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2-Hydroxy-1, 4-napthoquinone (lawsone) natural red-orange dye was extracted from fresh henna
(Lawsonia inermis) leaves in an alkaline media. The lawsone-surfactant solubilization constants (Kis)
were calculated for the first time by using cationic cetyltrimethylammonium bromide (CTAB) and anionic
sodium dodecyl sulphate (SDS). The standard free energy, concentration of solubilized lawsone and num-
ber of lawsone molecules solubilized into micelles were calculated and discussed. Surface excess, mini-
mum surface area per molecule, surface pressure, free energy (adsorption and aggregation) and

ﬁ(?; ‘;V:prgz:n equilibrium constants of different states were determined from tensiometry. Different metal ions (Ag",
Aggregation Co**, Cu*, Ni**, Fe®*, Zn?* and AI**) were used to determine the complex forming ability with lawsone.
Lawsone Out of these, Ag" ions have strong binding capacity with lawsone. The adsorption of lawsone on the sur-
Surfactant face of glass with silver ions in presence of CTAB was also observed at pH > 9.0. The pseudo-first, second-
Solubilization order kinetic equation, intraparticles diffusion and Elovich models were used to determine the kinetics of
Kinetics lawsone adsorption onto the surface of glass and a probable mechanism has been discussed. Lawsone

adsorption followed second-order kinetic equation (k, = 0.019 g-mg~!-min~1).
© 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Henna (Lawsonia inermis) is an ancient dye and used for the
coloration of skin, hair, eyebrows and other body human part on
festivals and marriages occasions. The henna name was derived
from the Arabic word hinna. It is commonly called as Mehndi, Chi-
nah, Mandee, Al-khanna, tien kao, mohuz etc. all over the different
region. The green leaves past has been used to prevent various
infections such as ulcers, constipating, leucoderma, anemia, small
pox, leprosy and skin inflammation from ancient time [1]. Lawsone
(2-Hydroxy-1, 4-napthoquinone; red-orange dye; natural orange
6; slightly water soluble; simple molecule with non-ionic groups)
is a main active chemical constituent of henna leaves that has an
affinity towards protein binding, leading to a strong stain at ambi-
ent conditions and also used for dyeing in textile industries [2].
Hydroxynapthoquinone and its derivatives have strong coordina-
tion ability towards metal ions and acted as a redox active ligands
[3]. The metal complexation of lawsone required alkaline media
and coordination ability depends on the nature of base [4,5]. Hijji
et al. reported that the various (CN-, CH3COO™, F-, H,PO; and
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HSO3) changed the color of aqueous lawsone solution in water-
acetonitrile (95:5), whereas Cl7, Br~, [~ and ClOz has no significant
effect and suggested that the CN~ and CH3COO™~ formed excellent
sensor [6]. Kumar and his-coworkers used lawsone to the synthesis
of azo dye and prepared a colorimetric sensor for the detection of
copper(Il) and iron(Ill) ions by using fluorescence spectroscope [7].
Jelly et al. developed a lawsone based reagent for the detection of
latent fingerprints on the surface of paper [8]. Lawsone reacts with
protein and developed color, which exhibiting photolemenisence
activities [9].

The coloration of substrates has been the principle application
of dyes in textile industries. For dyeing processes, the presence of
a suitable organized aggregates (micelles, vesicles and layers) are
essential for the solubilzation of hydrophilic and hydrophobic dyes
[10-18]. For example, Simoncic and Kert reported the interaction
of acid orange 7 and acid red 88 with cationic and non-ionic surfac-
tants and suggested that the surfactant formed a complex with
ionic dyes as well as felicitate the adsorption of nonionic dyes
[13]. Das and his coworkers extracted the natural dyes from man-
gifera indica, glochidion lanceolarium and litsea sebifera plants
and reported the dye interaction with cationic and anionic surfac-
tants [17]. Mohammad et al. used Lawsonia inermis leaves and
Rubia cordifolia roots for the extraction of natural dyes and
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suggested that the henna extract shows excellent antifungal activ-
ities on the wool substrate [18]. Aksu et al. used dried Rhizopus
arrhizus to the removal of methylene blue by adding sodium dode-
cyl sulphate and suggested that the Freundlich adsorption iso-
therm exhibited better dye uptake than the Langmuir isotherm
[19].

Sangeetha and Philip was used lawsone as a capping agent for
the preparation of Fe;04 nanoparticles in presence of cysteine as
a linker. The Fe;04-cysteine-lawsone nanocomplex exhibited
excellent corrosion as well as antimicrobial activity [20]. Lawsone
sensitized solar cell were fabricated by using, TiO,, Zn and AgNPs
[21-23]. Incorporation of NPs in the solar cell enhanced electron
life time. Barani et al. was prepared lawsone based noisome and
used as a nano-herbal drug for the treatment of breast cancer
[24]. The complex formation between dye and metal ions provide
significant information related to the fastness of color in dyeing
textile industries [25]. The removals of toxic and non-
biodegradable dyes by using a large number of adsorbents have
been reported on several occasions for different point of view
[26-30]. Ghaedi et al. used adsorption phenomenon for the
removal of congo red in presence of carbon supported nanoadsor-
bent of silver, palladium and zinc [31]. Recently, we extracted
juglone [32] and betanin [33] from the walnut shell powder and
beetroots, respectively, and used for the fabrication of silver
nanoparticles and removal of congo red. Silver and iron were pre-
pared for the adsorption and degradation of acid orange 7 and bro-
mothymol blue dyes [34,35]. However, no information was
available in the literature regarding the adsorption of lawsone
from an aqueous solution. Despite the excellent applications of
lawsone in sensing, forensic science, coordination, medicinal, tex-
tile, and pharmaceutical industries, the interaction of lawsone with
ionic surfactants has been neglected.

