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Adsorptive-removal of bromothymol blue

& keto-bromothymol blue from wastewater
using antioxidant curcumin: thermodynamic
assessment, kinetic and isotherm modeling

Samia M. Ibrahim'", Ahmed F. Al-Hossainy' and Asmaa Y. Wahman'

Abstract

Our research objective is using a spectrophotometer method at a wavelength of 430 nm to explore the removal
of bromthymol blue (BTB) & keto-bromothymol blue (KBTB) dyes utilizing curcumin (CUR) as an adsorbent. The
impacts of several factors such as initial dye concentration, adsorbent dose, contact time, and temperature,

were examined. The adsorption equilibrium data were assessed utilizing Langmuir and Freundlich, as well

as an appropriate reaction mechanism, were put forth and discussed. CUR, (CUR -BTB) and (CUR -KBTB) dye

were confirmed using Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron Microscope (SEM)
techniques. The highest percentages of curcumin elimination of BTB, KBTB were 43 & 90%, respectively, at 430 nm
and 25 °C, and dye adsorption by the adsorbent increased with increasing initial dye concentration but decreased
with increasing adsorbent dose. First-order kinetic models in elimination of BTB and KBTB with correlation 0.97 &
0.98, respectively, were fitted using the experimental data for removal of BTB & KBTB by CUR. This demonstrated
that chemisorption, which involves valence forces through the sharing or exchange of electrons, is the rate-limiting
phase. Hence, the exothermic nature of BTB adsorption onto CUR is indicated by the negative value of AH°(-54.216
kJmol™"). Once more, the non-spontaneous nature of the adsorption process is indicated by the positive AG® value
(+49.65 kJmol™"). Furthermore, the non-affinity of CUR for BTB dye s illustrated by the -ve of change of entropy,
AS° (-166.78 J/mol K).
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Introduction

Due to the rapidly expanding dye industry, a significant
quantity of dye wastewater has been continually allow
to leave the water in recent years [1], endangering both
human health and the natural environment. Industrial
effluent is mostly responsible for water contamination.
Among the several synthetic dyes used in various appli-
cations are methyl orange, acriflavine, rhodamine B, and
thymol blue [2].

Environmental protection requires keeping an eye on
dye use in terms of legislation because many businesses
employ chemical dyes to treat their final products [3].
The effluent from the dyeing company has to be suf-
ficiently treated before being dumped into any body of
water because it has a range of substances and coloring
materials. However, because of their highly variable com-
position, dye house effluents are especially challenging to
manage properly [4].

Dyes are added to pharmaceutical and nutritional sup-
plement products for practical, psychological, and com-
mercial reasons. Kids are the target market for a wide
range of colored tablets, syrups, capsules (soft and hard
gelatin), and multivitamin supplements precisely because
of their existence. Additionally, the color of pharmaceu-
ticals makes them easier to recognize at first glance. One
common pH indicator for silk dyes is bromothymol blue
(BTB) [5]. This molecule is a useful probe that can only
be chemically broken down by free radical pathways and
is not contaminated by direct oxidation. When it comes
to smoother storage, easily soluble solids, and improved
water and soil treatment efficiency-as demonstrated for
some contaminants-it offers many more advantages
over conventional oxidizing agents [6]. Using an alkaline
medium with a pH of at least 12, potassium permanga-
nate oxidation was used to manufacture the novel chelat-
ing agent KBTB quantitatively [7-10].

