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Optimization of electrodialysis unit for partial desalination: Batch and

continuous operation
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ABSTRACT

In recently few years, application of membrane technologies in sea water desalination is increased compared to other

desalination technologies. Electrodialysis membrane technology is still limited in seawater desalination due to the high

operation cost and its limitations for high salty water. Electrodialysis desalination cost is proportional to the amount of

salt, which must be carried out through the membrane. Seawater desalination with high salt content of NaCl (42 g/L) was

applied using IonTech electrodialysis unit. Partial desalination process was studied in two separate experiments, batch

and continuous operation. Operation parameters like voltage applied, electrolyte concentration and time of desalination

were studied under batch mode process. Continuous operation process was carried out to confirm the partial desalination

process of electrodialysis. The limited current density is determined, 1.49 A/m? and 1.15 A/m? for theoretical and exper-

imental, respectively. The specific energy consumption was calculated, 7.15 kWh/m?.
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1. Introduction

Scarcity of utilizable fresh water is obstacle for most countries
around the world. Therefore, some special processes are needed to de-
salinate salty water of the oceans and seas!"). Suitable desalinating meth-
ods for water treatment of seawater can be effective to overcome the
fresh water scarcity. Electrodialysis (ED) is one of these methods which
have been used for many years. The basic principles of ED have been
reviewed in the literaturel,

Seawater desalination using electrodialysis was studied by Sadrza-
deh and Mohammadil®!. To evaluate effects of operation parameters, a
L9 orthogonal array (four factors in three levels) was employed. Tem-
perature, voltage applied, flow rate and feed concentration effects on
separation percentage of ions have been studied. Maximum percentage
of salts removal was obtained at the highest voltage applied (9 V), lowest
feed concentration (10 g/L), high temperature level (55 °C) and lowest
flow rate level (0.07 mL/s). It was found that, feed concentration is the
most influential factor on ED performance (its contribution percentage
was calculated to be 82.4%).

The desalination efficiency of an electrodialysis unit is dependent
on variable and fixed parameters. These variable and fixed parameters
are like applied voltage, feed and permeate concentration, type and con-
centration of electrolyte, flow rate, ED stack construction, current den-
sity, membrane permselectivity and recovery rates'. For highly efficient

1



operation conditions of electrodialysis, the process
has to be optimized in terms of overall costs consid-
ering operating parameters, component design and
propertiest!.

Electrodialysis offers the high practical ad-
vantage of much higher recovery in many applica-
tions due to the lowest quantity of dissolved species
in the feed stream than the fluid®'%. The efficiency
of electrodialysis recovery depends on the ionic sol-
ids and fouling potential from organics and particles
in the feed water!'""'?,

Current efficiency in ED is a measure of how
effective ions are transported across the ion ex-
change membranes for a given applied current. Typ-
ically, in commercial stack membranes, current effi-
ciencies higher than 80% are desirable to minimize
energy operating costs. Low current efficiencies in-
dicate water splitting in the dilute or concentrate
streams, shunt currents between the electrodes,
or back-diffusion of ions from the concentrate to the
dilute could be occurring!'.

The most application of electrodialysis has his-
torically been the desalination of brackish water as
an alternative to RO for potable water production and
seawater concentration for salt production (primarily
in Japan)!".

Galama et al."* study the suitability of ED for
seawater desalination and energy losses has been
quantified. They found that, combining ED with
BWRO in a hybrid system does not lead to a reduc-
tion in energy consumption compared to ED as
standalone technique, when the applied current den-
sity becomes lower than 50 A/m?. At low applied cur-
rent density (10 A/m?), ED can perform desalination
energetically cheaper at lower operational costs than
SWRO.

The combination of electrodialysis (ED)
and brackish water reverse osmosis (BWRO) is pre-
sented as a promising and economic desalination
strategy that could lead to a desalination cost reduc-
tion compared to seawater reverse 0SMOSis
(SWRO)!", Water recoveries for seawater desalina-
tion using ED were reported from 50 to 60 %!!*!¢
and with ED reversal, it is expected higher water re-
coveries can be obtained!'”).

This study aims to evaluate the facilities of par-

tial desalination for sea water using a pilot scale of

electrodialysis system with low energy consumption.
Optimum operation conditions of electrodialysis sys-
tem were determined with operation in batch and
continuous mode. Limiting current density and en-
ergy consumption for the electrodialysis system were
determined.

2. Experimental procedure
2.1 Materials

A commercial salt (sodium chloride supplied by
Al-Malahat Egyptian Company) was used in all ex-
periments to produce a simulated solution of sea wa-
ter qualities. The purpose of these was to study the
effects of voltage, flow rate and feed concentration
on ED pilot scale in batch and continuous mode.

2.2 Electrodialysis system

A pilot scale of electrodialysis unit (ION-
LYZER-40-2040, IONTECH Co., China) was sup-
plied and used in this work as shown in Figure 1. It
contains three compartments, compartment 1 con-
taining 10 L of untreated feed water (dilute), com-
partment 2 containing 10 L of saline solution of
known concentration (electrolyte) and compartment
3 containing 10 L of sea water (concentrate). Table
1 shows the specifications and operation conditions
of electrodialysis unit.

Table 1. Specifications and operation conditions of electrodial-
ysis unit

Item Specifications

40 IONSEP-HC (20*40 cm)
40 pairs of IONSEP-HC/MC

ED stack membrane and spacer in the
size of 20*40 c¢cm; noble metal
electrode; fasteners

IGBT high frequency DC Output 50V, 10A,

Switching power supply AC Input 220V,50/60HZ

Q=1.2m%h, Head=5m
Q=1.2m’h, Head=5m

Magnetic transfer pumps

Electrode water pump

Electrode, feed and dilute wa-

Storage Tanks ter tank
Pressure Gauges Oil-filled
F}ow rate for. concentrated & 300-600 L/h
diluted solutions

Flow rate for electrode solu- 100-300 L/h

tion

For ED batch mode operation, 10 L from the
feed water source of ED is placed in the dilute



compartment for the desired electrodialysis time in- stream and the other for concentrated stream.

terval at the required potential difference. Conduc- Table 2. lontech membrane parameters

tivity (uS/cm), TDS (mg/L) and salinity were meas- Conditions Data
2
red instantl fin esalination or in Membrane area (per sheet) 20*40 cm
ured ins y during des On process using Number of cell pair 40
HANA Electrod. Width (between anion and 0.8 mm
For ED continuous operation mode, two exter- cation exchange membrane) '

Surface membrane resistance 5.5 Qcm?

nal transfer feed pumps were used, one for diluted

Figure 1. Electrodialysis unit IONLYZER-40-2040, IONTECH Co., China).

ELECTROLYTE
F
h 4
MEMBRAME
E 3L min 3.3L i
3.3 rruirn 2.3 min
DILUTE COMCENTRATE
Feed Dilurte Feed Concentrate
1 10l fonim S0miLmmin 110l mmin 180mL min

Figure 2. Schematic diagram of continuous operation mode.
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The external feed pumps were set at constant
feed flow rate with the same of discharged outlet
with continuous circulation of electrodialysis pumps
(diluted, concentrated and electrolyte). The differ-
ence in diluted and concentrated discharge is due to
high polarization on ED membranes. A schematic di-
agram of the continuous operation mode was shown
in Figure 2.

2.3 Analytical methods

Concentration of NaCl in the dilute and concen-
trate compartments was measured at various operat-
ing conditions. In all experiments, a conductivity-
meter (HANA-HI 2550) was used to measure the
amount of salts as Total Dissolved Salts (TDS) and
conductivity in water. Water conductivity directly
depends on its salt content.

2.4 Procedure

In this study, desalination efficiency of ED op-
eration in batch and continuous mode was deter-
mined by measuring of conductivity, TDS and salin-
ity. The quality characteristic was TDS Removal
Efficiency (%) which was calculated as follow:

o=C % 100 (1)

Removal Ef fecieny, % =

where Cy and C are feed and dilute concentrations
(mg/L), respectively.

3. Results and discussion

3.1 Batch mode operation

A synthetic solution of commercial sodium
chloride salt—supplied from Al-Malahat Egyptian
Company—was prepared with concentration 42 g/L.
The prepared synthetic solutions were simulated to
Red Sea water sample. Different parameters of elec-
trodialysis unit operation were studied for opti-
mize batch mode operation conditions. Applied volt-
age, eclectrolyte type and concentration, retention
time, circulation rate and removal -efficiency
have been studied.

3.1.1 Effect of applied potential difference

A series of experiments was carried out at dif-
ferent applied potential differences ranged from 6.0
to 18.0 volt to determine ions removal efficiency.
The following conditions are kept constant as: total
electrodialysis time was 60 min, type of electrolyte

was sodium chloride (NaCl) and concentration of
electrolyte was 0.5 M.

The effect of potential difference and time on
Removal Efficiency of Red Sea water sample was
studied. The obtained results are given in Figure 3.
High TDS removal efficiency was achieved with ap-
plying 15 V potential differences. The results reveal
that, with increase in the applied potential difference,
conductivity values decrease with time which means
high salts removal efficiency. Decreasing of TDS
(mg/L) means high salts removal efficiency. The best
(optimum) applied potential difference is 15.0 volt.

3.1.2 Effect of electrolyte concentration

A series of experiments was carried out at dif-
ferent electrolyte concentrations ranged from 0.1 M
to 0.7 M of NaCl solutions to determine ions removal
efficiency. The following conditions are kept con-
stant as: potential difference was 15 Volt, total elec-
trodialysis time was 60 min and type of electrolyte
was Sodium chloride (NaCl).

The obtained results are given in Figure 4. It
was concluded that, with increase in electrolyte con-
centration, low conductivity values obtained (high
removal efficiency). The difference in the concentra-
tion values with respect to removal efficiency is
sharp in case of Red Sea water as it contains high
salinity. From these results, it was concluded that
the best electrolyte concentration is 0.5 M NacCl so-
lution at the applied conditions. Choose sodium
chloride to be the electrolyte for ED, because it is a
cheap source for electrolyte operation.

100

—a—6Volt

——9Volt

80
—4— 12 Volt

==X=-15Volt
60

- ¥- 1BVolt

40

TDS Removal Efficiency, %

20

0 10 20 30 40 50 60

Time, min
Figure 3. Effect of potential difference and time on TDS re-
moval efficiency.
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Figure 4. Effect of NaCl electrolyte concentration and time on
TDS removal efficiency.
3.1.3 Effect of electrodialysis time on chloride
concentration

The behaviour of each ion most probably follows that
of Total Dissolved Salts (TDS). Chlorides ions were taken
as an example of ions removed during electrodialysis as
they are the major ions in the Red Sea water composition.
The obtained results are given in Figure 5. The applied
potential difference is 15 Volt and 0.5 M sodium chloride
electrolyte concentration. The results reveal that, chloride
ions have a removal efficiency (RE) of about 92% in the
first 20 minutes. The achieved chloride ions removal effi-
ciency was almost constant at about 99.7% =+ 0.1% after
about 30 minutes.

From the previous work, the best operating con-
ditions for electrodialysis unit with batch mode were
concluded and represented in Table 3.

100

80

60

o

Removal Efficiency, %

/

20
o /
[+ 10 30 40

20 50

Electrodialysis Time, min
Figure 5. Effect of electrodialysis time on chloride removal ef-
ficiency.
TDS and current passed were plotted as a func-
tion of time at the optimum operation conditions as
shown in Figure 6.

3.1.4 Morphology analysis

A sample from concentrated stream of the Elec-
trodialysis was taken (highly concentrated) and
evaporated till dryness. Then the precipitate was
characterized and analyzed using SEM and EDX.

=

The obtained results are shown in Figure 7 and Fig-
ure 8 and Table 4. Figure 7 shows that the crystal-
lized solids have needle-like shape with length of
about 3 to 5 Microns and width of 0.1 to 0.3 Microns.
In addition, Figure 8 shows the EDX analysis of the
precipitated solids. It shows that chloride ions are the
main anions. Divalent cations like Mg”" and Ca*"
have low contents compared with monovalent cati-
ons such as Na" and K.

—4=—TDS, g/L
== Current, A [ 7

~
Current, &

T
100

T T T T
Q 20 40 60 20 120 140 160

Time, min
Figure 6. TDS (g/L) and current (A) as a function of time at
optimum operation conditions.

Table 3. Optimum operating conditions of ED system
with batch mode for sea water sample

Parameters Value
Applied potential difference, Volt 15
Electrodialysis retention time, min 30

Type of electrolyte Sodium chloride
Electrolyte concentration, M 0.5

Flow rate of electrolyte, L/min 6.6 (Fully opened)
Flow rate of diluted and concen- 33

trated streams, L/min

' X 10000

' - 7um
Figure 7. SEM photomicrograph of crystallized salts from
electrodialysis.
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Figure 8. EDX analysis of crystallized salts from electrodialy-
sis concentrated stream.

Table 4. EDX analysis of crystallized salts from concentrated
sea water

Ions Weight (%)
Cr 53.5

o* 21.1

Na* 18.9

Mg?* 5.1

K* 0.8

Ca?* 0.6

Total 100.0

3.1.5 Limiting current density

The limiting current density, iim, can be deter-
mined theoretically according to the following equa-
tion'®):

CzF
r— ()

where, C is the concentration of the diluate, z the

im =k

electrochemical valence of the ions in the solution, F
Faraday constant, 7,, and 7 the ion transport num-
bers in the membrane and the solution, respectively.
The coefficient £ in the equation is the mass transfer
coefficient, representing the influence of the hydro-
dynamics, flow channel geometry, spacer design, etc.
Limiting current density is proportional to the ion
concentration in the diluate and the mass transfer co-
efficient, which are related to the cell geometry and
the feed solution flow velocity!®!.