In the present study, Henna leaves were used for the extraction
of red-orange lawsone dye. The interactions of lawsone with catio-
nic and anionic surfactants have been investigated. For this pur-
pose, CTAB and SDS were chosen as model surfactants and
various parameters were determined and discussed. To determine
the mechanism of lawsone sorption on the surface of glass, various
kinetic models (pseudo-first order, pseudo-second order, intra-
particle diffusion Weber and Morris model and Elovich equation
were used. Incidentally, this study became the first report for the
lawsone-surfactant interactions and its adsorption on the surface
of glass with silver(I) in presence of cationic CTAB surfactant. The
adsorption of dye provides valuable information about the
improvement of color strength and colour fastness properties of
lawsone in presence of a suitable surface active agent.

2. Experimental and Procedure
2.1. Chemicals

Cetyltrimethylammonium bromide (CTAB), sodium dodecyl
sulphate (SDS) sodium hydroxide (NaOH, for pH adjustment), sul-
phuric acid (H,SO,), silver nitrate (AgNOs, oxidizing agent), law-
sone (CioHgO3, reducing agent), inorganic electrolytes (NaCl,
NaBr, NaNOs, Nal) and complex forming metal ions (Cu?*, Zn?*,
Ni?*, Co?*, Fe** and AI’") analytical grade were received from
Sigma-Aldrich and BDH and used without further purification.
The aqueous solutions of all reagents were prepared on the molar-
ity basis and double distilled water was used as solvent.

2.2. Extraction of lawsone

In the perspective of existed literature, better shading yield in
the event of soluble extraction of lawsone, yellow-red dye was

extracted from henna leaves in an alkaline condition maintained
by adding required amount of sodium carbonate. Henna fresh
leaves were collected from the garden of the university and
authenticated by the department of biological sciences. To remove
the dust particles, ten grams leaves were washed under tap water
followed by distilled water, dried under room temperature. The
powder of henna leaves were taken in a round bottom flask con-
taining an 100 ml aqueous solution of Na,COs (for maintaining
pH ca. 8.0 to 9.0) and heated at 80 °C for 30 min with occasional
stirring. The green suspension of henna leaves and water turned
brown. The suspension was left over night and filtered by using a
clean cotton cloth. The remaining residue was again treated with
Na,CO3 aqueous solution, heated and filtered for several time.
The resulting brown color was again extracted by using diethyl
ether and dried with magnesium sulphate. For the solid lawsone,
the ether was removed from rotatory evaporator and reddish
material was obtained. The stock solution of lawsone was prepared
in water and a calibration plot was constructed for the calculation
of molar extinction coefficient.

2.3. Instruments

Shimadzu UV-260 spectrophotometer was used to record the
UV-visible spectra of lawsone under various experimental condi-
tions. Fourier Transform infrared spectrophotometer (Burker Ten-
sor) was used to determine the functional groups of extracted
lawsone in the range 4000-400 cm™'. KBr disk was prepared with
few drops of lawsone solution and dried at room temperature
before the measurements. The resulting spectra were compared
with the authentic samples of lawsone purchased from Sigma-
Aldrich. The 400 MHz Brucker spectrometer was used for the mea-
surement of 'H nuclear magnetic resonance (NMR) spectra of law-
sone. Fisher Scientific Accumet Digital pH meter (model 910) was
used for pH measurements. The platinum ring detachment method
was used to measure the surface tension of different solutions
(CTAB, CTAB + lawsone, SDS, and SDS + lawsone) on Kruss 11Ten-
siometer. The instrument was calibrated with double distilled
water (surface tension = 73.2 mN-m~! at 25 °C) [36]. Electrical con-
ductivities of CTAB in pure water and in lawsone aqueous solution
were determined by assembly of conductivity meter (AC-13 Japan)
with a conductivity cell (cell constant = 0.943 cm~'). The conduc-
tivity meter was calibrated by using 0.01 mol-L~! aqueous solution
of KCI at 25 °C prior to use.

2.4. Solubilization of lawsone into surfactants

Lawsone is a natural dye with benzenoid and quinonide rings,
soluble in water (1.15 x 102 mol-L"! [6]) and solubility increases
with pH. To see insight into the incorporation of lawsone into the
various aggregates of CTAB and SDS, the UV-visible spectra of
henna extract was recorded with increasing concentration of sur-
factant. The critical micellar concentration of CTAB and SDS was
calculated from the intersection of the two straight lines. Various
parameters such as dye-surfactant binding constant, solubilization
rate constant, amount of solubilized dye into the micelles and
number of dye molecules incorporated in a single micelle were
estimated with standard models.