Oxidation reactions can be used to convert BTB into
keto-bromothymol blue [7-10]. In addition to changing
KBTB’s chemical structure, the ketone group may also
change its optical and reactivity characteristics. Although
BTB is frequently used as a pH indicator, based on its
unique characteristics, KBTB may have specific uses.
Physical, chemical, and biological treatment techniques
are now widely used to eliminate dye from wastewa-
ter [11]. These techniques do, however, have problems,
including high energy consumption, high expense, and
a large number of hazardous byproducts. Because of
the adsorption method’s easy operation, low cost, abun-
dance of adsorbent materials, ease of recycling, and high
efficiency, the majority of researches have focused on it
[12]. Many adsorbents have been studied such as zinc
curcumin oxide nanoparticles [13], curcumin formal-
dehyde resin [14] and used, including activated carbon,
zeolite, orange peel, wheat shells, SiO,, metal-organic
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frameworks (MOFs), and so on [15]. Although activated
carbon is a widely utilized adsorbent, its employment in
the adsorption area is restricted by its high cost and non-
renewable sources [16]. The drawback of using SiO, and
MOF adsorbents is that they can cause indirect environ-
mental contamination while being prepared [17]. As a
result, the search for substitute adsorbent is going quite
well. Researchers have looked into a variety of substi-
tute adsorbents, and biopolymers are one of them that
are starting to show promise as a substitute for activated
carbon. These biopolymers feature a large surface area,
excellent mechanical stiffness, variable surface chemis-
try, porosity, and mild conditions regenerability. Chito-
san, chitin, cellulose acetate, and other biopolymers are
among the many that can be employed [18, 19]. Some
nanoparticles were synthesized and be used as adsorbent,
it the environmentally benign, cost-effective approach to
the fabrication of valuable for removal of toxic dyes [20—
24]. Overall, nanoparticles show promise for the removal
of hazardous dyes from wastewater. They have a large
adsorption capacity, quick adsorption kinetics, and may
be regenerated and reused. Again, several compounds
used as a good adsorbent for removal of poisonous dyes
such as chemically treated date stones, Jujube shell, ZnO
and TiO,, copper-impregnated fishbone hydroxyapatite
catalyst and metal-organic framework (MOF)-derived
magnetic nanocomposites [25-29]. Methodologies for
the removal of Allura Red, a commonly used synthetic
azo dye, from contaminated water sources include two
primary technologies: adsorption and photocatalytic
degradation [30].

Because it is used in foods, cosmetics, and medications,
curcumin is highly significant. It is added to foods to add
color, such as soups, fats, candies, meat items, and bever-
ages. Additionally, it acts as an antioxidant to stop ran-
cidity [31]. It is a medication used to treat stomach issues,
lower cholesterol, kill bacteria, purify blood, and protect
the liver. It has strong anti-inflammatory, anti-HIV, anti-
cancer, anti-thrombosis, and anti-Alzheimer properties
[32]. Its special bio-protective qualities support the skin’s
ability to neutralize free radicals, delaying the ageing pro-
cess and UV radiation damage [32]. The various func-
tional groups found in curcumin, including parahydroxy,
keto, and double bonds, are what give it its antioxidative,
anti-inflammatory, anti-cancer, and anti-mutagen prop-
erties. It also helps to lessen the effects of COVID-19 [33],
as well as its antiarthritic, antiatherosclerotic, antidepres-
sant, and antiaging advantages [34]. Again, curcumin,
a natural pigment derived from turmeric, has demon-
strated potential as an adsorbent for the elimination of
contaminants from water. It is easily obtainable from
turmeric, rendering it a sustainable and cost-effective
choice. Also, Curcumin’s molecular structure interacts



Ibrahim et al. BMC Chemistry (2025) 19:81

with contaminants through many methods, making it
effective against a variety of contaminants.

The purpose of this work is to investigate BTB and
KBTB dyes the removal of hazardous BTB and KBTB dye
from wastewater using curcumin as an adsorbent. The
novelty of our work is using CUR in the removal of two
toxic dyes which different in function group, -OH in case
of BTB and C=0 in case of KBTB. We observe removal
efficiency of BTB & KBTB value of 43 & 90%, respec-
tively. So, C=0 group in KBTB increase the removal per-
centage. To confirm our results, we look at the quantity,
initial dye concentration, adsorbents, contact time, tem-
perature, and the use of the Langmuir adsorption iso-
therm model. In order to remove color from synthetic,
usually numerous effluents, this research aims to further
the search for inexpensive adsorbents and their potential.

Experimental sections

Devices

Cells with a 1 ¢cm path length were utilized to measure
absorbance utilizing a programme controller and an
automated scanning Double-beam Perkin Elmer Lambda
750 UV-Vis spectrophotometer. To accelerate the phase
separation, a centrifuge (FRONTIERTM 5000 SERIES
MULTI, OHAUS) was employed.

Materials

Throughout the entire study, analytical-grade materials
were employed. Bromothymol blue and keto-bromthy-
mol blue were used without further purification. To pre-
pare liter of BTB & KBTB, precisely weighed volumes
of dye were dissolved in 500 milliliters of distil water.
The stock solutions were diluted in order to reach the
necessary concentration. Every trial is carried out by
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brand-new dilutions. By diluting the stock solutions, the
appropriate concentrations were obtained. Every experi-
ment involved the use of fresh dilutions. By determining
the dye’s concentrations, it was found at 430 nm wave-
lengths, as demonstrated in Fig. 1.