According to this relationship, the limiting cur-
rent density can be calculated as follow:

C_ _g 0.5X1x96487
iim = 1.55x 10 o9ioas 3)

So, iiim = 1.49 A/m>.

The limiting current density can be determined
from the relationship between the current and corre-
sponding potential, or from the measurement of the
cell resistance and the pH value in the diluate cell as
a function of the current density!®'®.

In this study the Ilimiting current was

determined by measuring the potential and the cell
resistance as a function of the applied current. Fig-
ure 9 shows the curve used for the determination of
the limiting current from the experimental result ob-
tained with a batch mode operation. The started di-
lute solution used was 42 g/L of NaCl and the con-
centration of the electrolyte was 0.5 M of NaCl with
a linear feed velocity 6.6 L/min. From the curve in
Figure 9, the experimental limiting current density
was 1.15 A/m’.

0 T T T
[} 5 10 15 20

Potential, v

Figure 9. Current-voltage curve for the determination of limit-
ing current density.

3.1.6 Energy consumption

In this work, partial desalination using electro-
dialysis was applied, started with feed solution con-
centration 42 g/L and desalinated water 4 g/L with
desalination efficiency 91%. Power and energy con-
sumption for this pre-desalination step was calcu-
lated according to the following equations:

I =i, XA 4

P=I*%xR 6)
P

Espec. = Flow (6)

where, i is the experimental limiting current den-
sity (1.15 A/m?), 4 is the total effective membrane
area of ED stack (2.08 m?), [ is the total applied cur-
rent (A), R is the membrane resistance (5.5 Q/cm?)
and flow is the dilute electrodialysis stream flow (4.4
x 107 m?/h). The calculated power consumption, P
was 13.38 W and the calculated specific energy con-
sumption, Ege. was 7.15 kWh/m®. The results of this
work is promising, according to W.S. Walker et al.!'’,
the specific energy consumption is proportional to
the applied voltage and the ionic concentration that
is separated. So, for treatment of a concentrate solu-
tion of 15000 mg/L at a moderate voltage applica-
tions (e.g., 1.0 V/cell-pair), the specific energy con-
sumption of ED would be approximately 7.0



kWh/m® (including electric and hydraulic energy
consumption), which is less than many thermal de-
salination alternatives (e.g., 20-30 kW h/m?).

In this work study case, the specific energy con-
sumption was7.15 kW h/m’, which is comparable
with the total energy consumption estimated for in-
dustrial plant was equal to 6.8—8.7 kW h/m® of desal-
inated water!>"’,

3.2 Continuous mode operation

In the following, the main operating conditions
and the results of the use of ED as an applied tech-
nique for ions removal from Red Sea water is given.
A schematic diagram of the continuous operation
mode was shown in Figure 2. In the beginning, the
ED conditions are operated batch wise under the fol-
lowing conditions: potential difference was 15 Volt,
TDS of Red Sea water sample was 42000 ppm, type
of electrolyte was Sodium chloride (NaCl) and elec-
trolyte concentration was 0.5 M.

The obtained results are given in Figure 10. The
results reveal that, with increase in electrodialysis
time, the conductivity values decreased. This means
the removal efficiency of salts is increased. From
these results, it was concluded that the best electro-
dialysis retention time for the continuous batch mode
operation is 105 minutes that gives the required TDS
from 3.84 g/L for the Dilute solution and 64.9 g/L for
the Concentrate solution.

70000

60000

50000

£ 40000
g ~8—TDS 0f Dilute
« 30000
L ~—4—TDS of Concentrate
20000
10000
0
0 20 40 60 80 100 120 140
Time, min
Figure 10. Effect of time on TDS of dilute and concentrate of
ED.

Based on the previous test and using 105 minutes as
the best retention time, the continuous preliminary feeding
and discharge rates are calculated. The optimum operating
conditions for electrodialysis unit with a continuous mode

are represented in Table 5.

Table 5. The optimum operating conditions for electrodialysis
unit with a continuous mode

Parameters Value
Applied potential difference, Volt 15
Electrodialysis retention time, min 105
Type of electrolyte NaCl
Electrolyte concentration, M 0.5
Flow rate of electrolyte, L/min 6.6
(circulation) (Fully
opened)
Flow rate of diluted stream, L/min
. . 33
(circulation)
Flow rate of concentrated stream, L/min 33
(circulation) :
Initial feeding rate of saline water to Dilute tank, 110
ml/min
Initial feeding rate of saline water to Concentrate
. 110
tank, ml/min
Initial discharging rate of produced water from 60
Dilute tank, ml/min
Initial discharging rate of saline water from Con-
. 160
centrate tank, ml/min
Initial feeding rate of saline water to Dilute tank, 110
ml/min
Initial feeding rate of saline water to Concentrate 110

tank, ml/min

4. Conclusion

The following parameters were studied using
Electrodialysis system with determination of re-
moval efficiency: concentration of saline water, re-
tention time, applied voltage, concentration of so-
dium chloride electrolyte.

The optimum Electrodialysis parameters
of batch mode were determined as 15 Volt applied
potential difference, 30 minutes retention time with
circulation. 0.5 M sodium chloride as electrolyte so-
lution. The produced water was fed to Reverse Os-
mosis system. The tests are still continuing. Moreo-
ver, salts after evaporation of concentrated solution
of Electrodialysis system were characterized and
chemically analyzed.

The limited current density is determined, 1.49
A/m? and 1.15 A/m? for theoretical and experimental,
respectively. The specific energy consumption was
calculated, 7.15 kWh/m”>.
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ABSTRACT

The acquisition of new materials for the manufacturing of high efficiency and low-cost photovoltaic devices has

currently become a challenge. Thin films of CulnGaSe and CdTe have been widely used in solar cell of second genera-

tion, achieving efficiencies about 20 %; however, the low abundance of In and Te as well as the toxicity of Cd is the

primary obstacles to their industrial production. Compounds such as Cu,ZnSnS4, Cu,ZnSnSe4 and Cu,ZnSn(SSe)s have

emerged as an important and less costly alternative for efficient energy conversion in the future. In addition, these

compounds have the required characteristics to be used as an absorber material in solar cells (band-gap close to 1.4 eV,

an absorption coefficient greater than 10* cm™ and a p-type conductivity). In this work, we present a study of the struc-

tural, compositional, morphological and optical properties of CuZnSnS4thin films deposited by spray pyrolysis tech-

nique as well as their dependence on temperature.
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1. Introduction

Currently, solar cells have not yet been able to replace fossil fuels.
To obtain a greater contribution of photovoltaic energy in the energy
market, it is necessary to reduce production costs as well as increase
the efficiency of the cells. Within the field of photovoltaics, solar cells
of second generation have reduced production costs. Among the most
used materials, CdTe and CulnGaSe have been able to achieve effi-
ciencies greater than 18%!"). However, the shortage of In and Te and
the high toxicity of Cd have been major obstacles to industrial produc-
tion. For this reason, it is necessary to search for new materials with
adequate physical properties for their application in photovoltaics. An
alternative that has been studied is the kesterite compound Cu,ZnSnS,
(CZTS), which meets the requirements to be used as an absorber, that
is, a band gap of 1.4 eV, p-type conductivity, in addition to having an
absorption coefficient greater than 10* cm™2-],

Different deposition techniques have been considered to CZTS
thin films deposition for solar cells application. In particular, thermal
evaporateion!”), co-evaporation®, magnetron sputtering!®'”), screen
printed"; sol gell'?, electrodeposition!'), photochemical deposition*],
s!"2% are among the most used ones. These tech-
niques offer an easy and cheap route for thin film processing. Particu-

and spray pyrolysi

larly, spray pyrolysis constitutes an easy, economical and versatile
technique which is potentially attractive to reduce cost of solar cell
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processing. In regardless of the deposition method
used to obtain the kesterite, it has been shown that
film
non-stoichiometric conditions to achieve high effi-
ciencies in cells (Cu/(Zn+Sn) = 0.85 and Zn/Sn =
1.25)21. Therefore, this consideration must be tak-

compositions must  meet certain

en into account for the deposition of the films.

In this work, a study of the dependence of the
structural, morphological and optical properties of
CZTS thin films deposited by the chemical spray
pyrolysis method as a function of temperature is
presented. In addition, the relationship of these
properties with the Cu/(Zn+Sn) and Zn/Sn compo-
sitional ratios will be presented.

2. Experimental details

CZTS films were deposited by the chemical
spray pyrolysis method. The method consists of
mixing different reagents in a solution and then
spraying it. The substrate is placed on heated plate
where the reaction is carried out. The temperature
of the heated plate is controlled by a thermocouple.
Once the substrate is heated, the solution is sprayed
with the help of a compressor using air as carrier
gas. The temperature of the substrate stands out as
one of the most important parameters to be taken
into account.

2.1 Solution preparation

For the deposition of CZTS films by means of
the chemical spray pyrolysis technique, the precur-
sor salts (CH3COO),Zn * 2H,0, CuCl,, SnCly *
H>O and thiourea were considered. All the salts are
dissolved in 50 ml of deionized water. The masses
of the salts to be diluted were calculated to obtain
the optimal composition ratios?'!] resulting: 132.8
mg of Cu, 107.6 mg of Zn, 87.9 mg of Sn and 134.7
mg of S. 50% of the solution is extracted of each
salt, adding 100ml of deionized water, obtaining in
this way a 200ml solution, which is the one used for
the deposition.

2.2 Thin film deposition

A flow rate of 5 ml/min, a pressure of 10 Psi,
with a separation distance between the nozzle and
the substrate of approximately 30 cm and a temper-
ature range of 400—440 °C were considered. More
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specifically, we worked with 400 °C, 420 °C and
440 °C. All films were deposited under the same
growth conditions mentioned above, with a deposi-
tion time of 20 minutes for each sample.

2.3 Characterization

CZTS thin films processed by spray pyrolysis
were submitted to the following characterizations:
X-ray diffraction (X’PertPRO-MRD (PW3050/65)
diffractometer from Panalytical using CoKa radia-
tion), Transmittance (Lambda 35 UV/VIS Perkin—
Elmer) and SEM and EDS by Jeol JSM-7800F with
an accelerating voltage of 30 keV. By means of
these characterizations, it is possible to find the type
of structure, the atomic composition as well as
the band gap.

3. Results
3.1 X-RAY Diffraction Results

80 | (112)
S 60| — 400°C
©
= —420°C
G —— 440°C
g 0f
<

20 b

0 i .
40 60 80 100 120
2

Figurel. XRD patterns of CZTS compound where the
contribution of 3 planes can be observed.

Figure 1 shows the results of X-ray diffraction
for films grown at temperatures of 400 °C, 420 °C
and 440 °C. The measurements were made with the
help of a cobalt source (Ka). We know from
Bragg’s law on X-ray diffraction that!*:
dsing =1 ()

With the help of equation 1 we can find the in-
terplanar distances (d). Taking into account that the
CZTS compound has an orthorhombic structure
with lattice parameters: a = b = 5.427A and ¢ =
10.848A, with the help of equation (2), the Miller
indices of the planes (4, &, /) can be calculated.
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Table 1. Miller indices

20 Miller indices
333 (112)
55.7 (220)
66.8 (312)

The results for different temperatures are
shown in Table 1. The main planes that contribute
to X-ray diffraction are (112), (220) and (312)
which can be attributed to the compound CZTS!'7-?,
Although the film grown at 420 °C showed a great-
er contribution to the diffraction of the plane (112)
in Figure 1, the film grown at 400 °C has a better
crystalline quality. As an important result, Figure 1
showed that the grown films are not amorphous
with the formation of the CZTS compound, which
will be corroborated by the optical absorption
measurements. Degradation in both peak intensity
and crystalline quality is observed from Figure 1
when temperature is increased from 420 to 440 °C,
which could be a result of re-evaporation of some
elements such as Sn and S under a relatively higher
growth temperature.

3.2 EDS and SEM results
3.2.1 Film deposited at 400 °C

For this case, a sulfur composition (S) of 29.6%
is obtained, which is lower than the required for the
compound stoichiometry, while Cu/(Zn+Sn) and
Zn/Sn compositional ratios were:

Cu

T ~0.85 3)
Zn
2~1.03 (4)

It is also important to highlight the fact that
compositions close to the stoichiometric are ob-
tained for the temperature of 400 °C. Despite
Cu-poor samples are obtained, the condition of
Zn-rich samples is not fulfilling which could result
in the formation of poor crystalline quality as pre-
viously demonstrated?”. Therefore, for this tem-
perature the optimum compositions relationships
were not achieved.

3.2.2 Film deposited at 420 °C

At this temperature, 39% sulfur composition
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was achieved, while Cu/(Zn+Sn) and Zn/Sn com-
positional ratios were:

Cu
Zn+Sp

Zn
2 ~116 (6)

~0.84 (5)

It is important to note that an increase in the
composition of S was obtained with respect to the
film deposited at 400 °C. Also, compositional ratios
close to optimal ones were obtained; therefore,
420 °C could be more suitable as the substrate
temperature for depositing CZTS films in order
to be applied in solar cells.

3.2.3 Film deposited at 440 °C

With the increase of the temperature to 440 °C,
it is obtained that the concentration of S decreased
to 35.1%, for which more losses of this element are
obtained with respect to the film deposited at
420 °C, which could be a result of sulfur losses for
higher temperatures. In addition, Cu/(Zn+Sn) and
Zn/Sn compositional ratios are found to be out of
the optimum as shown below:

Cy
Zn
21l (8)

In particular, it is observed that for this tem-
perature the sample is much poorer in Cu than the
value corresponding to the optimum.

