L solutions of each 
phthalate compound and the solutions in triplicates agitated at different 
temperatures (298, 308, 318, 328 and 338 K) until equilibration. The 
thermodynamic parameters, ΔG, ΔH and ΔS, were estimated using 
the equations below:

ΔG = RT1nKc	 (5)

Kd = ​​ Cad ___ Ce
 ​​	 (6)

Kc = 1000Kd	 (7)

1nKc = ​​ ΔS ___ R ​​ – ​​ ΔH ___ RT ​​	 (8)

�where Kc is the equilibrium constant (dimensionless), Ce is the 
equilibrium concentration in the solution (mg/L) and Cads is the 
equilibrium solid phase concentration (mg/g). Kd is the distribution 
coefficient (L/g), R is the gas constant (8.314 Jmol-1K-1) and T is the 
temperature in Kelvin. 

The data was further modeled using three classical adsorption 
isotherms, namely Langmuir, Freundlich and Dubinin-Radushkevich-
Kaganer (D-R-K) isotherms. From the D-R-K isotherm, the mean 
adsorption energy Ea (kJ/mol), that provides insight on physisorption, 
and chemisorption mechanisms was calculated using:

 ​​E​ a​​  = ​  1 _ 
​√ 
_

 2 ​k​ D​​ ​
 ​​	 (9) 

Effect of adsorbent dosage

To 50 mL of 10 mg/L of the phthalate solutions, different weighed 
amounts of adsorbent (0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 g) were dispersed 
at 298 K and agitated at 125 rpm until equilibration. All the other 
parameters were kept constant. The percentage of phthalate removed 
was calculated using:

%R = ​​ C0 – Ce _____ C0
 ​​ × 100	 (10) 

RESULTS AND DISCUSSION

Elemental composition of WHB

The elemental percent composition of the WHB obtained by XRF 
analysis is presented in Table 3. The absence of toxic heavy metals 
indicates that the biochar is unlikely to cause secondary pollution 
during application through the leaching of toxic heavy metals into the 
aqueous solution.

Functional group analysis

The functional groups present and the variation in their vibrational 
frequencies after adsorption were inspected using FTIR spectroscopy. 
The IR spectra as shown are shown in the Figures 1 and 2.

The band 3464.28 cm-1, before adsorption, and 3506.15 cm-1, after 
adsorption represented the stretching vibrations of the -OH group. 
This group was due to the water adsorbed on the biochar.32 The band 
centered at 2925.76 cm-1 observed after adsorption was assigned to 
C-H stretching aliphatic functional groups from the phthalates and 
provides evidence for adsorption.33 The bands between 1636.92 cm-1 
and 1635.65 cm-1 for WHB before adsorption and after adsorption 

Table 2: Isotherm equations and parameters

Isotherm Model Equation Parameters Reference

Langmuir 1 1 1

q Q Q K Ce o o L e

� �
Qo (mg/g), KL (L/g) 27

R
K C

L

L o

�
�
1

1

RL
28

Freundlich D – R 
model

logq logK
n
logCe f e� �
1

lnq lnq ke s ads� � �2

� � �
�
�
�

��

�
�
�

��
RTln

ce
1

1

Kf, n

Kads (mol2/kJ2 )

qs (mg/g)

29

30

Table 3: Elemental composition of WHB before and after adsorption

Element Percentage of Element Present in WHB

Before Adsorption +/- [*3] After Adsorption +/- [*3]

Al 10.600 0.727 11.125 0.775

Si 24.025 0.644 25.561 0.697

P 0.347 0.074 0.233 0.074

S 1.547 0.051 0.411 0.040

Cl 2.014 0.025 0.249 0.020

K 5.332 0.055 4.758 0.054

Ca 2.442 0.040 1.734 0.036

Ti 0.997 0.016 1.011 0.017

Cr 0.007 0.005 0.000 0.006

Mn 1.101 0.028 1.774 0.031

Fe 11.870 0.074 12.250 0.077
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respectively, were found to be stretching vibration of OH deformation 
of water, and aromatic C=O stretching vibration of the carbonyl from 
the carboxyl group, respectively.33