2.5. Batch adsorption studies

In order to see insight the color change and/or color fastness of
lawsone aqueous solution, NaOH solution was added into the dye.
The absorbance of working solution was increased dramatically
and the resulting red-orange was stable for ca. one month. In the
next experiment, CTAB solution (5.0 ml of 0.01 mol-L™"; total vol-
ume 40 ml) was added in a conical flask containing dye (4.0 x 10~*
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mol-L™") and NaOH (2.0 ml of 0.01 mol-L™!). The UV-visible spec-
trum of each solution was measured as a function of time. Thirdly,
the same experiment was repeated with silver nitrate (5.0 ml of
0.01 mol-L~1). Surprisingly, dye adsorption began to starts as the
reaction time increases and a thick red layer of dye adsorbed on
glass surface of the conical flask. The dye adsorption was estimated
quantitatively with reported method [31]. The same experiment
was repeated with different metal ions (Cu?*, Zn?*, Ni®*, Co?*,
Fe* and AI**) individually. We did not observe the deposition of
red layer on the glass surface

3. Results and Discussion
3.1. UV-visible data

The color intensity, number of absorption peaks and position of
wavelength maxima (Anax) of lawsone red-orange pigment
depends on the nature of the organic solvents as well as pH of
the aqueous solution. UV-visible spectra of extracted lawsone
were recorded in under different conditions to establish the role
of cationic and anionic surfactants. Fig. 1A shows that the lawsone
spectrum exhibits one sharp absorption peak at 268 nm along with
two week shoulder at ca. 330 and 450 nm in water. A red shift was
observed from 268 to 300 nm (total 32 nm) with increasing the
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Fig. 1. UV-visible spectra of lawsone in water at 30 °C (A) and its FTIR spectrum (B).

[lawsone], indicating the aggregation and association of lawsone
molecules. A calibration plot was constructed to determine the
molar extinction coefficient of lawsone by using Beer-Lambert
law. The plot between absorbance and [lawsone] is liner at lower
concentration (<8.0 x 10~* mol-L™!) but it deviates from the lin-
earity as the [lawsone] increases from 8.0 x 10~ to 10.0 x 107
mol-L~! (positive chemical deviation), which might be due to the
existence of different absorbing species of lawsone in equilibrium.
The molar extinction coefficient (¢ = 1539 mol~!- dm> cm™~') was
calculated from the initial linear part of Fig. S1 (Supplementary
Material). The FTIR spectrum of extracted lawsone is now given
in Fig. 1B. The main peaks are observed at 3400, 2933, 1630,
1403, 1250 and 1040 cm™! are assigned to Vou, Vcon, Veeor Vo=
Vc.o and vc.y respectively, for symmetric and asymmetric vibra-
tions [3]. The "H NMR spectra of lawsone was recorded by using
400 MHz Brucker spectrometer in dimethyl sulfoxide (DMSO-dg)
at room temperature. Lawsone 'H NMR showed the singlet at
6.16 & for H-3 and multiple doublet and triplet for 4H of benzene
ring (Fig. 2) [37].

UV-visible spectra of lawsone were measured as different pH
(ranging from 6.6 to 12.2) adjusted by adding H,SO, and NaOH.
It was observed that the absorbance was increases with increasing
the pH of the working solution (Fig. 3A). As the pH of the reaction
mixture increases, the absorbance at 280 nm increases with red
shift (from 276 to 308 nm) and a new peak began to develop at
ca. 450 nm. Interestingly, the absorbance of peak at 450 nm was
also increases with pH (Fig. 3B), which can be rationalized due to
the higher solubility of lawsone in alkaline media [38]. At lower
pH (<4.0), the lawsone aqueous solution is colourless. It shows a
pale yellow color at neutral pH. Hijji and his coworkers reported
that the UV-visible spectra of lawsone shows only one peak at
333 nm in acetonitrile, whereas one absorption peak and strong
shoulder was appeared at 333 and 450 nm in acetonitrile-water
(95/5) mixture [6].

The pale yellow color also became orange. The intensity of color
increases with pH and aqueous solution became dark orange, and
the resulting color was stable for ca. two months. On the basis of
above results, the following ionization of lawsone was proposed
(Fig. 4).

Fig. 4 shows the ionization of lawsone in an aqueous solution.
At lower pH (<4.0), lawsone solution is colorless. As the pH
increases, the ionization of C2-OH takes place, which leads to the
formation of anionic form of lawsone. Due to the presence of con-
jugated system between the C2, C3 and C4, the anionic species (1,
4-naphthoquinone; less stable due to the repulsion between the
partial negative charge of C1 carbonyl oxygen and the negative
charge of C2 enolic oxygen) was stabilized via resonance and equi-
librium shift in favor of more stable 1, 2-napthoquinone formation.
As a result, lawsone exhibited red-orange color in an alkaline
media.

In order to establish the lawsone-surfactant interaction and/or
solubilisation, a series of UV-visible spectra of CTAB + lawsone

Doublet at 8.05 §

Doublet of triplet 7.74 §<—H._ 7 OH —= Proton exchange

Doublet of triplet 7.74 5<—H 3 H — Singletat6.16 5

Doublet at 8.05 §

Fig. 2. Structure of lawsone.
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Fig. 3. UV-visible spectra of lawsone as a function of pH (A) and absorbance-pH
profiles of lawsone aqueous solution (B). Reaction conditions: [lawsone] = 4.0 x 10~*
mol- L.

and SDS + lawsone were recorded for different [surfactant] as a
function of time. Surprisingly, the peak intensity decreases with
time after the addition of both surfactants in an aqueous solution
of dye (Figs. 5 and 6). The decrease of the absorbance (hypochro-
mic shift) can be rationalized to the complex formation between
lawsone and surfactant [39]. For CTAB, the Znax position of dye
did not change but peak intensity decreases with time (Fig. 5).
On the other hand, a red shift (total 7 nm) was observed with
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Fig. 5. UV-visible spectra of lawsone in presence of CTAB as a function of time at 30
°C. Reaction conditions: [CTAB] = 12.5 x 10~* mol-L~" and [lawsone] = 4.0 x 10~*
mol. L.