Figure 2 shows the comparison of the mor-
phology of the three films that were deposited at
400 °C, 420 °C and 440 °C. The morphology is
highly dependent on temperature. The film depos-
ited at 400 °C illustrates the formation of some po-
rous, while increasing the temperature favors the
formation of clusters bigger in size.

"
i 8o \'}‘

Lt

3 1,
o
A

5

> " ‘o <
250615-T400C-$20min 6) _
“SE'MMAG: 80D x_HV:20.0




D
o G ey
300615-T420C-t20min-1.6
SE MAG: 800 HV:200 kV WD:=1.0mm

SE MAG: BM x*HV: 20.0 kv WD: -1.0 mm

Figure 2. Morphological comparison (800x) of the films at
400 °C (a), 420 °C (b) and 440 °C (c).

3.3 Transmittance

30+

25+

20+

15}

10

Transmittance (%)

750 900
(nm)

Figure 3. Transmittance of thin films deposited at temperatures
0f 400 °C, 420 °C, 440 °C.

450 600

Figure 3 shows results of the measured trans-
mittances of the films. The transmittance value in
all cases was less than 30%, which confirms the
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potential of the Cu,ZnSnS4 material as an absorber.
Figure 4 shows the band gap calculated from the
derivative of transmittance. The possible contribu-
tions of secondary phases to absorption are illus-
trated for samples deposited under 400 and 440 °C.
For the substrate temperature of 420 °C, a greater
contribution of the CZTS material is obtained
which corroborates the results obtained in composi-
tion and XRD.

4. Discussion

Eg=1.55eV
T ——400°C !
——420°C
——440°C

Eg=1.4eV

dT/dx (a.u.)

800

% (nm)

Figure 4. Derivative of transmittance measurements as a func-
tion of wavelength for band-gap estimation.

From XRD, EDS and transmittance results, it
is found that sample deposited under a substrate
temperature of 420 °C is more adequate for solar
cell applications. When depositing the CZTS com-
pound starting from precursors containing the four
salts (Cu, S, Sn, Zn), in addition to forming the de-
sired compound Cu,ZnSnS4, other secondary phas-
es can be formed, which lower the efficiency of the
cells. The formation of secondary phases can ex-
plain the other contributions to absorption obtained
in Figure 4. In particular, a band gap value close to
2.3 eV is commonly associated with secondary
phases of Cu-S compounds®®!. Therefore, the film
grown at 420 °C has a lower contribution of sec-
ondary phases. The Cu,ZnSnS4 must have an atom-
ic composition of 50% in Sulfur, but because there
are some losses due to its high volatility, this com-
position is always less than 50% unless samples
were submitted to a post-thermal annealing under S
atmosphere. Therefore, according to the SEM study,



the most optimal film is the one that was grown at a
temperature of 420 °C and not only because of the
percentage of sulfur but also because of Cu/(Zn+Sn)
and Zn/Sn compositional ratios that correspond to
an optimized efficiency for this compound as pre-
viously demonstrated. On the other hand, the higher
the uniformity of the film is, the greater the effi-
ciency of the cell is. According to Figure 2, the
uniformity increases when the temperature is higher;
therefore, for the temperature of 440 °C there are
fewer holes (Figure 2c¢) than with the temperature
400 °C (Figure 2a) and 420 °C (Figure 2b). How-
ever, it was already discussed that for this tempera-
ture (440 °C), sample is very Cu-poor and therefore
the Cu/(Zn+Sn) and Zn/Sn compositional ratios are
out of the optimum which will reduce solar cell ef-
ficiency. In addition, the samples showed a trans-
mittance of less than 30% which, due to being an
absorbing material, it is expected to have a low
transmittance (see Figure 3). Among the three
temperatures, the 420 °C has a better behavior in
the transmittance with the wavelength since the de-
rivative (see Figure 4) has a peak that corresponds
to a band gap of 1.5 eV corresponding to the
CZTS!24,

5. Conclusions

In this work, a study of the structural, compo-
sitional, morphological and optical properties of
CZTS films deposited under different substrate
temperatures was presented, demonstrating the high
dependence of these properties with substrate tem-
perature. It was shown that when working with 4
elements to form the compound Cu,ZnSnSy, there is
a high probability of the formation of secondary
phases. Therefore, it is necessary to study the con-
ditions under which these secondary phases are
minimized, since the lower the contribution of these
phases, the greater the efficiency of the solar cell.
The results showed that the film deposited at a
temperature of 420 °C has better properties to be
applied in solar cells (band gap of 1.5 eV, a compo-
sition of sulfur of 39% as well as Cu/(Zn+Sn) and
Zn/Sn compositional ratios close to the optimum).
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ABSTRACT

A technique has been developed to detect and determine multi heavy metals simultaneously in a water sample. Hy-

dride generating technique was implemented to convert the analyte which present in the water sample (liquid phase) into

another form with an improved separation coefficient, called “derivative”. This process occurred without changing the

original chemical structure. Derivatives were separated from the liquid phase by applying custom made gas-liquid sepa-

rator (GLS), operated with oscillation. Separated species then transferred into a die-electric barrier discharge (DBD)

plasma atomizer where a fragmentation of the analyte into free atoms is occurred. The generated atoms were detected by

emission spectroscopy. The presented technique was applied for detection of individual and multi heavy metals simulta-

neously in water sample and proved useful in terms of reducing the effect of the hydrogen generated, through the process,

on suppressing the atoms signal in the DBD atomizer.

Keywords: Gas-Liquid Separation; Heavy Metals Detection and Determination; Species Derivatization, DBD Plasma

Atomizer
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1. Introduction

Heavy metals are mostly dangerous to humans and other creatures
since they can cause significant effects on the body functions, leading to
death in considerable number of cases. Heavy metals content in
wastewater discharges is considered the most important reason for con-
tamination of natural water bodies. Hence, and for the sake of control-
ling wastewater disposal, instant sample analysis is required to detect
heavy metals, qualitatively and quantitatively, in their different forms
with high resolution. This kind of highly accurate analysis can be
achieved by coupling two powerful techniques; the first technique
achieves separation of various forms of the element of interest, whilst
the second technique conducts determination of the metal to low detec-
tion limits.

Methods for heavy metals determination are known of two routines.
Changes in the chemical properties of such a media are measured due to
interactions from external heavy metal species, in the first routine. The
second routine is based on applying spectrometric analysis to monitor
changes in species structure upon emerging thermal radiation from dif-
ferent sources (e.g. quartz cell or plasma source).

In our previous work!", a miniaturized dielectric barrier discharge
(DBD) microplasma chip was developed as a radiation source for mer-
cury determination in water samples based on SnCl; as a derivatizing
agent. Same system was used in this research applying sodium and
potassium hydroborates as derivatizing agents for single and multi heavy
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metals simultaneously.

In theory, the efficiency of the hydride genera-
tion process (Eyg) is represented by the fraction of
analyte transported in the form of hydride to the at-
omizer, as represented by the following formula!®':

al (1)

coVs

Eng =

Where:

No: total number of analyte atoms supplied in
the form of hydride to the atomizer;

co: analyte concentration in the sample;

V;: volume of the sample.

Alternatively, the efficiency can be defined for
each individual step as follows:

E. = Nreleased
T gV
0Vs

2)

E:: hydride release efficiency;
Nreleased: total number of analyte atoms released

from the liquid sample in the form of hydride.
E, = —2
¢ =

3)

E:: hydride transport efficiency, which repre-

Nreleased

sents the fraction of the released hydride that would
transport to the atomizer.

Thus, individual stages efficiencies are re-
lated by the following formula:

Eye = E¢ X E; “)

Accordingly, any disruption that could occur in
any of the two stages might lead to disturbing the
recorded signal.

Typically, the purge gas (e.g. Argon) is applied
to strip the hydride out of the sample solution as well
as transporting the released hydride to the atomizer.

Derivatization of the examined analytes
has been conducted in this study by applying the hy-
dride generation technique, which is a reaction be-
tween the acidified water sample (contains the exam-
ined analytes) and the reducing agent (sodium
tetrehydroborate, NaBH4). In addition to the gener-
ated hydrides, a huge quantity of hydrogen gas is also
generated as a result of NaBH4 decomposition. Stoi-
chiometrically, four moles of the hydrogen gas are
produced upon decomposing one mole of sodium tet-
rahydroborate, as illustrated by the following reac-
tion formulal®’:

BH; + 3H,0 + H* - H3BO; + 4H,
It should be noted that the generated hydrogen
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gas gives rise to the formation of aerosol in the gas
liquid separator which consequently disturbs the sys-
tem performance.

Although the generated hydrogen is considered
advantageous for plasma reaction into such extent, it
was reported in literature and observed experimen-
tally in this study that a presence of extra hydrogen
gas in a DBD plasma reactor affect the plasma sta-
bility and result in extinguishing the plasma in some
severe cases as illustrated in Figure 1, which shows
a comparison between the recorded signals in the be-
ginning of the HG reaction and after 2 minutes dura-
tion due to hydrogen effect. In this experiment, mer-
cury vapour generation was conducted by using 0.5%
m/v NaBH; stabilized in 0.14% m/v NaOH as a re-
ducing agent. 100 pg/L mercury solution acidified
with (1% v/v) HcL was injected to the system with
aid of argon gas as a carrier.

Due to its lighter weight, the probability of hy-
drogen molecule transfer to the atomizer is larger
than the generated hydrides, which consequently
lead to plasma instability. Chaudhary et al.¥ ob-
served this behaviour in their atmospheric pressure
cold plasma generator and reported that extra amount
of hydrogen lead to destabilize and completely ex-
tinguish the plasma. They stated a probable reason
for the hydrogen effect on plasma is the ability to al-
ter the electron energy and electron energy distribu-
tion function; thus, it would change the population of
the reactive species in the discharge.

Although the case described in Figure 1 repre-
sents the derivatization reaction of mercury by using
low concentration of NaBH4 (only 0.5% m/v); the
disturbance occurred to the spectrum is obviously
massive. This case becomes more obvious when us-
ing higher concentrations of NaBHj that is required
to derivatize other heavy metals individually or sim-
ultaneously. According to the results of the current
optimization study, the minimum concentration of
NaBHj that is required to implement the detection of
seven heavy metals (simultaneously) was found to be
1.5% m/v, which means possibility of higher hydro-
gen liberation compared with the previous case of
mercury.
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Figure 1. a) Recorded spectrum in the beginning of the reaction.
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Figure 1. b) Recorded spectrum after 2 minutes.
Spectra Suite software (Ocean Optics). Other system
2. Methodology details are described in our previous papert'.

A technique based on applying oscillated gas-
liquid separator was proposed and examined in this
research. The developed system is shown in Figure
2. The control strategy of the gas liquid separator
has been implemented by assigning a solenoid valve
to control the injection of the supporting gas (stream
1) into the GLS (A). The main concept is to supply
pulses of the supporting gas through stream (1)
which prevents the build-up of high pressure inside
the separator and consequently limits the formation
of the disturbing factors and facilitates the release of
the vapour species without disrupting the bulk. A so-
lenoid valve (Takasago — Japan) with 2 (mm) bore
size powered by 12 volt DC was used to implement
the injection of the supporting gas pulses. The con-
trol strategy of generating the argon gas pulses as
well as controlling the other compartments of the
proposed system has been accomplished by using a
microcontroller (Arduino — Mega) interface which is
operated by a PC software. A fibre optic was used to
collect the emission spectra which were recorded by
(Ocean Optics USB 2000) spectrometer (0.3—1.5 nm
FWHM resolution, 600 lines grating density blazed
at 300 nm, and 25 pm slit width) and analysed by the

17

In the first instance, several experiments were
conducted to investigate the individual detection of
single elements. Seven elements were examined in-
dividually by applying the continuous gas flow and
pulsed gas flow in the GLS includes: Cadmium
(288.84 nm), cupper (324.55 nm), tin (326.375 nm),
mercury (253.58 nm), arsenic (229.03 nm), nickel
(232.06 nm), and lead (220.31 nm). Derivatization of
each the elements individually was conducted by ap-
plying the optimum reaction conditions which was
found applicable for the simultaneous detection of all
elements (i.e. acidified water sample (with 1.5 M
HCI) contains about 10 ug/L of each examined ana-
lyte and using (1.5% m/v) NaBH4 as a reducing
agent). The pulsed argon flow experiment was con-
ducted by applying pulses of 75 (mL/min), in a se-
quence form, for 4 seconds and stopping it for 3 sec-
onds.

Figure 3 illustrates the signals recorded for cad-
mium by applying the continuous and pulsed flow,
respectively. Cadmium was considered very critical
when applying the derivatization reaction because a
spontaneous generation of cadmium free atoms is oc-
curred from the hydride without any external effect
(e.g. plasma).