The bands at 1401.13 cm-1 and 1461.51 cm-1 represent the COO- 
groups and C-H deformation vibrations, respectively. The band 
at 1384.91 cm-1 is attributed to C-H in-plane bending vibrations. 
The broad bands at 1034.13 cm-1 and 1033.02 cm-1 before and after 
adsorption, respectively, may be attributed to the C-O bending 
vibration or the band of the out-of-plane bending for carbonates 
(CO3

2-) or P-O bond of phosphate in the biochar. The minor shifts in 
the absorption bands indicate changes in the chemical environments 
of these functional groups and demonstrate weak interactions between 
the phthalates and the biochar functional groups. This provides 
circumstantial evidence for a physisorption mechanism.

Effect of contact time

The effect of contact time is essential in determination of the residence 
time of a water treatment process. In this work, equilibration was 
attained in 25 minutes beyond which there was no appreciable change 
in the amount adsorbed (mg/g) (Figure 3). The percent removal (%R) at 
equilibrium were 76.59%, 75.98% and 75.49% for DMP, BBP and BEHP, 
respectively. 

The data was further fitted to the quasi-first order (PFO), quasi-
second order (PSO) and intra-particle diffusion (IPD) kinetic models 
to gain insight on adsorption rates and mechanisms involved. The 
kinetic parameters are summarized in Table 4.

From Table 4, the low coefficient of determination (R2) values and 
the wide variance between the experimental equilibrium adsorption 
capacity (qe(exp)) and the model-predicted values (qe(cal)) reveal 
that the PFO poorly fits the experimental data. The adsorption of 
phthalates onto WHB is therefore not a PFO reaction. On the other 
hand, the close agreement between the PSO-predicted values and the 
experimental values with R2 values closest to unity (Table 4) shows 
that the PSO kinetic model best described the adsorption data. The 
PSO model infers a chemisorption-mediated adsorption process in 
the rate-determining step. The adsorption rates, denoted by k2, were 
independent of the molecular weight of the phthalates. This implies 
an intricate interplay between hydrophobicity, kinetic diameters, 
functional groups, and accessibility to active binding sites. 

Figure 4 depicts the IPD model plot for DMP. The multi-linear 
plots show that several mechanisms are involved in the adsorption 
process with significant boundary layer effects.17 The C values are an 
index of the mass transfer across the boundary layer. The greater the 
magnitude of C, the greater the boundary layer effect.17 From Table 4, 

Figure 1: FTIR spectrum of WHB before adsorption

Figure 2: FTIR spectrum of WHB after the adsorption process
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the non-zero interception implies that pore diffusion is not the sole 
operative adsorption mechanism. The interceptions obtained from all 
the adsorption cases are attributed to a wide range of pore sizes of the 
WHB.34 

Adsorption isotherms

When the initial concentration was increased from 1 to 4 mg/L, the 
percent removal (%R) increased to a maximum of 37.99%, 35.28%, 
and 34.81% for DMP, BBP, and BEHP, respectively (Figure 5). This is 
attributable to the large number of vacant active sites and increased 
mass gradient between the bulk solution and the solid phase. 
However, beyond 4 mg/L the percent removal consistently decreased 
is beyond 4 mg/L. This decrease is due to the saturation of the limited 
number of active and energetically favorable adsorption sites of the 
WHBWBH and increased repulsion between the adsorbed phthalate 
molecules and those in the bulk solution.35

The data was further modeled using three classical adsorption 
isotherms, namely Langmuir, Freundlich and Dubinin-Radushkevich-
Kaganer (D-R-K) isotherms, and their plots are shown in Figures 6, 7 
and 8, respectively. The calculated constants are presented in Table 5.