Time / min
Pure lawsone

Lawsone +SDS; 2min
—20
—30
50

ed shift; 7 nm

25

1.5

Absorbance

1.0

05}

0.0 !
250 300 350 400 450 500 550 600
Wavelength / nm

Fig. 6. UV-visible spectra of lawsone in presence of SDS as a function of time at 30
°C. Reaction conditions: [SDS] = 12.5 x 10~ mol- L™! and [lawsone] = 4.0 x 10~
mol-L~".

SDS (Fig. 6). The different behaviour might be due to the significant
role of polar head groups of surfactant in the solubilisation of dye.
Interestingly, the decay in the peak absorbance with time indicates
that the complexation and/or solubilisation are slow processes.

o o

(Anionic;red orange)

Fig. 4. lonization of lawsone in an aqueous solution.
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The Benisi-Hildebrand model was used to determine the bind-
ing constant (Ks), which was described in the literature (Eqs.1
and 2) [40].

O
OH
Ks
+ Surfactant Lawsone-surfactant
O
(Lawsone) (Complex)

(1)

where surfactant = CH3(CH,);5N(CH3)3Br(CTAB) and CH3(CH») -
CH,0S03Na (SDS) Eq. (2) can be derived from Eq. (1).

Ks = [Complex]/[Lawsone][surfactant] (2)

Benisi-Hildebrand derived the following relation for the evalu-
ation of Ks.

1 B 1 . 1 3)
(Aobs —Ao)  (Ac — Ag)  Ks(Ac — Ao)[surfactant]
A
2.4
2.0
16
2

Intercept Slope
1.07 0.10 0.976

o.o 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14

1/[CTAB] / L ‘mol”

B

20 2
<I(° Intercept Slope R’

216 1.93 0.005 0.989

0.0 1 1 1 1 1
0 50 100 150 200 250 300

1/[SDS] / L -mol"

Fig. 7. Benesi-Hildebrand plot to the solubilization of lawsone into CTAB (A) and
SDS (B). Reaction conditions: [lawsone] = 4.0 x 10~4 mmol-L™".

where all symbols have their usual significance. Thus, the double
reciprocal plot between 1/(Aops — Ag) and 1/[surfactant] should be
linear with a slope equal to 1/Ks (Ac—Ap) and an intercept equal to
1/(Ac—Ap). The values of Ks were calculated from the slopes and
intercepts of Fig. 7A and B, respectively, for CTAB and SDS and found
to be 1.1 x 10 and 1.8 x 10? L-mol . CTAB has ten times higher
solubilizing capacity than that of SDS. It was observed that the plots
of 1/(Aobs — Ap) and 1/[surfactant] were linear at higher concentra-
tions (>0.0003 mmol-L~" and 0.003 mmol.L~!) for CTAB and SDS. At
lower concentrations, no linearity was observed.

To calculate the Ks and A¢ (difference between the molar
absorption coefficient between the free and solubilized lawsone),
Connett and Wetterhahn model was also used [41]. They proposed
Eq. (4) for the evaluation of associated parameters.

[Lawsone][surfactant] _[surfactant]+ 1 @)
A(Absorbance) Al KsAel

where A(Absorbance) = difference between the absorbance of un-
solubilized and solubilized lawsone at the same J,.x and 1 = path
length (1.0 cm). The Ae¢ and Ks values were estimated from the
slopes and intercepts of [lawsone] [surfactant]/ A(Absorbance) ver-
sus [surfactant] (Fig. 8A and B). These are given in Table 1.

Further, the Ks values were also calculated with Bouguera-
Lamberta-Beera rule (Eq. (5)) [39,42].

A

[Lawsone] [CTAB)/(Ag—A gps)

0.2
0'0 1 1 1 1 1
0.0000 0.0004 0.0008 0.0012 0.0016 0.0020
[CTAB] /mol-L"
B

000 0.005 0.010 0.015 0.020 0.025
[SDS]/ mol-L"

Fig. 8. Connett-Wetterhahn plot to the solubilization of lawsone into CTAB(A) and
SDS (B). Reaction conditions: [lawsone] = 4.0 x 10~* mmol-L™".
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Table 1
Values of surfactant-lawsone solubilization parameters calculated by UV-visible
spectroscopic data 30 °C

Parameters CTAB SDS
CMC/mmol.L~! 81 x 104 79 x 103
Ks/L- mol~"; Benisi-Hildebrand 1.1 x 103 3.8 x 10?
Ks/L-mol~"'; Connett-Wetterhahn 1.1 x 10° 1.8 x 10?
Ks/L-mol~'; Bouguera-Lamberta-Beera 1.2 x 10° 7.4 x 10?
Ag/mmol-L.cm™! 2275 1394
Dyn/mol.L™! 2.2 x107* 31 x10°*
m/mol.L~! 50 x 10°© 71 x 10°°
n 44 4
AG/kJ-mol ! ~176 ~15.0
AGY/k]-mol ! 176 ~13.0
AGY/KJ-mol~! ~17.8 ~166