Water sample
contain examined

heavy metal(s)
I
I

Gas out

Derivatizing agent

Argon gas

Figure 2. Automated system for determination of individual and multi heavy metals by applying oscillated gas-liquid separator.
Note: PP: peristaltic pump, FM: flow meter, SV: solenoid valve, LS: light source, PC: Computer, MC: microcontroller interface, dot-
ted line: signal transfer path, Experimental investigations for assessing the oscillated GLS performance.
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The signals recorded for cadmium has also been preferable and could lead to misleading when apply-
observed for the cases of tin and cupper, whereas the ing the quantitative determination.
rest of the examined elements (Hg, As, Ni, Pb) have The performance of GLS has also been investi-
shown more stable performance in the cases of con- gated when applying the simultaneous detection of
tinuous and pulsed flow. Accordingly, three elements analytes. In the first experimental set, the critical el-
in the examined set were identified as critical (i.e. Cd, = ements were detected simultaneously by apply-
Sn, Cu). ing both modes of continuous and pulsed flow. Fig-

On the other hand, approximately similar trend ure 4 represents the signals recorded for the exam-
was observed when using lower gas flow rate (60 ined analytes in both cases by applying same reaction
mL/min) in the continuous mode; nonetheless, the conditions (i.e. acidified water sample with 1.5 M
intensity became lower. In contrast, the disturb- HCI contains about 10 ug/L of each examined ana-
ance became more obvious when applying higher lyte and using 1.5% m/v NaBH as a reducing agent).
flow rate in the continuous mode (90 mL/min). In Green, pink, and black colored lines represents cad-
any case, any kind of disturbance in the signal is not mium, cupper and tin respectively.
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Furthermore, the pulsed flow experiment was
repeated by applying higher concentration of NaBH4
(2% NaBH,) as shown in Figure 5; this was to ex-
plore whether applying the pulsed flow is still bene-
ficial or not when using higher concentrations of

B8 Ocean Optics SpectraSuite

NaBHe.. It should be mentioned that the recorded sig-
nals for the case of using (2% NaBHa) in the contin-
uous flow mode have shown more discrepancy.
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The simultaneous detection of seven heavy
metals was implemented by applying the hydride
generation reaction for an acidified water sample
with 1.5 M HCI contains about 10 ug/L of each ex-
amined analyte and using 1.5% m/v NaBH4 as a re-
ducing agent. The gas liquid separator was oper-
ated by applying both continuous flow mode (75
mL/min) and pulsed flow mode (sequence form, 4
seconds with injection followed by 3 seconds with-
out injection).

Figure 6 illustrates the recorded signals in both
cases where the blue, red, olive and brown colored
lines represent mercury, arsenic, nickel, and lead re-
spectively. A violet line at (195.96 nm) was added to
represent the stability of background signal.

3. Discussion

The main role of the GLS is to separate the gas-
eous phase from the liquid matrix upon completion
of the reduction reaction. Therefore, design of the
GLS should provide optimal separation of the aero-
sol droplets created by the bubbling action of the
evolving gases, which results in signal disruption in
the cases of poor separation. In order to understand
the function of the gas pulsing on GLS performance,

Figure 6. b) 7 elements detection - pulsed gas flow (75 mL/min for 4.0 seconds).
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we should consider the massive disturbance which
occurred to the whole spectrum upon being af-
fected by extra quantity of hydrogen, as shown in
Figure 1. It’s worth noting that a tendency for aero-
sol and foam formation is highly possible in any kind
of gas liquid separator especially when a huge
amount of hydrogen is released to the GLS bulk.
Thus, some researchers have considered the foam
formation as highly effective on GLS performance;
and hence, they used anti-foam agents with the in-
jected samples to reduce this tendency'. Neverthe-
less, those anti foam chemicals could lead to signals
interferences especially in the case of conducting
simultaneous detection of multi heavy metals.

A probable reason for the improved signal result
that obtained from applying the pulsed argon flow
could be attributed to a lower hydrogen release rate
from the liquid residues which are settled at the base
of GLS. It was reported in the literature that extra
hydrogen could be released from the liquid residues
in the gas-liquid separator due to the instability of
these residues. If a forced continuous stream of argon
gas is injected toward the liquid surface, which is the
case in the current GLS, then hydrogen stripping
from the liquid residues would become easier.



Accordingly, the pulses of argon gas result in a gentle
argon flow as well as a stable gas bulk inside the GLS,
and consequently facilitate the transportation of the
generated hydrides from GLS bulk to the DBD at-
omizer without further hydrogen generation from the
liquid residues.

In general, and according to the recorded sig-
nals, three elements (Cd, Cu, and Sn) were found
more vulnerable to the effect of hydrogen compared
to other elements and defined as “critical”. The rea-
son could be interpreted from the spectrum shown in
Figure 1 where the top section shows the full spec-
trum before being subjected to the disturbance from
the generated hydrogen. It can be observed in Fig-
ures 4 and S that the emission lines of the critical
elements [Cd (288.84 nm), Cu (324.55 nm), and Sn
(326.375 nm)] are located at positions in the spec-
trum which were extremely disturbed upon being
subjected to the hydrogen effect. The mostly affected
area in the spectrum (around 300 nm) has been iden-
tified with existence of molecular N in the region
(337-380 nm) whereas the bands between (280-285
nm) and (302-317 nm) were defined as OH molecu-
lar emission lines. In addition to the abovementioned,
the lines at (391.4 and 427 nm) were attributed to the
N," molecular bands!®. It seems that the identified
species in the defined regions above were affected
massively due to the hydrogen effect; therefore the
signals recorded for the critical elements have shown
instability (a gradual increase when the reaction
started—a gradual decrease when the hydrogen en-
tered to the atomizer—and finally a gradual increase
when the sample injection stopped and the hydro-
gen become less in the system). Other elements were
found more stable due to the positions of their emis-
sion lines in the spectrum, which is far from the
mostly affected region. Even when the concentration

22

of NaBHj increased to 2% m/v, the recorded signals
of critical elements were found stable in the pulsed
mode which indicates the performance of GLS is still
reasonable.

4. Conclusions

In conclusions, applying the pulsed argon flow
in the gas liquid separator has resulted more stable
performance and relatively higher signal intensities
even when applying higher concentration of NaBHs.
This improvement could be more obvious when ap-
plying the quantitative determination of multi heavy
metals.
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ABSTRACT

Thin films of un-doped and doped a-Se with Dysprosium rare-earth ions have been prepared by the thermal evapo-

ration technique. The optical transmission spectra of the investigated films have been measured in a wide spectral range

and used to calculate the linear optical constants together with the optical energy gap of studied films. The observed

decrease in the values of the energy gap against the increase of the Dysprosium (Dy) content in a-Se films has been

explained using Mott and Davis Model and in terms of electronegativity difference of the constituent atoms. Furthermore,

the dispersion of nonlinear parameters such as second-order refractive index and nonlinear absorption coefficient (two-

photon absorption coefficient) of investigated films are presented and discussed.
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1. Introduction

Rare-earth (RE)-doped glass fiber amplifiers operating at a 1.3 pm
wavelength band have received extensive attention due to the zero-dis-
persion of the silica fiberglass in the 1.3 pm-wavelength region, and
most installed fibers worldwide are optimized at this wavelength!'*. In
contrast, Dysprosium rare-earth atoms, Dy which have an active unfilled
f shell in its electronic configuration ([Xe] 4f'%4s?), can provide 1.3 pm
emission due to the °Fy1/, *Hop—Hjs) transition®. In addition, Dy has
a good absorption band at approximately 800 nm, at which level a cheap
commercial laser diode could be used for excitation. On the other hand,
amorphous Selenium (a-Se) is characterized by the existence of local-
ized states in its mobility gap. These states are created due to the pres-
ence of structural defects and the absence of long-range order'®®. The
structural disorder made a-Se and its alloys have high optical transpar-
ency in the infra-red (IR) spectral regions up to 10 um. Besides, it has a
large refractive index, thermal stability, and a high degree of cova-
lent bonding. Furthermore, due to high rare-earth solubility, high emis-
sion quantum efficiency!”, and the low phonon energy (~ 250 cm™) of
amorphous selenides compared with fluorides (~ 550 cm™), or oxide
glasses (~ 1100 ecm™)!'%, it could be used as a suitable host medium for
Dy ions to enhance its mid-IR laser emission. It should be noted that the
low phonon energy of a-Se decreases the multi phonon relaxation which
enables an active transition between rare-earth atom levels in the middle
IR spectral region. Consequently, the exploration of the optical proper-
ties of doped a-Se with Dy ions is very important to improve the perfor-
mance of Laser emission!'!),
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In the previous work!'?, the study of Selenium
films was intended to have a comprehensive under-
standing of the influence of Dysprosium (Dy) ion do-
pant on the ac conductivity and dielectric parameters
of a-Se films. The present aims to gain a better in-
vestigation on the effect of doping with Dy on the
optical dispersion relations of the complex dielectric
constant, optical energy gap, and material dispersion.
Furthermore, the effect of doping of a-Se with Dy
ions on second-order refractive index and two-pho-
ton absorption is calculated and discussed.

2. Experimental details

Bulk selenium doped with Dysprosium with ra-
tios 0.008 and 0.01 at. % were prepared by mixing
suitable proportions of Se and Dy, of purity 5 N, in a
silica tube sealed at 10-5 Torr. The mixture was
heated in an electric furnace up to 950 °C and kept at
that temperature for 9 h. The obtained bulk ingots are
used as source material to prepare thin films by the
thermal evaporation More details
about bulk and thin films preparation of Se doped Dy
(121 After evaporation, the thick-

technique.

are given elsewhere
ness of the fresh films was accurately determined by
an optical interference method and is found to be in
the range of 750-804 nm.

The structural phase of as-prepared thin film
samples has been identified using an X-ray diffrac-
tion pattern (XRD) computerized system (model:
Philips EXPERT-MPDUG PW-3040 diffractometer
with Cu Ka radiation source). The computer-aided
two-beam spectrophotometer of type Shimadzu-
3101PC UV-VIS-NIR, is used to record the optical
transmittance (7) as a function of wavelength (1) for
the investigated films. A resolution limit of 0.2 nm
and a sampling interval of 2 nm was utilized for re-
cording the different measuring points. The accuracy
of measuring 7(2) is 0.003 with the incident beam at
normal incidence to the film surface. The optical
measurements were carried out at room temperature
in the spectral region of 500-2500 nm.

3. Results and discussion

The recorded XRD patterns for the studied as-
prepared a-Se, previous work of SeDyooos films!'?,
and the present work [p. w.] of Se films doped with
0.01 at. % with Dy is shown in Figure 1. In this

figure, the XRD pattern of the fresh Se films reflects
its amorphous nature. The observed diffraction peaks
in case of Se doped with 0.008 at. % Dy!'? means the
growth of the crystalline phase at the expense of an
amorphous state. This crystalline phase consists of
mixed phases of elemental Se, Dy, and tetragonal and
orthorhombic structures of SeDy as shown in Figure
1. Furthermore, increasing the Dy content in a-Se up
to 0.01 at. % increased the intensity of the diffraction
peaks for (102) of Dy and (002), (003), and (112)
phases for SeDy which means that increasing the
growth of crystalline zones in SeDyo.01 as shown in
Figure 1.
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Figure 1. XRD pattern for a-Se, previous work of SeDyo.oos!'?!
and the present work [P.W.] of SeDyo.0: thin films. It should be
noted that the diffraction pattern of SeDyo.00s!'?! is added to the
figure for the sake of comparison.

3.1 Linear optical dispersion

The linear (weak field) optical constants such as
refractive index (n), extinction coefficient (k), and
optical energy gap, E,, are considered as key param-
eter for optimizing the optical properties of a given
optical application!"®!. The measured optical trans-
mission against wavelength is used to evaluate the
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linear constant n and & for un-doped and Dy-doped
Se-films using the Swanepoel method!"* ',

The dependence of the calculated linear optical
constants »n and k, on the applied wavelength for the
studied samples is shown in Figure 2. In Figure 2a
the Cauchy fitted values of # show a decrease against
wavelength and an increase in the magnitude as the
doping level of Dy increase in the structural network
of a-Se. The dependence of the extinction coefficient
(k) on A shown in Figure 2b illustrates a decrease in
exponential trend as A increases and an increase
against the doping content with Dy in a-Se films.

Figure 3 shows the refractive index as a func-
tion of composition for the investigated a-Se doped
with Dy rare-earth ions films together with those
published in literature at A = 1.3 um using different
preparation techniques. The general trend of the
function is the increase of n against Dy content ratio
in at. %. However, the discrepancy among the data
published by assorted authors is attributed to the var-
iation in the preparation techniques used in formulat-
ing the studied materials in each reference besides
the dependence of the properties of chalcogenides on
its thermal history. In reference!'” bulk samples are
prepared by conventional melt quenching technique
for the mixture of the constituent elements. The ob-
tained ingots are annealed at their glass transition
temperature before any measurements. Furthermore,
in reference!'® the obtained melt quenched ingots are
used as source material to prepare thin film samples
using KrF excimer laser operating at 248 nm.
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Figure 3. The variation of refractive index as a function of the
doped Dy rare-earth ions in at. % for the present work [P. W.].

with those published in the literature

0.015

25

[17,18]

36
@)
341
32r¢

30 r

28
C-SeDY,

26

Refractive index, n

C-5eDY; 008

24 +

a-Se

221
0.10

0.08

0.06

0.04

Extinction coefficient, k

0.02

0.00

1000 1500 2000

250

Wavelength, A, nm
Figure 2. Variation of refractive index (n) (a) and extinction
coefficient (k) (b) with wavelength (A) for studied amorphous
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The dependence of the optical absorption coef-
ficient (a) calculated using values of the extinction
coefficient in Figure 2b on the incident photon en-
ergy of the investigated films is shown in Figure 4.
This figure confirms that for all studied samples the
value of o increases against photon energy in an ex-
ponential trend and shifted towards lower energy as
doping rate increases in the structural network of a-
Se films. This shift indicates that the absorption edge
decreases in energy (redshift in wavelength) against
the increase of doping level of Dy.