Investigations of kinetic equilibrium and adsorption

The required strength of BTB & KBTB dyes stock solu-
tions were achieved by diluting it. The curcumin adsor-
bent (0.1-1.2 gm) was examined at 25-55 °C, a contact
time of 5.0-40 min, and a dye concentration of 30 mg
L. After every elimination condition test, the CUR,
BTB and KBTB solutions were separated using centrifu-
gation (2000 rpm, 10.0 min). The UV-Vis spectropho-
tometer was calibrated to measure the concentrations
amount of remaining color molecules in the mixture at
430 nm. The kinetic examination included an assessment
of the elimination efficiency. The capacity of adsorption
(qw mg g 1) and removal efficiency (qe» %) were calcu-
lated using Eqgs. (1) and (2), respectively [35, 36].

g = L=V )

m

_ (CO - Ce)
€= g w100 2)

Where C, and C, (mg L™'), represents the initial and
equilibrium liquid-phase dye concentrations, respec-
tively. Where m is the mass of CUR utilized (g) and V is
the volume of the BTB & KBTB solution (L).
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Fig. 1 UV-Vis spectra of BTB & KBTB dyes
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Fig. 2 FTIR spectra of CUR, CUR-BTB and CUR-KBTB

Adsorption technique

Langmuir model

The model of Langmuir’s can be applied to compute sta-
ble sorption in cases when the number of identical sites
on the surface is finite. This is one possible format for it
[37]:

L1 1 .
qc qm KLQmCe

The separation factor (RL) is another tool for character-
izing this isotherm’s shape [38], which is calculated in the
manner described below.

1

R = —
LT 1Y KL Co

(4)

A Langmuir parameter (L/mg) called K; is associated
with binding free energy and affinity of sorption. In this
instance, the [BTB] & [KBTB] on the bio-sorbent at equi-
librium (mg/g) is q.. C, is a [BTB] & [KBTB] solutions

1S5kVU X1,0080

18pm B0BOB6S

15kV X1.08808

CUR

CUR- BTB
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at equilibrium (mg/1). The [BTB] & [KBTB] (mg/g) in a
monolayer that forms on a bio-sorbent is denoted by q_,,.

Freundlich model
The equation of Freundlich method [38, 39] for systems
with the heterogeneous of surface energy can be summa-
rized as follows:

1
Ing. = InKy + - InC, (5)

In q. and In C_ have a relationship that determines the
Freundlich constants K; and n. K; and 1/n are the param-
eter constants that link the system’s sorption intensity
and capacity. The term’s magnitude (1/n) represents the
favorability of the sorbent/adsorbate systems [40-42].

Results and discussion

Adsorbent characterizations

FTIR analysis

The FTIR spectra of CUR and CUR-BTB & CUR-KBTB
dyes (KBr), as displayed in Fig. 2, were highly diagnostic.
The stretching frequency of the hydroxyl group, -OH,
was thought to be responsible for the broad absorption
band at approximately 3425 cm™ prior to adsorption.
The carbonyl group’s stretching vibration, represented by
a moderately powerful band at 1624 cm™, and the C-O
stretching frequencies were represented by the other two
bands, at 1285 and 1036 cm™ [30]. While after adsorp-
tion, the FTIR spectra of CUR-BTB & CUR-KBTB
changed significantly as shown in Fig. 2 [42, 43].

SEM analysis

The morphological analysis has been performed with
JSM5400 LV scanning electron microscopy. The morpho-
logical and textural surface properties of CUR are shown
in Fig. 3 both before to and during BTB & KBTB adsorp-
tion. Therefore, the uneven structure of the surface
and its numerous pores which may serve as adsorption

180pm DBOB78

CUR- KBTB

180pm O0BB70

Fig. 3 SEM micrographs of CUR: without adsorption, with BTB & KBTB adsorption
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sites in case of CUR are depicted in Fig. 3. It could also
be helpful for the widespread distribution of dangerous
dyes like BTB & KBTB. Significant layers of BTB & KBTB
material was absorbed by CUR, resulting in the develop-
ment of a BTB & KBTB materials coating on their sur-
faces (Fig. 3). The microstructures of CUR are altered
by the physical and chemical interactions between the
molecules of CUR and adsorbate. There have been other
reports of similar incidents [43].

CUR CUR- BTB CUR- KBTB

Elimination of BTB at maximum wavelength equal to

430 nm

Impact of the starting [BTB] and CUR dosage

In range of (0.96-4.8) x10™° mol dm™3, variations of
[BTB]& [KBTB] were examined; the adsorption capac-
ity equilibrium rose to a high value of 1.69 x 10~% mg/g.
However, as [BTB] increase from 0.96 x 107° to 4.8 x 10~°
mol dm~3, the % removal efficiency of BTB dye dra-
matically increased. Again, as [KBTB] increase from
1.92x107° to 9.62x 107> mol dm™, the % removal effi-
ciency of KBTB dye dramatically increased. It then
decreased as BTB& KBTB dyes concentrations increased,
reaching a maximum value of 45 & 94%, respectively, as
illustrated in Fig. 4.