3 [surfactant][Lawsone] o2
A(Absorbance)

A(Absorbance) =

+ ([surfactant] + [Lawsone]) x o +% (5)

By substituting the values of A(Absorbance) and [surfactant]
(=12.0 x 107* and 12.5 x 1073 for CTAB and SDS) in Eq.(5), the
Ks were also calculated for both surfactant and found to be
1.2 x 10% and 7.4 x 10? L-mol ™', respectively. Inspection of Table 1
clearly suggested that the Ks values calculated by three different
models are in same magnitude as CTAB and slightly different for
SDS. The surfactant-lawsone complex formation constant was
higher with CTAB than that of SDS, indicating that the lawsone
molecules are solubilized in inner palisade layer of micelles
(Fig. 5). The incorporation of lawsone molecules into the micelles
is facilitated because anionic species of lawsone are attracted by
the cationic head group of CTAB. On the other hand, such type of
situation does not persist in presence of SDS. The repulsion forces
between the same-charged dye and surfactant were stronger than
other interactions exist in the dye-micellar system. Due to the elec-
trostatic repulsion, lawsone molecules orientation is more likely in
outer Stern layer of SDS micelles close to micelle water interface
(Fig. 6).

Before going to calculate the concentration of incorporated law-
sone into the micelles, it is essential to evaluate the critical micel-
lar concentrations (CMC) of CTAB and SDS. Surfactant behaves as
an electrolyte at lower concentration. They formed aggregates at
a specific concentration, these aggregates called micelles, which
has many layers (Stern layer, palisade layer, hydrophobic core
and Gouy-Chapman layer) for the incorporation and/or solubiliza-
tion of hydrophobic and hydrophilic compounds through different
possible interactions. Absorbance of lawsone at 420 nm was found
to decreases with increasing [surfactant]. These results are supple-
mented in Table ST1 (Supplementary Material). The changes of dye
absorbance with increasing surfactant concentrations were used
for the CMC determination [43]. The intersection of the two
straight lines on the concentration plot gives CMC (Fig. 9A and
B). Our CMC values are in accordance with the literature values
[44-46].

The [lawsone] into the surfactant (L,,) was evaluated by using
Eq. (6)).

_ (Ao—A)
[Lm} N (80 - Sm)

where &y — &, = Ae. For the calculation of [m] (=micellar concentra-

tion) and n (=approximate number of lawsone incorporated into the

micelle), the following relations were used (Eqs. (7) and (8)) [47].
(L]

n= (7)

(6)

A

0.8

0.7 |

0.6 @ CVC =0.00081 mol-L”"
0.5}
04}

03}

Absorbance at 420 nm

1 1
0.0015 0.0020

1
0.0010
[CTAB] / mol-L"

1
0.0005 0.0025

B

0.50 |-
0.45 |-
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0.35 |
0.30 -

CMC = 0.0079 mol-L™

0.25 |-
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Absorbance at 420 nm
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[SDS] /mol-L™

Fig. 9. Plot of absorbance as a function of [CTAB| (A) and [SDS] (B) for the
solubilization of lawsone. Reaction conditions: [lawsone] = 4.0 x 10~ mol-L™".

im] = [surfactant] — CMC 8)

Naggregation

where Njggregation = Mean aggregation number of surfactant (=80
and 63 for CTAB and SDS [47,48]. Table 1 shows the 2.2 x 1074
and 3.1 x 107 % mol-L™! of lawsone are solubilized in [CTAB] = 1
2.0 x 107 4 mol-L™! and [SDS] = 12.5 x 103 % mol-L"! micellar
aqueous pseudo-phase at 30 °C. The [lawsone] = ca. 1.8 x 10744
mol-L~! remains in the water. The number of incorporated lawsone
is higher for cationic micelles (n = 44) than for anionic micelles
(n=4).

The pH of the micellar surface play an significant role in the the
solubilization of ionic species into the stern layer and/or core. A
series of experiments were performed to observe the change in
the pH of the lawsone solution with CTAB and SDS. The pH values
was found to be constant (pH = 6.7) with addition of both surfac-
tant. Tondra et al. reported that the control of pH is not straightfor-
word in micellar solutions [49,50]. The pH of the anionic and
cationic micellar surface is ca. 2 units less and more than the aque-
ous bulk solvent, repectively. Thus, we assume that pH of the CTAB
and SDS micellar surface should be ca. 9 and 5 under our experi-
mental conditions [50,51]. The large number of lawsone molecules
incorporated into the CTAB micelles through electroistatic interac-
tion between the lone pairs electrons carbonyl oxygen as well as
negative oxygen of lawsone and positive head group of CTAB
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micelles. On the other hand, electristic repulsion might be persist
in presence of SDS. Lawsone is solubilized via hydrophobic interac-
tions into the SDS. The change in the standard free energy (AG°)
are calculated by using Eq. (9).