Each curve recognized in Figure 4 could be di-
vided into two different regions!'**":

The first region is for the high absorption,
namely for a(hv) > 10* cm™ (Tauc region). The opti-
cal absorption in this region could be described by

Tauc’s relation!'”:

a(hv)=AMhv-E,)" (1)
where A is constant, £, the optical band gap and r =
1/2 as well as 2 for direct and indirect transitions in
sequence. According to Eq. (1), the dependence of
(ahv)"" versus v is shown in Figure 5 for both val-
ues of r. For each composition, the energy gap E,is
calculated by fitting the function (ahv)"" = f{hv), lo-
cally point by point to the linear regression line and
extrapolating to y = 0 yields the value of E,. The re-
sults are given in Table 1 as a function of the film’s
composition. According to Table 1, it is observed
that the value of optical band gap E. decreases
against an increase of Dy content through the consid-
ered range of doping 0.008-0.01 at. % of Dy.
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Figure 5. Tauc’s plots for determining the optical energy gap of direct (a) and indirect (b) transitions for films investigated.

The decrease E, against the increase of Dy con-
tent in the structure network of a-Se can be explained

26

using the electronegativity of the elements involved.
The electronegativity of Se and Dy are 2.55 and 1.22



respectively and Dy has a lower electronegativity
than Se. The valance band of a-Se contains the lone
pair p-electrons and the addition of an element with
lower electronegativity (Dy) to a higher electroneg-
ative element (Se) may raise the energy of lone pair
states, which is further responsible for the broaden-
ing of the valance band inside the forbidden gap and
leads to band tailing and hence bandgap shrinkage!'®.

The second region in Figure 4 with a(hv) < 10*
cm™ (Urbach region), where the absorption coeffi-
cient presents a roughly exponential behavior:

athv)=qa, exp (:‘E‘/J (2)

Where . is a constant and £, is an energy that
is often interpreted as the width of the tail of local-
ized states in the gap region. This relation was first
proposed by Urbach!®!!. The inverse slope or width
of the exponential edge E, reflects the width of the
localized band tail’®*! which is called Urbach energy.
It determines the degree of disorder in the semicon-
ductor which is responsible for internal potential
fluctuations giving rise to tails of localized states at
the band edges. The Urbach energy depends strongly
on deposition conditions and annealing, which are
likely to influence the disorder and therefore
the band tailing!*?). The calculated values of E, are
given in Table 1 as a function of film composition.
These values show a decrease from 0.30 eV for the
un-doped a-Se film to 0.25 and 0.21 eV for doping
with 0.008 and 0.01 at. % in sequence. Such a de-
crease in the value of £, indicates a decrease in the
disordered character of a-Se due to the introduction
of Dy which is consistent with the obtained structure
using XRD for the studied samples shown in Figure
1. consequently, a decrease of E,, is attributed to the
crystallized character of the thermally deposited
films. Also, the existence of a band tail (E£,) that ac-
companied the localized states in the gap reflects
some degree of disorder in the considered semicon-
ductor film.

The complex dielectric constant ¢ = ¢)- iz of a
martial in terms of the linear optical constants, n, and,
k, could be written as & = n® - k2, &2 = 2nk where &
is the real part, while ¢, is the imaginary part. Figure
6 shows the calculated values of ¢; and &, of the com-
plex dielectric constant versus the photon energy (4v)

Table 1. The calculated values of the optical energy gap, Eg, Ur-
bach energy, Eu, high-frequency dielectric constant, &, the ratio
of the free carriers density to the free carrier effective mass, N/m”
and plasma resonance frequency, wp, as a function of the studied
film’s composition

(F:l(::::posi Ee  Eu (Vm*) x 109 @px 10
- @ 3 Lol
tion eV eV (cm™ kg™) Hz
a-Se 2.10 030 491 5.710 1.94
¢« 196 025 554 6.079 2.48
SeDyo.008
c-SeDyoor  1.59 021 677 6250 2.87
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Figure 6. Real (a) and imaginary (b) parts of the dielectric con-
stant versus photon energy for the films investigated.

for the present film’s composition. Figure 6a shows
a nearly exponential increase with photon energy for
all investigated samples and nearly has the same
trend as n = f(4). On the other hand, ¢; illustrates a
clear exponential increase of ¢; against (4v) which
has the same behavior as &k = f{hv). For a better



understanding of the optical behavior of the investi-
gated films, it is necessary to determine some optical
parameters such as dispersion of high-frequency di-
electric constant and the lattice vibration modes as
follows:

In the near-infrared spectral region, where the
frequency is relatively low, the real ¢, and imaginary
& parts of the complex dielectric constant can be

written as®¥:
e =g e? ﬁ ) o = gwwj 3 3
VT anle,mt T T T 8% G

where ®, is the plasma resonance frequency

2]

of all the valence electrons involved in the optical
transitions, ¢~ the high-frequency dielectric con-
stant, e electronic charge, ¢ speed of light, & free
space dielectric constant, N/m " is the ratio of free car-
riers density to the free carrier effective mass and t
relaxation time. According to Eq. (3) plot of &; versus
/% and extrapolating the linear part of the plot in the

e’N
£yE,M"

high wavelength region to zero wavelength gives the
value of ¢~ and the slope of this line is used to cal-
culate values of (N/m") for the investigated films.
The calculated ¢, (N/m") and w, are given in Table
1 as a function of investigated film compositions.
The value of N/m " reflects an increase in the free car-
rier density with the increase of Dy-content which is
argued to be the metal character of Dysprosium rare
earth.

According to the single-effective oscillator
model suggested by Wemple and DiDomenico!*,
the refractive index could be described by the follow-
ing relation:

2 _q1- EoEq

n
EZ - E?

“4)

where E is the photon energy in eV, Ejy is the single
oscillator energy (average oscillator energy for elec-
trons) and Ejy is the dispersion energy parameter of
the material. For the magnetic chalcogenides such as
the present case of Dy doped Se films, Eq. (4)
could be rewritten as*:
2_q- Ed Iéo EEp
E2-E®> EZ-FE?

®)

where E,, Eo applies to f—d transitions and E,, Eo
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applies to s, p—d transitions. It is straightforward to
combine terms in Eq. (5) and get the following ex-
pressions for the equivalent single oscillator param-
eters Eo and E/*;

_, o 1+(, 18,)E /E,)

S0 =F [1+(Ed /Ed)(EO/EO)SJ ©
and

_, b (e 86 e

. ‘Ed[1+(Ed/éd)<é0/Eo)3 @

E) is the dispersion energy parameter of the material
and is a measure of the strength of interband optical
transitions and £, is related to the nearest neighbor
cation coordination, anion valency, ionicity, and the
effective number of dispersion electrons. According
to Eq. (5) Plotting (n*-1)"' versus the photon energy
(hv)* as shown in Figure 7 and fitting the straight
part of the curve in the high energy region allows to
obtain from the slope and the intercept values of Eo
and E,. In the low energy region, the slope and inter-
cept of the straight yields the values of £, and Eo. The
calculated values of these dispersion parameters are
listed in Table 2.

0.30

High Energy

(n?-1)*

Low Ener
010 | v
0.05 1 1 1 1 1
02 04 06 08 1.0 12 14 16
()2, (eV)?

Figure 7. Plots of (n’-1)/ versus (hv)? for the films investi-
gated.

The estimated value of Ey for a-Se (4.5 e¢V) is in
good agreement with that reported by Wemplel®®!.
The results indicated that the average value of the
single oscillator energy (Eo) changed to 3.79 eV for
c-SeDyo.008 and 4 eV for c-SeDyoo1. Such behavior
of Ey could be attributed to the splitting of the
sub-bands 5d(t,,-¢,) by the crystal field and the



decrease of this splitting as well as the crystallized
nature with increasing Dy-content.
If the wavelengths are much shorter than the

phonon resonance, the lattice contribution is
given by:
n? 1= E4Eo EqEo _EIZ

E2-E2 E2-E2 E2’ ®)

where E; is the lattice oscillator strength. Poignant!*”]
has shown that at a long wavelength, where E* <<
Ey* and E* << E% a plot of (n>-1) versus 1/E*

approaches a straight line and Eq. (8) has the follow-
ing form:
Eq Eo
Eo

n?-1= [ —
E

The intercept of this line yield the ratio E/E) at
high energy, and E./E at low energy, while the slope
is —E/. The obtained values of E; are given in Table
2. The tabulated values of E; shows variation from
0.54 eV for a-Se to 0.36 eV for c-SeDyo.00s, and 0.38
eV for c-SeDyo o1 respectively.

E?
=g

©)

0

Table 2. Values of single oscillator energy (Eo, £0), dispersion energy (E4, Eq) lattice oscillator strength (E7), and wavelength at zero

material dispersion (4c) for investigated films composition

Film Composition Eg, eV Esnev  Eo eV EugeV Ey eV Esev  EneV Jey pm

a-Se 450 2425 e e e 0.54 1.60

c-SeDyo.008 3.74 12.62 2.49 6.34 3.97 8.36 0.36 1.66

c-SeDyo.01 3.18 11.66 2.17 5.45 4.00 12.65 0.38 1.74
100

The material dispersion M(1) could be ex-
pressed in terms of the refractive index, n, as:

M(ﬂ)zi(d ”J

da?
Differentiating Eq. (8) w.r.t 4 yields the mate-
rial’s dispersion as a function of £y and E, as fol-
lows!?®!;

(10)

Eq/ES
M(2) =154x10% “9 50 _217,10%€2 % (psnmtkmY)
A ''n

(11

Figure 8 shows the graphical relation of the cal-

culated M(4) versus wavelength. The wavelength at

which M = 0, and the obtained results are given in

Table 2 as a function of films composition. Similarly,

the value of A. can be calculated from Wemple’s
three-parameter formulal®®':

(12)

Nevertheless, the observed variation of /. indi-
cates that the introduction of Dy atoms in a-Se causes
a shift of the material dispersion M(\) towards higher
wavelengths. Such a redshift represents an important
parameter to improve the operational conditions and
performance of optical fibers!**?). Indeed, the listed
values of material dispersion in Table 2 show that
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Figure 8. Variation of the material dispersion versus wavelength
for the films investigated.

the pumping of optical signals in the Selenium chal-

cogenide fibers at zero dispersion wavelength (ZMD)
could be tuned by increasing the doping ratio of
Dyl031],

3.2 Non-Linear optical dispersion

The microscopic nonlinear properties of the
chalcogenide semiconductors have been investigated
through the determination of second-order refraction
index, n, and nonlinear absorption coefficient f,



where n; and 3 are expressed as

ng =n+n,l (13)
and
a(l) =a+ BI,

where [ is the incident intensity, 7, is the total refrac-
tive index and n represents the weak-field refractive
index (linear refractive index). The second-order in-
dex of refraction, n, is required for soliton propaga-
tion in the optical telecommunication fibers and used
in all-optical switching schemes.

132 derived a semi-empirical rela-

Boling et al.
tion for predicting the second-order index of refrac-
tion, 7>, for semiconductors from the linear refractive
index, n which has the simplest form:

n-1

572 (14)
d

where G is an empirical constant and G = 391832,
Here v; is the Abbe dispersion number and is

given by:

n,(x10™esu) =G

(15)

where ng, nr, and nc refer to refractive indices at
589.0, 486.1, and 656.3 nm respectively.

The two-photon absorption coefficient S is
given by**:

KEY’F(2hv/E
_ 25 E i o) (16)
n°E,
where K is the material-independent constant
given by
K — 2°z e

5 ot 0

Here e and my, are the electron charge and its
effective mass, respectively. In our calculations, K =
3100 and E, is related to the Kane momentum pa-
rameter, p, where E, = 2p°m/h* and m is the electron
mass. F'is a function that represents the dispersion of
S with respect to the incident photon energy /4v. This
function depends upon the band structure and deter-
mines the energy states that are coupled. The func-

tion F can be evaluated from the relation*:

[(2hv/E,) -1

F(2hv/E,)= Gy E )
g

(18)

The overall dispersion behavior of £, as shown
in Figure 9b a ratio between the maximum nonlinear
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absorption coefficients of the two-photon absorption
(TPA) to the optical bandgap energy equals 1.4 is ob-
served for different chalcogenide compositionsP+ %,
The maximum nonlinear absorption coefficient f for
investigated films is given in Table 3. The dispersion
of ny = f{hv) is be plotted as shown in Figure 9a.

45

n,x10", esu

30

25+

20 |

15+

10

Nonlinear Absorption Coefficient, B, cm/GW

0.6 0.8 1.0 1.2 14 1.6 1.8 2.0

22

Photon Energy, hv, eV
Figure 9. Dependence of second-order refractive index, 72 (a)
and nonlinear absorption coefficient, § (b) on the incident pho-
ton energy, /v for the studied films.

Table 3. The nonlinear absorption coefficient, Smax, values of
the energy corresponding to Smax, £ s = max, the ratio of Eg/E s
max for the studied samples

. ege ﬂmax Eﬂ =max
Film Composition em/GW oV E¢/E 5 = max
a-Se 13.6006 1.4739 1.42
c-SeDyo.008 16.7625 1.3805 1.42
c-SeDyo.01 26.631 1.1197 1.42

4. Conclusion

The study of the role played by dysprosium ions
as a dopant in the structural network of a-Se on opti-
cal dispersion leads to draw the main following con-
cluding remarks:



The optical band gap (£,) decreases with an in-
crease of the Dy content which is argued to be the
difference in electronegativity between Se and Dy.

The variance between the values of the optical
energy gaps of the studied samples and previously
published data for other chalcogenide compositions
doped also with Dy are attributed to the sensitivity of
chalcogenides to its thermal history and preparation
conditions.

The single oscillator energy, E,, showed a de-
crease accompanied by an increase in the values of
E,. This trend of E, and Ej, shifted the material dis-
persion M(4) towards longer wavelengths from 1.6 to
1.74 nm against the increase in the Dy-content. This
shift means that the material dispersion of chalco-
genide fiber could be tuned by controlling the doping
ratio of Dy.