From the Langmuir isotherm, the maximum adsorption capacity 
(Qo) decreased in the order DMP>BBP>BEHP (Table 5) with 
increasing molecular weight and LeBas molar volume (Table 1). This 
shows that the adsorption capacity was controlled by the molecular 
weight and kinetic diameters of the phthalates. Furthermore, the 
adsorption capacities are comparable despite the wide variances 
in molecular weights and Lebas molar volume. This is due to the 

compensation effect of increasing hydrophobicity (log Kow) (Table 
1), an indication that hydrophobic interactions were significant as 
the driving adsorption mechanism. This is further supported by 
the Freundlich affinity factors KF that were comparable across the 
phthalates. The 1/n values below unity denote a heterogeneous WHB 
surface with energetically different binding sites. Additionally, the low 
1/n values signify weak adsorbate-adsorbent interactions consistent 
with the physisorption mechanisms from the FTIR study.36 The RL 
values (0<RL<1) show that the adsorption of the selected phthalates 
onto WHB was deemed favorable.37 

The D-R isotherm did not show good linear regression with the 
adsorption of the selected phthalates, relative to the other models. 
Its low mean free energy (E = 0.01 kJ/mol) suggests a physisorption 
adsorption process.38 

Thermodynamic Studies

The effect of temperature on phthalates adsorption onto WHB was 
examined in the 298-338 K temperature range. The percent removal 
decreased with increasing temperature, a characteristic of exothermic 
process. The maximum %R at 298 K was 73.03%, 72.24% and 71.46% 
for DMP, BBP, and BEHP, respectively (Figure 9). The fact that 
maximum percent removal was recorded at room temperature is 
significant for practical application since temperature adjustment is 
not required.

The decrease in %R with the temperature rise is probably due to 
increased solubility with an increase in temperature. The calculated 
thermodynamic functions are shown in Table 6. 

Table 4: PFO and PSO kinetic parameters 

Adsorbate PFO model

qe(exp) (mg/g) qe(cal) mg/g K1 R2

DMP 3.788 0.7468 -0.0555 0.197

BBP 3.733 0.5446 -0.0233 0.056

BEHP 3.740 0.7104 -0.0269 0.109

PSO model

qe(exp) (mg/g) qe(cal) mg/g K2 R2

DMP 3.788 3.830 0.725 0.999

BBP 3.733 3.799 0.983 0.998

BEHP 3.740 3.775 0.655 0.999

IPD model

kp (mg.g-1/min) C R2

DMP 0.100 3.191 0.487

BBP 0.097 3.168 0.459

BEHP 0.101 3.125 0.519
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Figure 3: Variation of amount adsorbed with time Figure 4: IPD diffusion model of DMP adsorption onto WHB

y = 0.3665x + 2.3292
R² = 0.9907

y = -0.0515x + 4.0756
R² = 0.9387

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

0 2 4 6 8

qt
 (m

g/
g)

t½ (min½)



Research Article	 Ogora, Getenga, Gichumbi, Shikuku	 6
	 S. Afr. J. Chem., 2025, 79, 1–9
	 https://journals.co.za/content/journal/chem/

The negative ∆H values (Table 8) confirm that the adsorption 
of the phthalates onto WHB is an exothermic reaction. According 
to Jemutai-Kimosop et al.,39 ∆H values below 40 kJ/mol denote a 
physisorption mechanism. In this work, all the enthalpy values were 
below 40 kJ/mol signifying that the adsorption of DMP, BBP, and 
BEHP onto WHB entails a physisorption process. This is further 
supported by the observations from the Freundlich and D-R-K 
isotherms and FTIR study. The negative ∆S values imply increased 
orderliness at the solid-liquid interface. 

The negative ∆G values (Table 6) denote that the adsorption of 
the phthalates onto WHB was thermodynamically spontaneous. In 
general, ∆G values in the range -20 kJ/mol < ∆G < 0 kJ/mol imply 
physisorption whereas a chemisorption mechanism is implied for 
-400 kJ/mol < ∆G < -80 kJ/mol.40 The magnitudes of ∆G values (Table 
6) correspond to a physical adsorption mechanism. This corroborates 
the earlier deductions. The thermodynamics data reveal that the 
adsorption of DMP, BBP, and BEHP by the WHB is an enthalpy-
driven process

Effect of the Adsorbent Dosage

The effect of adsorbent dosage on adsorbent performance was studied 
in the range of 0.2g–1.2g of adsorbent in a 50 mL solution (Figure 
10). The percent removal of all the phthalates increased when the 
adsorbent dosage increased from 0.2 to 0.8 g. This is attributed to the 
increase in the number of adsorption sites. The maximum %R at a 
WHB dosage of 0.8 g/50 mL was 73.07%, 68.97% and 67.87% for DMP, 
BBP and BEHP, respectively. However, beyond 0.8g/50mL dosage, 
there was no appreciable change in percent phthalate removal. This 
is due to agglomeration of the adsorption sites with an increase in the 
adsorbent particles.