AG® = —RTIn K 9)

where R and T are the gas constant and temperature in Kelvin. The
AG? are given in Table 1, indicating that the solubilization process is
spontaneous. Figs. 5 and 6 clearly show that the lawsone solubilisa-
tions into the micelles are slow. The absorbance decreases with
time and remains constant after ca. 50 min. The decay became slow
at higher reaction time (Fig S2; supporting information). We did not
observe the rate of solubilisation at higher [CTAB] (>25.0 x 10~*
mol-L~1). The solubilisation rate constants were calculated by using
pseudo-first rate-law (Fig. 10), which indicates that rate of lawsone
solubilisation decreases with [CTAB].

Lawsone has unique properties (complex formation [3],
intramolecular hydrogen bonding [52] and redox activity [53])
due to the presence of two carbonyl groups at C1 and C4 with
one OH group at C2. Its redox activities (one and two electron
oxidation-reduction with and without proton transfer) depends
on the experimental conditions [6,21,53]. In the present study,
we reported the lawsone-surfactant complex formation between
the opposite and same charged CTAB and SDS surfactants with
spectroscopic measurements. Lawsone solubilized into the aggre-
gates of CTAB and SDS through electroistatic, hydrophobic and
van der Walls interactions. Thus we may stated confidently that
the lawsone acted as a dye under our experimental conditions,
which is the most important property of lawsone.

3.2. Tensiometry data

Surface active agents reduced the surface tension of water
(yo =73 mN-m~") to some extent () and formed various aggre-
gates (monomer, dimer and trimmer, etc.). In the present study,
all surface parameters were calculated such as CMC, surface ten-
sion at the CMC (7), surface pressure (7cypc), surface excess (I'max)
and minimum area per molecule (Ani,) were calculated with Gibbs
equation (Egs. (10)-(12)) for pure surfactants and with dye.

Teme = Yo — Vemc (10)

Imax = (* 2,303nRT> x (d ]g[surfactarlt]> =

0.25
0.24 |
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Fig. 10. First-order plots for the solubilization of lawsone into CTAB. Reaction
conditions: [lawsone] = 4.0 x 10~ mol-.L™".

10%
Amin = NAFmax (12)

The standard free energy change for the surfactant aggregation
(Acgg), bulk to the surface (AG2) and free energy at the junction of
air-water (Gpin) were estimated with the following equations.
These values are given in Table 2.

AG2, = —RTIn CMC (13)
AGgy = AGY, — 6.023TcpcAmin (14)
Grnin = Amin X Jeue X 6.022 x 107 (15)

Upon addition of CTAB (from 1.0 x 10~ t0 25.0 x 10~* mol-L~!
in a fixed [lawsone] (=4.0 x 10 mol.L 1), surface tension sharply
and slowly decreases at lower and higher CTAB concentrations,
respectively (Fig. 11A). For SDS, surface tension was also decreases
with [SDS] and became constant at higher concentration (Fig. 11B).
CMC values were calculated from the Fig. 11A and B. The observed
variations of surface tension above the CMC were negligible [36].
The optimal surfactant configuration in the micelle was more com-
plicated [54,55]. It was observed that the CMC of CTAB decrease
from 7.8 x 1074 mol-L™! to 6.0 x 10~* mol-L~! with the addition
of lawsone, decreases in CMC might be due to the incorporation
of dye into the micellar aggregates through ionic and hydrophobic
interactions [56].

The various factors such as equilibrium between dye aggregates
(monomer « dimer), surfactant monomer, micelles, dye surfactant
permicellar region and dye molecules incorporated into the
micelles are operates simultaneously during the dye-surfactant
interactions [39]. Micelles are not fixed entities and they have tran-
sient character. A decrease in CMC and reduction of surface tension
on the addition of lawsone suggests the formation of dye-
surfactant complex through the binding of surfactants to lawsone.
The surface tension relaxation in CTAB-lawsone system might be
due to the slow solubilization, which is dynamic in nature. Due
to non-rigid structure of micelles and imbalance hydrophilic-
hydrophobic forces, lawsone present in the different layers of
micelles. The exact position of lawsone within CTAB micelles is
not fixed owing to dynamic nature of solubilization process [57].

The 7tcpme, I'max and Apmin were calculated with Egs. (13) and (14)
for both CTAB and SDS, and indicating that the lawsone-CTAB sys-
tem is moreat the binary boundary of the air-water interface.
Higher value of A, indicates the ion-pair and/or complex forma-
tion between the dye and micelles [58]. Table 2 shows that change
in free energy (AGY;) and (AG34) are negative might be due to
spontaneous and endothermic solubilization. AGy and AGSg ratio
also suggested the formation of mono layer between CTAB and
dye. On the other hand, the lower G, signify the formation of
stable air-water surface.