The adsorbents’ quantities varied from 0.1 to
1.2 g/10 ml. As the CUR amount is increased from 0.1
to 1.2 g/10 ml, Fig. 5 (a-d) illustrates that although the
capacities of adsorption (q.) of the BTB & KBTB, respec-
tively, rapidly reduce, the dye’s percentage removal effi-
ciency of BTB & KBTB steadily increases to a maximum
value of 43 & 90%, respectively.
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Fig. 4 Effects of [BTB] & [KBTB] on removal efficiency in BTB removal at 25 °C
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Variation of time

The impact of time on 30 & 60 mg/l of BTB & KBTB,
respectively, elimination during a period of 5 to 40 min is
depicted in Fig. 6 (a, b). Between 5 and 40 min, the capac-
ity of adsorption and removal efficiency steadily increases
to highest of 1.69 x 10~* mg/g & 43%, respectively in case
of BTB and 7.24x 10~* mg/g & 90%, respectively in case
of KBTB. Once equilibrium was attained, these values
stayed constant.

Variation of temperature

The dye’s adsorption capacity and removal efficiency
decrease concurrently as the temperature increases from
25 to 55 °C, as illustrated in Fig. 7, with a maximum
removal and adsorption capacity of 43% & 1.69x107%,
respectively, at 298 K.

Isotherm of adsorption

The models such as Freundlich and Langmuir were
employed to calculate the capacity of adsorption along
with other constants. The capacity of sorption (q,,) of
elimination of BTB & KBTB were discovered to be 0.0003
& 0.0006 mg/g, respectively (Tables 1 and 2). The cor-
relation coefficient of 0.98 confirms that the Langmuir
isotherm, which assumes monolayer coverage and homo-
geneous activity distribution on the sorbent surface, can
be utilized. Bromothymol blue & keto-bromthymol blue
adsorption onto CUR are preferred in the present work
by R; data (0<R; < 1) (Tables 1 and 2). The Freundlich
model was also fitted to the equilibrium data. The K;
and n constants, respectively, provided information on
the system’s sorption intensity and capacity. The term
(1/n) magnitude indicates the favorability of the sorbent/
adsorbate systems [10, 40, 44—48].
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Fig. 7 Variations of temperature on efficiency of removal in 30 mg/| of BTB

Table 1 Data of several isotherm graphs for the elimination of

BTB by CUR
Models Isotherm constants Correlation
Langmuir q,,(mg/qg) K. (L/mg) R, 0.98
0.0003 50315.23 03
Freundlich n Ke 0.99
227 0.036

Table 2 Data of several isotherm graphs for the elimination of

KBTB by CUR
Models Isotherm constants Correlation
Langmuir d,,(mg/g) K, (L/mg) R, 0.99

0.0006 45454545 0.06
Freundlich n Ke 0.99

2.66 0.039
Adsorption kinetics
The rate equation of 1st—order as:

In(q. —q;) = Inq. — kit (6)

where the first-order rate constant (min™) is denoted by
k;, and the dye quantities adsorbed at equilibrium and
time t on the sorbent are represented by q, and q, (mg/g).
By graphing In(q.-q,) against t, the straight line can be
derived.

The second-order rate expression’s linearized form is
provided as [49]:

dg 2
an — 7
I qe) (7)

t 1 t

—= —+ — 8
@ kaq?  qe ®
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Fig. 8 Plot of InKy against 1/T in the removal of BTB by CUR in 30 mg/I
of BTB

where k, is the pseudo-second-order rate constant (g/
mg min), q, is the quantity of adsorbate adsorbed per
unit mass of sorbent at equilibrium (mg/g), and q is the
amount of adsorbate adsorbed at contact time t (mg/g).
Plotting t/q, against t not yields a linear connection [50].

First-order kinetic models in elimination of BTB and
KBTB with correlation 0.97 & 0.98, respectively, were
fitted using the experimental data for removal of BTB
& KBTB by CUR, since this value has been identified
for first-order kinetic models. This demonstrated that
chemisorption, which involves valence forces through
the sharing or exchange of electrons, is the rate-limiting
phase [50-52].