A ratio between the maximum nonlinear ab-
sorption coefficients of TPA to the optical bandgap
energy equals 1.4 is observed for different chalco-
genide semiconductors.
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ABSTRACT

In the current research, the vegetable oil based polyurethane nanocomposite (PUNC) adhesive was prepared using
transesterified castor oil (CO) based polyol, partially biobased aliphatic isocyanate (PBAI) and organically modified
montmorillonite nanoclay (Closite 30B). The transesterified CO was synthesized by reacting CO with ethylene glycol,
which was confirmed using proton nuclear magnetic resonance ('HNMR) analysis. Further, the prepared polyurethane
(PU) and its nanocomposite adhesive with specific NCO: OH molar ratio 1.3:1 was confirmed by Fourier transform
infrared spectroscopy (FTIR) analysis. The increasing of wt% of nanoclay loading level up to 3% into PU matrix increased
the lap shear strength of the adhesive systems. Subsequently, the effect of polyurethane nanocomposite adhesives on
the bonding strength of wood-to-wood and aluminum-to-aluminum substrate was studied using lap shear strength test.
The nanoclay was observed to effectively intercalate into the polymer matrix. Moreover, the phase separation in PU and
PUNC adhesive was studied using atomic force microscope (AFM) and differential scanning calorimetry (DSC) analysis.
Keywords: Castor Oil; Biobased Isocyanate; Nanoclay; AFM
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Received: 17 April 2021 Polyurethane adhesive synthesis from renewable sources has been
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of ricinoleic acid, a monounsaturated, and 18carbon fatty acid in CO.
Prior to the advantages of CO such as high reactivity, easy availability
and non-toxicity, it was found to be a suitable backbone towards the de-
velopment of PU adhesive. In general, castor oil contains 85-95% ricin-
oleic acid, 2—6% oleic acid, 1-5% linoleic acid, 0.5-1% alpha-lonoleic
acid, 0.5—-1% stearic acid, 0.5—1% palmitic acid, 0.3—0.5% dihydroxys-
tearic acid and 0.2—0.5% other component. The direct utilization of CO
in PU adhesive gives limited hardness and structural irregularity due to
the presence of secondary hydroxyl groups in CO, which exhibits low
rate of curing due to the steric hindrance formation during polyurethane
formation. To overcome these limitations, chemical modifications on ac-
tive sides via transesterification or transamidification has been adopted
to utilize the double bond of unsaturated fatty acid and carboxylic group,
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to increase its hydroxyl value for improving the cross
linking density and rigidity of the polyurethane net-
work. Now a day’s moisture-cured polyurethane ad-
hesive has been synthesized from castor oil because
it has many potential advantages including shear
strength, flexibility and reactivity, etc., which allows
polymer materials to adhere on various moist sub-
strates through the development of strong chemi-
cal bonds™. The performance of an adhesive is inter-
related to its adhesion properties like viscoelastic
properties, surface free energy and the adhered sub-
stratel'"),

Generally, polyurethane consists of macrodiol
which may be polyester or polyether, isocyanate, cat-
alyst and other chain extender!'"!. Polyurethane is a
two segmental structure based polymer, where a soft
and hard domain produces phase separation. The
phase separation is obtained due to low molecular
weight of the polyol (soft domain)!'?!. The isocyanate
(hard domain) is the essential part required for PU
synthesis. The isocyanates containing may be two or
more-NCO groups per molecule. For the formula-
tion of polyurethane adhesive, the used isocyanates
can be synthetic (aliphatic, aromatic or cycloali-
phatic) or biobased in nature!'*). To improve the lim-
itations such as shorter gel time, low durability, de-
terioration in mechanical and thermal properties,
methods have been analyzed with the incorporation
of nanoclay within the PU matrix. Thus, the devel-
opment of polyurethane adhesive with the incorpo-
ration of nanoclay has gained strong demand as these
fillers are able to enhance physiochemical properties
such as high adhesion strength as well as thermal sta-
bility of polyurethane nanocomposite adhesivel'*.
However, very few literatures have been explained
about the synthesis and utilization of polyurethane
clay nanocomposite in adhesive technology!'>™'".,

The novelty of this work is the development of
newly polyurethane-clay nanocomposite adhesive
derived from the combination of biobased isocyanate
and vegetable oil based polyol with the incorporation
nanoclay (Closite 30B), which can be utilized as
wood-wood bonding adhesive. However, several lit-
eratures have been reported for the development of
petrobased polyurethane-clay nanocomposite adhe-
sivel!®!7],

Hence, in the current research work, the present

investigation focused on the development of bi-
obased polyurethane nanocomposite adhesive with
the incorporation of nanoclay into the PU matrix.
The authors have initiated to synthesize biobased
polyurethane using biobased polyol and partially bi-
obased aliphatic isocyanate. To observe the im-
proved adhesion strength of PU adhesive on wood
and aluminum substrate and their utilization in adhe-
sive technology, lap shear test has been carried out.
The phase separation structure in PU matrix has been
studied in AFM analysis. Further, the phase separa-
tion in polyurethane adhesive was confirmed by
DSC analysis.

2. Experimental procedure

2.1 Materials and methods

Ethylene glycol and castor oil were procured
from M/s SD Fine chemicals, Kolkata. Partially bi-
obased hexamethylene diisocyanate (Tolonate TM X
FLO 100) was supplied by M/s Vencorex chemical,
France. Dibutyl tin dialurate (DBTDL) was procured
from M/s Sigma Aldrich, Germany. Analytical grade
acetone and tetrahydrofuran (THF) were procured
from M/s Fischer Scientific, USA. Closite 30B was
supplied by Southern Clay Products, USA.

2.2 Polyurethane and its nanocomposite ad-
hesive synthesis

The polyester polyol based polyurethane nano-
composite adhesive was prepared by two step
method. In the first step, polyurethane adhesive was
synthesized from modified castor oil with the addi-
tion of partially biobased aliphatic isocyanate. The
castor oil was modified to obtain the polyester polyol
using castor oil and ethylene glycol (EG) in the pres-
ence of lead oxide catalyst. The transesterification
process of CO was performed to modify the CO un-
der the nitrogen atmosphere to avoid oxidation reac-
tion produced at the time of reaction. This process
was carried out in a three necked round bottom flask
of 250ml equipped with a magnetic stirrer, thermom-
eter and reflux condenser with continuous stirring for
3 hr at 230 °C. The acid value of transesterified pol-
yol was measured periodically using acetic anhy-
dride method as described earlier'!). Further, the syn-
thesized polyol was dried under vacuum at 70 °Ct'%,
In the second step, the polyurethane nanocomposite
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adhesive was prepared with the incorporation of
nanoclay. Initially, the organically modified clay was
dried for Shr and the clay was separately mixed in
THF solution with constant stirring. Then the clay
was sonicated for 50min to minimize the agglomer-
ation. After that, the solution was gradually added to
the PU solution with continuous stirring of 15 min in
the presence of N, gas environments. Then the for-
mulated mixture was poured into the glass plate. The
complete reaction mechanism is shown in Figure 1.
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Figure 1. Synthesis mechanism of PU and PUNC adhesive.

3. Characterization

3.1 Proton nuclear magnetic resonance
('"HNMR) study

The "HNMR spectra of CO and transestrified
castor oil based polyol were recorded by using JEOL
DELTA2 500 MHz FX-1000 spectrometers (IN-

STROM). All measurements of chemical shift value
were made using deuterated CDCl; solvent.

3.2 Fourier-transform infrared (FTIR) anal-
ysis

The spectra of polyurethane (PU) and
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polyurethane clay nanocomposite adhesive (PUNC)
samples were analyzed by FTIR (Nicolet 6700,
Thermo Scientific, USA) spectra. The FTIR analysis
was carried out on each sample with 64 scans with
the wavelength range of 400—4000 to cm™.

3.3 Lap shear test

The required specimen for lap shear test was
prepared according to the standard ASTM D 906.
The substrates were dried and polished with sandpa-
per of grit no. 60. The prepared adhesive solution
(thickness 0.1mm) was applied on both pieces of the
wood and aluminum substrates by using a brush on
25x30 mm? area of overlap. Over the contact area of
wood pieces, a load having 2-3 kg has been applied
and left overnight. After that, the specimen joints
were kept at room temperature for 10 days. Then
joint substrates were tested for measuring bonding
The
strength bonded substrate joints were tested using a

strength by lap shear strength!'), shear
universal testing machine as per the standard
ASTMD 906-82.

3.4 Wide angle X-ray diffraction (WAXD)
analysis

Wide angle X-ray diffraction (WAXD) analysis
was used to analyze the interlayer gallery spacing of
nanoclays in the nanocomposites, using Philips
X’Pert MPD (Japan), with graphite monochromator
and a Cu Ko radiation source operated at 40 kv and
30 mA.

3.5 Atomic force microscope (AFM) analysis

Surface morphology and phase separation of
PU and PUNC adhesive sample were recorded by us-
ing AFM (M/s. Park scientific instrument, XE-100,
USA) in contact mode and a commercial probe was
used at room temperature and moderate pressure.

3.6 Differential scanning calorimetry (DSC)
analysis

The phase separation in PU and PUNC adhe-
sive surface and the change in 7, values were evalu-
ated using (DSC) Q20, M/s, TA Instrument, USA) at
a temperature range of -100 °C to 100 °C at a heating
10 °C/min under N, atmosphere and a flow rate of 50
mL/min.



4. Result and discussions

4.1 Proton nuclear magnetic resonance
("HNMR) study

"HNMR spectra of castor oil (CO) and modi-
fied CO are represented in Figure 2 which was de-
scribed in our earlier research paper''). It is observed
that the chemical shift § values corresponding to 0.9
ppm and 2.3 ppm, is primarily due to methyl protons
and the fatty acid proportion, respectively. Along
with the above peak, the peak value ¢ at 4.0 at-
tributed due to methylene protons of glycerol. The
above peaks are always assumed as the reference be-
cause throughout the whole reaction the intensity of
the above peak does not change. It is also observed
that in CO and modified CO, the chemical shift § val-
ues corresponding to 2.1-1.9, 1.5-1.75, 1.2-1.4 ppm,
are mainly due to —-CH,-CH=, CH»-CH>-O and ali-
phatic backbone respectively. The peaks at 3.6 and
4.1 ppm correspond to —CH, adjacent to secondary
C, and CH,—O-C=0-, respectively. The modifica-
tion of CO is confirmed by the presence of chemical
shift at ¢ values 3.7 and 3.8 ppm, which correspond
to —CH,OH and —CHOH. Hence the modified polyol
is confirmed through '"HNMR.
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Figure 2. '"HNMR spectra of CO and modified CO.

4.2 Fourier-transform infrared (FTIR)
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analysis

The IR spectra of PU and PUNC adhesive con-
taining 3 wt% nanoclay were recorded in Figure 3.
As evidenced from Figure 3, the characteristic ab-
sorption peaks were observed at 1050 cm™ due to Si-
O stretching vibration. However, marginal shifting
of the peaks in PU was observed in presence of
Closite 30B nanoclay due to strong intermolecular
H-bonding between the hydroxyl group of C 30B and
hard segment (-NH-) of polyurethane matrix'*"!. The
absorption peaks were observed at 3334 cm™ due to
the presence of urethane stretching. The absence of
isocyanate peak at 2260 cm™ indicated the comple-
tion of reaction between soft segment (OH group)
and hard segment (NCO group) in both PU and
PUNC adhesive. The band observed at 2923-2839
cm’, 1735 cm™ and at 1237 cm™ attributed due to —
CH; carbonyl urethane
stretching and coupled C-N and C-O stretching re-
spectively. Hence, the above analysis showed similar
IR spectra in PU and PUNC adhesive. No such dif-
ferences in position of band assignments were ob-
served in PU and PUNC adhesive, except only

stretching frequencies,

change in band intensity. This fact was obtained in
accordance with the preparation of PUNC adhe-
sive by other groups. But the band position of distinct
functional group of the PU was identical to those of
PUNC. This fact has also been reported by other re-
searcher, which confirmed that the presence of sili-
cate layers does not change the chemical structure of
polyurethane!'”. To assure the chemical interac-
tion between nanoclay and the individual compo-
nents of polyurethane, the FTIR study confirmed the
complete reaction obtained in PUNC surface.

Transmittance(%)

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 3. FTIR studies of PU and PUNC adhesive sample.



4.3 Lap shear test

The effect of PU matrix after the incorporation
of 0 to Swt % of nanoclay is depicted in Figure 4 and
the corresponding shear strength values are summa-
rized in Table 1. The result showed the improvement
of bonding strength with the increase in clay content.
It is found that the integration of 3 wt % of nanoclay
throughout the PU matrix showed higher bonding
strength, which was taken as optimum composition.
After that, the lap shear strengths of optimize PU and
PUNC adhesive with respect to the substrates such
as wood and aluminum (Al) respectively are de-
picted in Table 2. From the analytical observation, it
has been found that the shear strength of PU adhesive
for both the substrates increases with the increase in
a span of days. The PU adhesive exhibited 40.23,
50.41, 69.20 and 69.22 (N/m*x10°) lap shear strength
of wood-wood substrate after the period of 10, 20, 30
and 40 days respectively. Similarly, the lap shear
strength of PU adhesive with respect to Al-Al sub-
strate bonding exhibited 32.15, 44.32, 65.01 and
65.03 (N/m?x10°) after the period of 10, 20, 30 and
40 days. In the meantime, after the incorporation
nanoclay throughout the PU matrix, the developed
PUNC adhesive exhibited 72, 85, 103.07 and 103.09
(N/m?x10°) lap shear strength of wood-wood sub-
strate after 10, 20, 30, and 40 days respectively, and
32.15, 44.32, 65.03 and 65.04 (N/m*x10°) lap shear
strength of Al-Al substrate after the duration of 10
days, 20 days, 30 days and 40 days respectively.
Hence it can be concluded that addition of 3wt % of
clay content in PU matrix showed better adhesion
strength over the neat PU. This might be due to the
strong interfacial adhesion between the substrate and
the adhesive. The failure process of joint bonding
substrate was a cohesive failure, which confirmed
the strong interfacial interaction between the adhe-

¢?%21] This trend was in accordance

sive and substrat
with the strong interfacial interaction between the
OH group of OMMT clay with the OH group in Al
and OH group on wood substrate respectively. Fur-
ther, it is noticed that, the shear strength of PU adhe-
sive to hold the substrates increase up to 30 days, af-
ter that the shear strength for both substrates gradu-
ally leveled off. This result also indicated that higher
shear strength in wood-wood substrate as compared

to Al-Al substrate is due to the presence of high

amount of polar hydroxyl group in wood substrate
that produced strong interaction between wood sub-
strate and adhesive. Hence, in the current study of
view, wood substrates were chosen as the suitable
substrate for PU and PUNC adhesive.

e

s

Lap shear strength (Al-Al)
Lap shear strength (Wood-Wood)

Wt of Nanoclay Wt% of Nanoclay

Figure 4. Lap shear strength of wood-wood bonding and Al-
Al bonding substrate.