Surfactant behaves as an electrolyte at lower concentration.
CTAB ionized in water and dynamic equilibrium exists between
the ionized and unionized molecules (CTAB = CTA* — B™). The
degree of counter ion dissociation () of the micelle was calculated
from the ratio of the slopes of the post-micellar (S,) and premicel-
lar (Sq) regions before and after the addition of lawsone in the CTAB
solution near its CMC [57]. The values of g was found to be 0.25 and
0.40 for CTAB and CTAB + lawsone, respectively, indicating that the
B is higher in presence of lawsone than in its absence. This may be
due to the solubilization of lawsone in the palisade layer of cationic
CTAB micelles. It has been established that the solubilizing capac-
ity of micellar system can be enhanced using two or more different
surfactants [59]. The mixed micellar system can be changes the
morphology of micelle and improved their properties. Mixed
micellar system of nonionic - nonionic and ionic-nonionic
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Table 2

Values of surfactant-lawsone solubilization parameters calculated by surface tension data 30 °C

219

Parameters CTAB CTAB + lawsone SDS SDS + Lawsone
CMC/mol.L™! 7.8 x 1074 6.0 x 1074 7.9 x 1073 7.2 x 1073
7/mN-m~" 38.5 35.0 40.1 39.3
Tieme/mN-m™~! 34.5 38.0 329 33.7
I max/mol-m 2 6.4 x 1076 6.7 x 1076 8.1 x10°° 7.9 x 1076
Amin/Nm 2.52 2.64 4.14 411
Ginin/K]-mol ! 57.4 53.6 115 10.2
AG/k]J-mol ! -184 -18.6 -122 -124
AG/k]-mol ! 242 —246 202 203
Kag 14.8 x 102 16.0 x 10% 1.2 x 10? 1.3 x 10?
Kaa 14.8 x 10° 17.3 x 10° 3.0 x 10° 3.1 x 10°
Kad-ag 9.9 11.0 23.9 23.0
AGY4/AGY, 13 13 1.6 1.6
A (nonionic- nonionic, ionic-nonionic and ionic-ionic) are in progress
for enhanced red color stability and color fastness.
70 -
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Fig. 11. Plots of surface tension versus Ig[CTAB] (A) and Ig[SDS] (B) with and
without lawsone. Reaction conditions: [lawsone] = 4.0 x 10~% mol-L~".

surfactants will get an edge over the mixture of ionic surfactants
for the dye solubilization [60]. In the present study, CTAB-SDS
mixed micellar system formed pseudo-nonionic micelles, which
inhibits the incorporation of lawsone into the micelles due to the
alternate arrangement of cationic and anionic aggregates at the
micellar head group polar region. The detailed investigations on
lawsone dye solubilization into the mixed micellar system

3.3. Dye adsorption on glass surface

Metal ions have strong adsorption efficiency for the removal of
dyes from an aqueous solution [26,28,61]. In order to determine
the sensing and mordant ability of Ag*, Cu?*, Zn?*, Ni®*, Co?*, Fe>*
and AI** towards lawsone, each metal ion was added in a reaction
solution containing lawsone, CTAB and NaOH at 30 °C. No deposi-
tion of solid red was observed at the bottom of the reaction flask
(Table 3). On the other hand, dye adsorption start at the bottom
of the reaction flask upon addition of NaOH in a reaction mixture
of lawsone, CTAB and silver ions. UV-visible spectra are recorded
at different time intervals (Fig. 12), which clearly indicates that
solid red material completely deposited on the glass surface and
aqueous solution became perfect transparent with in ca. 90 min.
Inspection of optical images clearly suggested that the reaction
flask has two layers (deposited of solid on the glass surface and
aqueous layer). Thus, lawsone displays an excellent selectivity for
Ag" over other complex forming metal ions.

Lawsone formed complex with transition metal ions in pres-
ence of a mild base [3]. The deprotonation of C2-OH of lawsone
is essential for the coordination with metal ions. Transition metal
ions (AI**, Co?", Cu?*, Fe?*, Ni?* and Zn?*) formed hydroxide at
higher pH, which diminished the possibility to the ionization of
lawsone. The deposition of solid red materials was observed at
higher pH only with Ag" ions (Table 3). The lawsone-Ag" complex
was solubilized into the micelles of CTAB and deposited on the sur-
face of glass via van der Walls forces simultaneously. Silver ions
acted as a sensor and dye mordant for lawsone under our condi-
tions. A preliminary study showed that adsorption of a red color
layer of dye on to the surface of reaction flask is slow. Therefore,

Table 3
Adsorption of metal ions with lawsone (red color) on the surface of glass in presence
of CTAB

Metal ion pH Observation

Na* 6.7 No red dye deposition
K* 6.7 No red dye deposition
Ag* 5.1 No red dye deposition
Ag® 6.7 No red dye deposition
Ag" 9.1 Red dye deposition
Ag* 11.2 Red dye deposition
Ag" 12.2 Red dye deposition
Zn** 11.2 No red dye deposition
Cu?* 11.2 No red dye deposition
Co** 11.2 No red dye deposition
Ni%* 11.2 No red dye deposition
Fe** 11.2 No red dye deposition
AP* 11.2 No red dye deposition
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Fig. 12. Optical images and UV-visible spectra showing the deposition of lawsone dye onto the surface of glass as a function of time. Reaction conditions:
[lawsone] = 4.0 x 10~* mol.L™", [CTAB] = 12.5 x 10~* mol-L!, [Ag*] = 5.0 x 10~* mol.L-" and [NaOH] = 5.0 x 103 mol.L"".

the amount of adsorbed dye was estimated as a function of time
with Egs. (16 and 17).
(lawsone], — [lawsone],)

4 - - v (16)

_ ({lawsone], — [lawsone],) v
qe - W
where g, and ¢, are the amount of adsorbed dye at time t, and at the
end of the adsorption, respectively. V = volume of the solution and
W = mass of the adsorbent (silver nanoparticles). The various
adsorption parameters (intra particle diffusion (kqiffusion), thickness
of boundary layer (I), initial adsorption (o), pseudo-first order(k,),
pseudo-second-order (k) rate constants, and desorption constant
(B) were estimated by using the following Egs.