The equation for intraparticle diffusion has the follow-
ing expression:

= Kat'? +C )

where Kg, expressed in mg/g min'/?, is the intraparticle
diffusion rate constant. The intraparticle diffusion experi-
mental data of BTB & KBTB are 8.51x10° & 1.56x10™*
mg/g min'%, respectively. The origin is not crossed by
the plot’s linear section. This diversion from the intended
course may result from variations in the mass trans-
fer rate between the first and last phases of adsorption.
The presence of outside surface adsorption and inner
CUR diffusion indicates that the BTB adsorption process
involved many steps [53].

Table 3 Thermodynamic constants for elimination of BTB at

various temperatures

Parameter AH’ AS AG
kJmol™’ Jmol'K™! kJmol™!

Ko -54.216 -166.78 +49.65
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Fig. 9 Speculated adsorption mechanism for the removal of BTB & KBTB by CUR

Adsorption thermodynamics change (AS°), and free energy change (AG°). This equa-
For BTB adsorption onto CUR, the calculated thermody-  tion was used to calculate these parameters [54—63].

namic parameters are the enthalpy change (AH"), entropy
AG® = —2.303RT log Kp (10)
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where K, = q./C..

Also,
AG’  =AH —TAS’ (11)
AST AH
_ 22 a8 (12
IHKD R RT )

where R is the universal gas constant (8.314 J/mol K), C,
is the BTB concentration in solution at equilibrium, and
q, is the BTB concentration onto CUR (mg/L). Based on
the slope and intercept of the plot of In Ky against 1/T,
the values of AH® and AS° were calculated. By Eq. (11) the
change of Gibbs free energy (AG°) was estimated.

Using Eqgs. (10)—(12), the thermodynamic factors (AH",
AS°, and AG®) for elimination of BTB were determined.
Based on the slope and intercept of In K, against 1/T
(Fig. 8), the AH® and AS° values were calculated. Table 3
shows the thermodynamic constants for elimination of
BTB by CUR. An exothermic reaction is indicated by the
negative value of AH® (-54.216 kjmol™). This is the result
of BTB adsorption onto CUR. The estimated value of AG®
(+49.65 kJmol) suggests that the adsorption method is
non-spontaneous. Furthermore, the non-affinity of CUR
for BTB dye is illustrated by the -ve of change of entropy,
AS° (-166.78 J/mol K). The results obtained are summa-
rized in Table 3.

The suggested mechanism of adsorption

The chemical interactions between BTB & KBTB and the
curcumin were suggested to be significant in the removal
of BTB & KBTB based on the kinetics, models of adsorp-
tion, and thermodynamics of the adsorption results.
Numerous interactions, such as hydrogen bonding, Van
der Waals forces, electrostatic contact, and n-m interac-
tions, are involved in the adsorption of cationic dyes [64].
Adsorption of BTB & KBTB onto CUR may occur -1t
interactions and by hydrogen bonds formed between the
hydroxyl group and the oxygen atom of the S=O group
in the BTB & KBTB molecules and the hydroxyl group
and oxygen atom of the carbonyl group on CUR. Because
of this, the CUR may adsorb BTB & KBTB with a high

capacity (Fig. 9).

Conclusions

The present study shows the use of KBTB as adsorbent
and compared with the BTB using CUR as considerably
efficient for removal of dyes from wastewater. The FTIR
spectra of CUR and CUR-BTB & CUR-KBTB dyes shows
the stretching frequency of the hydroxyl group, -OH,
was thought to be responsible for the broad absorption
band at approximately 3425 cm™! prior to adsorption.
The carbonyl group’s stretching vibration, represented
by a moderately powerful band at 1624 cm™!. While after
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adsorption, the FTIR spectra of CUR-BTB & CUR-KBTB
changed significantly. Again, the morphological and tex-
tural surface properties of CUR shows the uneven struc-
ture of the surface and its numerous pores which may
serve as adsorption sites in case of CUR. It could also
be helpful for the widespread distribution of danger-
ous dyes like BTB & KBTB. Significant layers of BTB &
KBTB material was absorbed by CUR, resulting in the
development of a BTB & KBTB materials coating on
their surfaces. The microstructures of CUR are altered
by the physical and chemical interactions between the
molecules of CUR and adsorbate. The adsorption is
highly dependent on contact time, adsorbent dose and
adsorbent concentration. The kinetics of BTB & KBTB
dyes adsorption on CUR follows the First-order model.
The equilibrium data fit well in the Langmuir and Freun-
dlich models of adsorption, showing monolayer coverage
of dye molecules at the outer surface of CUR. Accord-
ing to the acquired experimental data, the temperature
increases from 20 to 50 °C, and as the temperature rises,
so do the BTB adsorption capability and percentage
removal. Once more, thermodynamic parameters were
computed and examined.
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