Table 1. Lap shear strength of substrates upon incorporation of
different wt% of nanoclay

Wood-Wood bonding  Al-Al bonding

Sambple strength strength of
oy of PUNC after 10 PUNC after 10
days days
(N/m?x105) (N/m?x10%)
0,
0wt 51.23 3233
nanoclay
0,
I wi% 52.75 3721
nanoclay
0,
3wt 61.23 40.05
nanoclay
5 wt%
nanoclay 72 48.44

Table 2. Comparison of lap shear strength between the substrates
with PU and PUNC adhesive

Wood-Wood Al-Al
No. of Lap shear strength Lap shear strength
days (N/m?x 10°) (N/m?x 10°)

PU PUNC PU PUNC
10 days 40.23 72 32.15 48.45
20 days 50.41 85 44.32 52.16
30 days 69.20 103.07 65.03 71.23
40 days 69.22 103.09 65.04 71.23

4.4 Wide angle X-ray diffractometer
(WAXD) analysis



WAXD diffraction pattern was carried out in
order to investigate the dispersion of OMMT clay
throughout the PU matrix as represented in Figure 5.
A strong diffraction peak was appeared at 26 = 5.09°
for OMMT nanoclay. The disappearance of this peak
at 20 = 5.09° in PUNC adhesive film confirming the
strong interaction of clay and PU matrix. This indi-
cated the increase in distance from a certain plane in
one layer corresponding to another layer of the plane.
Hence the diffraction was observed and the basal of
the polymer can be calculated by using brags law d
sin © = ni. The diffraction peaks of all synthesized
PU and PUNC adhesive films were found to be 20°
whereas the corresponding basal spacing were 4.23
and 4.43 A respectively, thereby indicating the in-
crease in gallery height in PUNC adhesive film from
PU adhesive film by 0.20 A. Thus the higher value
of basal spacing indicates that the silicate layers in
polyurethane molecular chains are intercalated with-
out exfoliation in the system. This indicated that the
galleries of clay layers expanded in the PUNC sam-
ple!"®). In addition, the peak intensity of nanocompo-
site is lowered with the addition of nanoclay, which
reveals that there is a homogenous dispersion of
nanoclay within the PU matrix.
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Figure 5. XRD analysis of PU and PUNC adhesive film.

4.5 Atomic force microscopy (AFM) analysis

The surface roughness at the nanometer level
and phase morphology of PU and PUNC adhesive
were studied using AFM non-contact mode repre-
sented in Figure 6. From the topographical images,
it was observed that the phase separation obtained in
the polyurethane due to the incompatibility of hard
and soft domain. The higher degree of phase
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segregation was obtained after the incorporation of
nanoclay (3 wt%) into the PU matrix. This can be
attributed to the good interaction, such as H-bonding,
polar-polar, etc. between the clay and hard domains
of polyurethane (PU) adhesive film. Moreover, the
degree of phase segregation was found to be 0.9° and
0.56° of PUNC and PU adhesive film respectively.
Further, the brighter region indicates the isocyanate
rich dispersed hard phase and the darker region indi-
cates the polyol rich dispersed soft phase. Whereas,
after the incorporation of nanoclay, it has been re-
vealed the diameter of the hard segments was ex-
panded!"®!. From the topographical image in Figure
6, the average roughness (R,) of PU and PUNC
has been obtained to observe the structural changes
in the surface. The surface roughness R, of PU was
found to be 19.42 nm whereas PUNC adhesive film
exhibited 17.09 nm. The decrease in roughness and
inhomogeneity in PUNC adhesive film was due to
the addition of NC on PU matrix as a result of the

good interaction between clay and PUP* 24,

160711Topegraphy002

1004

Hard Sggment
with.nanoclay

Figure 6. AFM analysis of PU and PUNC adhesive film.



4.6 Differential scanning calorimetry analy-
sis (DSC)
Differential
(DSC) was performed to investigate the effect upon
the addition of nanoclay into the PU adhesive re-
ported in Figure 7. The analysis showed two step
transitions due to the presence of two 7, values cor-
responding to the soft and hard segment. This indi-
cates the occurrence of phase segregation on the
structure of PU and PUNC adhesive. Hence, in phase
segregation structure, the higher 7, value in PUNC
restricts the polymer chain motion which induced
due to higher crosslink density and an increase in
free volume of the nanocomposites. The similar re-
sults have also been reported on the earlier re-
search?>%%!. In addition, it has been observed that the
T, of soft segment and hard segment was shifted to
higher temperature upon the loading of nanoclay on
the PU matrix. The 7, values of soft segment corre-
sponding to PU and PUNC were found to be -37.8 °C
and -27.3 °C respectively. In the meantime, the 7, of
hard segment corresponding to PU and PUNC was
found to be 70 °C and 74.2 °C respectively. The
above result indicated that, the PUNC exhibits
higher 7, and cross linking density upon the incorpo-

scanning calorimetry analysis

ration of 3 wt% of nanoclay within the PU matrix.
Further, in PUNC, the marginal increase in 7 value
in hard segment and soft segment indicates the good
interaction between the H-H bonding of PU and

nanoclay.
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Figure 7. DSC analysis of PU and PUNC adhesive.

5. Conclusions

In the present work, a simple approach for the
development of vegetable oil based PU and PUNC
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adhesive with the incorporation of nanoclay loading
using in-situ polymerization method via ultrasoni-
cation technique have been reported. The developed
adhesives were confirmed using FTIR analysis. The
adhesive samples containing 3 wt% of nanoclay
showed higher adhesion shear strength over the PU
adhesive. Further, the adhesion strength of adhesive
with respect to the wood substrate showed higher
shear strength compared to Aluminum (Al) substrate.
The dispersive characteristics of nanoclay into the
PU matrix were confirmed by WAXD analysis and
subsequently the formation of the phase separation
structure was verified by AFM analysis. The analysis
resulted that the nanoclay layers were well dispersed
and the phase separation was prominently appeared
on the surface of polyurethane. Further confirmation
of phase separation was studied using DSC analysis.
In the meanwhile, the shifting of peak temperature
towards higher temperature was observed upon the
incorporation of nanoclay within the PU matrix.
From the above discussions, it can be concluded that
the biobased PUNC adhesive synthesized from bio
raw materials can be suitably used as a bioadhesive.
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ABSTRACT

This article studies a new green eco-friendly TLC (thin layer chromatography) using silica gel and polyaniline
modified silica gel as stationary phase in combination with ethyl acetate (EA), n-butyl acetate (BA) and butane-1-
ol (BO) solutions as mobile phase for the comparative study of migration behaviour of organic dyes to identify the
most suitable thin layer chromatographic system for the resolution of co-existing dyes. Better separation efficiency
was observed by modifying silica gel with polyaniline as compared to pure silica stationary phase. Densitogrpahic
presentation of separations achieved on polyaniline modified silica gel Pani@SG-EB1 was also presented. The thin
layer chromatographic system comprising of polyaniline modified silica gel Pani@SG-EB1 as stationary phase and
n-butyl acetate:DDW, 5:5 as green mobile phase was observed to be the most favourable for the separation of various
combinations of three or four-component mixtures of organic dyes viz. methyl thymol blue, tartrazine, carmoisine, rose
bengal, amidoblack 10B, bromopyrogallol red and 4-nitrobenzene dizonium tetrafluoroborate. The effect of presence of
cations and anions on separation trend was also examined and the limits of detection of the separated organic dyes were
estimated. Fourier transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), scanning electron microscopy (SEM)
and transmission electron micrograph (TEM) studies were undertaken to characterize silica gel and modified silica gel
(stationary phase). The developed method has been successfully applied for the identification of carmoisine in Solvin
cold DS syrup and tartrazine in MefastTM syrup.
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Organic dye is a colour substance that has always attracted the per-
son due to its attractiveness. Food colours are usually added to various
commercial food products in order to make them more attractive and to
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egories: natural, nature-identical, inorganic and synthetic'". For safety
reasons there have been recent reductions in the number of permitted
food colours but they are still being used all over the world because of
their low price, effectiveness and stability. Moreover, the food process-
ing industry uses all types of food colours, but to minimise potential
toxicity the amounts of permitted synthetic colours used are strictly
limited™*.

Synthetic dyes are widely used for improving the colour and en-
hancing the visual aesthetic appeal of some foods, and this effect is
maintained throughout the production process and during storage. They

present high stability to light, oxygen, and pH changes, and have lower
41



prices compared to natural dyes'*”. Synthetic dyes
can be classified into water soluble and fat soluble.
Only water soluble dyes are permitted in foods.
Some of the most commonly used are sunset yel-
low (E110), allura red (E129), brilliant blue (E133),
erythrosine (E127), tartrazine (E102), amaranth red
(E123), carmoisine, ponceau 4R (E124), and others.
They are present in soft drinks, gelatins, snacks, yo-
ghurts, ice cream, candies, puddings, chips, pickles,
honey, mustard, gum, baked goods etc.

However, these dyes must be controlled because
many of them have been related to health problems.
It was observed that synthetic dyes present in foods
may cause overactive behaviour in children, espe-
cially if they are consumed in excess. On the other
hand, some dyes in the presence of analgesics like
aspirin can induce allergic or asthmatic problems.
Tartrazine and sunset yellow second and third most
widely used food dyes, added to many food"**.

Dyes are very important in so many areas such
as printings, paintings, textiles, cosmetics, pictures,
food and screens” '*. Food dye additives are de-
fined as dyes, pigments, or substances that impart
colors into foods, drugs, or cosmetics. Originally,
natural dyes present in foods are unstable and al-
tered rapidly during food processing and storage.
Hence, synthetic dyes that outperform natural ones
at various aspects such as low price, high effective-
ness, and excellent stability are widely used by food
companies all over the world">'*,

Many analytical methods for the determination
of dyes have been reported, such as thin layer chro-
matography (TLC)"> ™7, titrimetry"*, voltamme-
try[]9,2()] 1 2[22,23]
high-performance liquid chromatography (HPLC)

[24-26]

, polarography™", spectrophotometry,

, capillary electrophoresis (CE)*"*, ion chro-
matography"”
trophotometry and thin layer chromatography are
simple and time saving methods been proposed.
Among all these techniques, thin layer chro-
matography (TLC) is one of the most cheapest,
quickest and most versatile for the separation and
identification of organics and inorganics chemical
compounds for many applications like bio-medical

and pharmaceutical field including dyes indus-
[31-33]

, voltammetry, polarography, spec-

tries
In the current study, silica gel and polyaniline
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modified silica gel layer has been used as stationary
phase in combination of DDW, ethyl acetate (EA),
n-butyl acetate (BA) and butane-1-ol (BO) as green
mobile phase. Polymer modified silica gel enhances
the selectivity and chemical stability of the station-
ary phases. Ethyl acetate, n-butyl acetate and bu-
tane-1-ol solvent have been used in TLC as a green
solvent due to their versatility and environmental
benefits”". The coupling of favourable properties
of polyaniline (Pani) (e.g. good environmental sta-
bility, high electrical conductivity, electrochrom-
ism, reversible transformation of various oxidation
states, catalytic, antistatic and anticorrosion activi-
ty) and silica gel (good heat resistance, high tensile
strength, and hardness) together provide new sta-
tionary phase of improved structural and chromato-
graphic characteristics>".

In the current study, the polyaniline modified
silica gel stationary phase Pani@SG-EB, = S, has
been prepared by in situ oxidative polymerization of
aniline to be used as stationary phase with several
mobile phase for thin layer chromatographic analy-
sis of seven organic dyes viz. tartrazine; carmoisine;
rose bengal; amidoblack 10B; methyl thymol blue;
bromopyrogallol red and 4-nitrobenzene dizonium
tetrafluoroborate. Chromatographic parameters have
been calculated for quaternary separations of or-
ganic dyes on Pani@SG-EB, = S, stationary phase
in the presence of M, (n-butyl acetate:DDW, 5:5 by
volume) as mobile phase. The use of green mobile
phase as well as polyaniline modified silica gel as
stationary phase is a novel approach to develop en-
vironmental friendly green TLC method. Thus pre-
pared Pani@(SG)EB, = S, stationary phase has also
been characterized by Fourier transform infrared
(FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM) and transmission electron mi-
crograph (TEM).

2. Materials and method
2.1 Apparatus

Glass plates (20 cm % 3.5 cm) coated with silica
gel and polyaniline modified silica gel using TLC
applicator (Toshniwal, India) were used as station-
ary phase. The micropipette (Tripette, Germany)
was used for spotting of analytes and glass jars (24
cm X 6 cm) were used to perform TLC.