(17)

In(q. — q,) = Inq — kst (18)
t t 1

—=—+ 19

4 de koqi (19)

q: = I+ kdiffusiont% (20)

q, = 1ln(t) + 1ln(ocﬁ) (21)
LB B

The k; and k, were calculated from Lagergren plot (Fig. 13A; In
(ge—q:) versus time) and pseudo-second-order plot (Fig. 13B; t/q,
versus time), respectively, and are given in Table 4 along with the

corresponding R? (linear regression correlation coefficient). Law-
sone adsorption followed the pseudo-second-order kinetics (Eq.
(19)) with 0.993 R?, which is higher than that of Lagergren model
(R? = 0.992; Table 4) [62].

Intraparticle diffusion kinetic rate law (Weber and Morris
model [63]) was also used to determine the nature of adsorption
mechanism and thick ness of surface layer. According to the Eq.
(20), the Weber-Morris plot (g, versus t'/?) should be linear with
positive intercept. The values of Kgifusion (0.965 mg-g~'-min~')
and I (11.08 mg-g~!) were calculated from the slope and intercept
of Fig. 13C. The presence of intercept indicated that the adsorption
of lawsone on the surface of adsorbent is not a rate-determining
step (characteristic of intraparticle diffusion mechanism). The pos-
itive value of I also suggested that film diffusion might be respon-
sible for the adsorption of lawsone. The R? (=0.965) is also lower
than R? (=0.993) of pseudo-second-order kinetic model. Thus, we
may state that the adsorption of lawsone proceeds through the
ionization, association, complexation, external mass transportation
and others [64].

In order to confirm the multilayer adsorption of lawsone on the
silver nanoparticles, the Elocivh kinetic model [65] was also
applied for the calculation of associated parameters (o = initial
adsorption rate constant and f8 = desorption constant), which was
found to be 0.36 and 43.3, respectively with low R? (=0.946), which
is lower than that of pseudo-first, second-order and intraparticle
diffusion models. The Elovich plot (Fig. 13D; q, versus In (t)) was
deviated from the linearity, which indicated that the lawsone
adsorption occurred only via mono-layer formation and not obeys
the multilayer adsorption. Optical image of the deposited red
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Fig. 13. Adsorption kinetic plots: (A) Pseudo-first-order, (B) pseudo-second-order, (C) intraparticle diffusion and (D) Elovich) for the deposition of lawsone on the glass

surface.

Table 4
Values of lawsone adsorption kinetic parameters on the surface of silver nanoparticles
30 °C

Kinetic models Parameters Values
Pseudo-first-order equation: Intercept 2.46
In(ge, exp — qr) = In(qe) - kit Slope —0.009
Plot (ge - q,) versus time ge/mg-g~! 11.7
Intercept = In(qe) ky/min~! 0.009
Slope = -k, R? 0.992
Pseudo-second-order equation: Intercept 0.127
tlqe = 1/ky g2 + t/qe Slope 0.050
Plot t/q; versus time qe/mg-g ! 20.0
Intercept = 1/k,q? k,/g-mg~'-min~! 0.019
Slope = 1/ge R? 0.993
Interparticle diffusion equation: Intercept 11.08
qr = Kaitfusion P+ Slope 0.965
Plot q; versus t'/? I/mg-g~! 11.08
Intercept = | Kaifrusion/Mg-g~1-min~! 0.965
Slope = Kaifrusion R? 0.997
Elovich equation: Intercept 7.65
qe = 1/B In(ap) + 1/ Int Slope 2.72
q. versus Int plmg-g~! 0.36
Intercept = 1/ In(oc) o/mg-g~'-min~" 433
Slope = 1/p R? 0.946

lawsone on the surface of glass and schematic adsorption of silver
ions, lawsone and CTAB is summarized in Fig. 14.

To the better presentation of lawsone adsorption, reverse opti-
cal image of reaction vessel is given in Fig. 15, which clearly
demonstrates the complete adsorption of dye on to the surface of
glass and aqueous water layer became perfect transparent.

4. Conclusions

In this study, the lawsone was extracted from the fresh Henna
leaves, and added into the ionic surfactants and investigated for
dye solubilisation into the sub- and post-micellar aggregates. The
dye-surfactant solubilisation constants and number of lawsone
molecules solubilized in micelles estimated and showed that the
interactions between lawsone and CTAB are very strong than that
of SDS. The number of solubilized dye molecules are also much
higher in CTAB, which revealed that electrostatic interactions paly
in significant role during the lawsone solubilisation than
hydrophobic interactions. The intensity of color increases in an
alkaline media. Silver ions acted as an excellent dye adsorbent
and deposition of lawsone red color occurred with time on the sur-
face of reaction vessel. Adsorption kinetic models (Lagergren,
pseudo-second order, intraparticle diffusion and multilayer Elo-
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Fig. 14. Optical image and probable schematic adsorption of dye on the surface of glass.

Lawsone

Aqueous layer

Fig. 15. Reverse optical image showing the adsorption of dye on glass surface.

vich) were applied. Lawsone adsorption kinetics followed pseudo-
second order and intraparticles diffusion models. Our findings
would be helpful to enhance the color fastness of textile dyeing
process with a suitable surfactant and metal ion as a mordant.
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