Comparison with other adsorbents

The adsorption capacity of the water hyacinth roots derived biochar 
(WHB) was compared to other adsorbents reported in literature 
(Table 7). The differences are attributed to both precursor properties, 
synthesis conditions, identity of phthalate and experimental 

Table 5: Adsorption Isotherm Parameters

Langmuir model Freundlich model D-R-K model

Adsorbate Qo KL RL R2 Kf 1

n

R2 qs R2

DMP 1.828 0.276 0.4753 0.9635 0.4919 0.4607 0.9824 0.911 0.8649

BBP 1.767 0.255 0.4949 0.9744 0.4606 0.4593 0.9771 1.704 0.9042

BEHP 1.618 0.286 0.4666 0.9708 0.4605 0.4344 0.980 1.509 0.8889
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Figure 5: The percent removal of DMP, BBP, and BEHP by WHB at different 
concentrations

Figure 7: Freundlich plot for DMP, BBP, and BEHP

Figure 6: Langmuir plot for DMP, BBP, and BEHP

Figure 8: D-R-K isotherm adsorption for DMP, BBP, and BEHP onto WHB
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conditions. The suitability of the adsorbents should be evaluated also 
based on overall cost of synthesis, scalability, environmental impact 
and sustainability, especially for emerging economies.

CONCLUSION

In this work, water hyacinth biochar (WHB) was used as a low-
cost, eco-conscious adsorbent for the removal of three phthalates, 
DMP, BBP, and BEHP, from synthetic wastewater in single solute 
solutions. The maximum monolayer adsorption capacity was 1.83, 
1.77, and 1.62 mg/g for DMP, BBP and BEHP, respectively. The 

adsorption of the phthalates was inhibited by the molecular weight 
and kinetic diameters/bulkiness of the molecules but compensated 
by their hydrophobicity. The kinetic data was best predicted by the 
quasi-second order model (PSO) with an equilibrium time of 25 
min. The equilibrium adsorption data was predicted by adsorption 
isotherm models in the order Freundlich>Langmuir>D-R-K. The 
thermodynamics functions showed that the adsorption of the 
phthalates onto WHB was spontaneous, exothermic, physical, 
enthalpically-driven, and energetically favorable. Therefore, WHB is a 
potential next-generation low-cost adsorbent for the removal of DMP, 
BBP, and BEHP from water. 
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Table 6: Thermodynamic parameters

Adsorbate Parameter Temperature (K)
298 308 318 328 338

DMP % Removal 73.030 68.171 59.710 46.906 42.752
ΔG (kJ/mol) -19.583 -19.639 -19.303 -18.500 -18.591
ΔS (J/mol) -30.925

ΔH (kJ/mol) -28.957
BBP % Removal 72.243 67.103 59.042 44.907 41.986

ΔG (kJ/mol) -19.484 -19.514 -19.230 -18.280 -18.503
ΔS (J/mol) -31.718

ΔH (kJ/mol) -29.089
BEHP % Removal 71.457 66.749 58.453 44.103 40.404

ΔG (kJ/mol) -19.389 -19.473 -19.166 -18.191 -18.320
ΔS (J/mol) -33.786

ΔH (kJ/mol) -29.651
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Figure 9: Percent phthalate removed by WHB as a function of temperature Figure 10: Effect of adsorbent dose on percent phthalate removal

Table 7: Comparison with other adsorbents

Adsorbent Phthalate Adsorption capacity (mg/g) Reference

Corncob biochar B700 DBP 20.23 41

Corncob biochar B900 DBP 20.26 41

Oxidized Corncob biochar AB700 DBP 22.9 41

Corncob biochar AB900 DBP 23.88 41

MWCNTs/Ag BBP 87.72 42

UiO-67-30BA DMP 395.3 43

Cu2O-zeolite DMP 20.41 8

WHB BBP 1.83 This study

WHB DMP 1.77 This study

WHB BEHP 1.62 This study
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