2.2 Experimental temperature

All the experiments were performed at 25 + 2
°C.

2.3 Chemicals and instrumentation

Silica gel (Fischer Scientific, India), methanol,
ethanol, propanol-1, potassium persulphate, copper
sulphate, zinc sulphate, manganese sulphate, nickel
nitrate, HCI, n-butyl acetate and sodium salts of
bromide, chloride, carbonate, acetate and nitrate
(CDH, India); ethyl acetate, butane-1-ol (Fisher
Scientific) and aniline (E-Merck India Ltd.) were
used as received. All chemicals were of Analytical
Reagent grade. The water used in these experiments
was double distilled.

The fourier transform infrared spectra (FTIR)
was recorded using Perkin-Elmer 1725 spectrome-
ter operating in the 400-4000 cm ' range. X-ray dif-
fraction (XRD) data were recorded by using Bruker
D8 diffractometer with Cu Ko radiation at 1.540 A
in the range of 5° <20 < 70° at 40 kV. The morphol-
ogy was observed by a JSM-6510LV system with a
JEOL scanning electron microscope (SEM). Trans-
mission electron micrograph (TEM) was done with
the help of JEM 2100, JEOL.

2.4 Dyes studied

Tartrazine and carmoisine (Roha Dyechem Pvt.
Ltd., Mumbali, India), rose bengal (SD fine chemi-
cal), amidoblack 10B (CDH, India), methyl thymol
blue (Merck), bromopyrogallol red (CDH, India)
and 4-nitrobenzene dizonium tetrafluoroborate
(Spectrochem, Pvt. Ltd. Bombay, India) were used.

2.5 Test solutions

Solutions 5 % (w/v, g/mL) of dyes were pre-
pared in double distilled water (DDW).

2.6 Stationary phase
SG = 8S,, Pani@SG-EB, = S, and Pani@SG-EB,
= S, were used as stationary phase.

2.7 Mobile phase

Solvent systems used as mobile phase are listed
in Table 1.

2.8 Composition of Mefast' P syrup and
Solvin cold DS syrup
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The Mefast™ P syrup from Zuventus Health
Care Ltd. (A joint venture of Emcure® Chandival

Table 1. The composition details of mobile phases

Mobile Phase Code =~ Mobile Phase

M, Double distilled water (DDW)
M, Ethyl acetate (EA)

M, n-Butyl acetate (BA)

M, Butane-1-ol (BO)

M; Ethyl acetate : DDW (5:5)
M n-Butyl acetate : DDW (5:5)
M, Butane-1-ol : DDW (5:5)
M, Ethyl acetate : DDW (6:4)
M, n-Butyl acetate : DDW (6:4)
M,, Butane-1-ol : DDW (6:4)
M, Ethyl acetate : DDW (4:6)
M,, n-Butyl acetate : DDW (4:6)
M, Butane-1-ol : DDW (4:6)

Andheri (E), Mumbai, India) and Solvin cold DS
syrup from Ipca Laboratories Ltd. (Selaqui, Deh-
radun; Regd. Off. 48 Kandivali, Mumbai, India)
were studies to identify tartrazine and carmoisine
organic dyes respectively. The pharmaceutical for-
mulation of Mefast™ P syrup contains mafenamic
acid suspension [P 50 mg, paracetamol IP 125 mg
and colouring agent tartrazine. The pharmaceutical
formulation of Solvin cold DS contains paracetamol
IP 250 mg, phenylephrine hydrochloride IP 5 mg,
chlorpheniramine maleate [P 2 mg and colouring
agent carmoisine.

2.9 Characterization

2.9.1 FTIR spectroscopic studies

The FTIR spectra of silica gel (SG) and Pani@
SG-EB, stationary phases are shown in Figure 1.
The main characteristic peaks of silica gel in curve
are broad absorption band around 3462 cm ' corre-
sponds to Si-OH stretching vibrations, 1636 cm™'
for the Si-OH bending mode of vibration, the strong
absorption band at 1099 cm ' due to the asymmetric



stretching vibration of Si—O-Si bond because of the
formation of SiO, network, the absorption peak at
795 cm™' represents Si-O-Si bending vibration”’"".

In the case of Pani@SG-EB, stationary phases
apart from the peaks of SG, the characteristic peak
of 3454 cm ™' due to the free (non-hydrogen bonded)
N-H stretching vibration is present, confirming the
presence of Pani in Pani@SG""*". 1643 cm™ for
the Si-OH bending mode of vibration, the strong ab-
sorption band at around 1087 cm™' due to the asym-
metric stretching vibration of Si—O—Si bond. Thus,
it can be inferred that the incorporation of SG does
not damage the backbone of Pani. It was observed
that aromatic groups grafted onto the silica gel sur-
face can be identified by their characteristic bands,
which are distinguishable from those of the linear
chain intermediate. A qualitative analysis of the or-
ganic groups immobilized on the silica gel surface
can be carried out based on the very similar spectra
of pure and supported aromatic groups.

2.9.2 X-Ray diffraction (XRD) studies

The x-ray diffraction patterns of silica gel and
Pani@SG-EB, stationary phases are presented in
Figure 2. It can be seen clearly that the silica retains
a broad diffraction peak at about 22.3° indicating
that the silica is amorphous nature. Likewise, the
diffraction peak of Pani@SG-EB, did not have an
apparent shift*>**. However, there is no diffraction
peak of Pani emerging in the patterns of Pani@SG-
EB,, confirming that the Pani is also amorphous and
has been encapsulated in the pores and channels of

the silica.
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Figure 1. FTIR spectra of: (a) Pani@SG-EB, = S, and (b) silica
gel = S, stationary phases.

44

2.9.3 Scanning electron micrographic (SEM)
studies

The shape and surface morphologies of silica
gel and Pani@SG-EB, stationary phases have been
demonstrated in Figure 3 (a-b). SEM images of
silica nanoparticles shown in Figure 3 (a) are ir-
regular, porous and few are spheroidal shape with
relatively smooth surface. In Figure 3 (b), Pani@
SG-EB, show rougher surface probably due to the
polymerization of aniline on the surface of silica
gel and porosity may increase due to presence of
polyaniline!**”. However, both the micrographs are
relatively similar and SiO, are mechanically very
strong and not very distinct. The aniline has polym-
erized on the surface of silica gelas is evident from
the FTIR analysis.

2.9.4 Transmission electron micrographic
(TEM) studies

QHP\ ) PG
N
Mol

40 50
2 Theta

Intensity (a.u.)

Figure 2. XRD spectra of: (a) silica gel = S, and (b) Pani@SG-
EB, = S, stationary phases.

Figure 3. SEM micrographs of (a) silica gel =
SG-EB, = S, stationary phases.



Silica gel and Pani@SG-EB, stationary phase
were characterized to identify size and shape of
their particles by TEM studies as shown in Figure
4. Most of the silica gel particles were spheroidal
or ellipsoidal with particle size ranging between
8—13 nm. However, some irregular particles were
also observed”. In case of Pani@SG-EB, sta-
tionary phases, it appears that the Pani undergoes
polymerization on the surface of silica gel leading
to the formation of interconnected tubular and fi-
brous nanostructures containing silica gel in the
core. However, the SG surfaces became rough and
a large amount of amorphous films or particles were
observed, indicating the formation of Pani over SG
and thickness size range was 18-35 nm. Thus, the
material particles belong to the nano size. The Pani
is tightly bound to silica gel which is beneficial for

. . . . . 48
its use in electronic and separation technique!*.

2.10 Preparation of polyaniline modified
silica gel stationary phase

Polyaniline modified silica gel stationary phases
were prepared by simple in-situ oxidative polym-
erization of aniline using potassium persulfate as
an oxidizing agent in presence of different amounts
of SG. Aniline (1 mL) was dissolved in 200 mL of
aqueous solution of HCI (1M). Different amounts
of silica gel were added in aniline solution. Later,
potassium persulphate (5 g), dissolved in HCI (1M)
was added drop-wise in the aniline solution for the
polymerization. The reaction mixture was put under
continuous stirring for 22 h. The resultant mixture

Figure 4. TEM micrographs of (a) silica gel = S, and (b) Pani@
SG-EB, = S, stationary phases.

containing emeraldine salt turned slowly into green-
ish black slurry which was filtered, washed thor-
oughly with DDW and undoped with 500 mL of 1M
ammonia solution for making Pani@SG-EB. The
resultant product washed with DDW and methanol
to remove the impurities until filtrate became neutral
and colourless. The prepared nanocomposites were
dried at 70-80°C for 12 h in an air oven, converted
into fine powders and were stored in a desiccator for
further investigations as shown in Table 2.

2.11 Thin layer chromatography

The preparation of TLC plates and chromato-
graphic procedure were followed as reported earli-
er™. Aliquots (0.1 pL) of dyes were spotted on pre-
pared TLC plates (S,, S, and S,) and the plates were

Table 2. Preparation details of Pani@SG stationary phases

‘Weight of
Volume
Mobile Phase K.S,O Weight of Sili-
of Aniline 772
Code ca Gel (SG) (g)
(mL)
()
Pani@SG-EB, =
e L0 5.0 30.0
S
Pani@SG-EB, =
S e 10 5.0 60.0
2

developed with different mobile phases (M,-M,;).
After development, spots were visualised and the Ry
values were calculated for individual dyes. For mu-
tual separations of dyes, equal volumes (1 mL each)
of dyes (Tartrazine, carmoisine, rose Bengal, ami-
doblack 10B, methyl thymol blue, bromopyrogallol
red and 4-nitrobenzene dizonium tetrafluoroborate)
were mixed and 0.1 uL of the resultant mixture was
spotted on the TLC plates. The plates were devel-
oped with selected mobile phase (M) and static
phase (S,), and the spots were detected and the R;
values of the separated dyes were determined. The
Ry values were calculated from the R, (R; of leading
front) and R; (R of trailing front) values of the spot
as given below.
Ry=0.5 (R, - Ry) (1)
For the separation of dyes mixture, an equal
volume of each dye were mixed and 0.1 pL of the
resultant mixture was applied onto the TLC plates
of silica gel or polyaniline modified silica gel. The
TLC plates were developed with different mobile
phases, the spots were detected, the Ry values were



determined and other studies were carried out on the
separated spots of the dyes.

2.12 Separation

For the separation of the organic dyes mixtures,
an equal volume of each organic dyes were mixed
and 1 pL of the resultant mixture was applied onto
TLC plate. The plate was developed with M, (n-bu-
tyl acetate, DDW, 5:5) by volume), the spots were
detected and the R, values of the separated spots of
the organic dyes were calculated.

2.13 Ageing effect of mobile phase

To examine the ageing effect (stability) of mo-
bile phase (M;) on the separation of organic acids,
the sample mixture was spotted on the activated
Pani@SG-EB, TLC plates, developed with freshly
prepared mobile phase (M) and the R values were
calculated. The same process was repeated using
previously prepared mobile phase (M) at different
intervals of time for 24 h. Later on the Ry values
were calculated and compared with the values
obtained with the use of freshly prepared mobile
phase.

2.14 Effect of foreign substances

For investigating the interference of metal
cations and inorganic anions as impurities on the
separation of the mixture, 0.1 pL of the standard
test mixture of dyes solutions were spotted on the
S, TLC plate followed by spotting of 0.1 uL of the
metal cations or inorganic anions being considered
as impurities. The plates were developed with M,
detected and the Ry values of the separated dyes
were calculated.

2.15 Limits of detection

The detection limits of the dyes were deter-
mined by spotting 0.1 pL of tartrazine, carmoisine,
rose bengal, amidoblack 10B, methyl thymol blue,
bromopyrogallol red and 4-nitrobenzene dizonium
tetrafluoroborate of different concentrations on the
S, stationary phase. TLC plates which were devel-
oped with the selected mobile phase M, and the
spots were visualized. This process was repeated
by successive reduction of the concentration of dye
until the detection of dye was not possible anymore.
The amount of dye just detectable was taken as the
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detection limit.

3 Results and discussion

SG was modified by in-situ oxidative polymer-
ization of aniline. Separations of mixture of organic
dyes (tartrazine; carmoisine; rose bengal; ami-
doblack 10B; methyl thymol blue; bromopyrogallol
red and 4-nitrobenzene dizonium tetrafluoroborate
was performed on three different stationary phases
silica gel = S,, Pani@SG-EB, = S, and Pani@SG-
EB, = S, with thirteen different mobile phases of
eco-friendly green organic solvent for obtaining a
novel TLC system for the separation of dyes from
their mixtures. Polyaniline modifies silica gel show
more proficiently separation in comparison to SG. It
can be understood that on modification of silica sur-
face, there is a partial conversion of surface silanol
groups to new organo-functional groups imparting
considerably different set of properties to the sur-

face than the original matrix"".

3.1 Pani@SG stationary phases

SG was modified by in-situ oxidative polym-
erization of aniline over it. Separations of mixture
of organic dyes were more efficiently achieved on
Pani@SG in comparison to SG. It may be under-
stood that on modification of silica gel surface, there
is a partial conversion of surface silanol groups to
new organo-functional groups imparting consider-
ably different set of properties to the SG surface™”
(Figure 5).

Thus, after modification of SG with Pani, both
the positive and negative centers are developed on
the stationary phases which are capable to selective-
ly interact with the dyes in the mixture. The polar-
ons of Pani interact with the oxygen atoms of the si-
lanol groups via electrostatic interaction giving rise
to a new organo-functional group with both positive
and negative centers”'. In aqueous medium, dyes
molecule bears both positively and negatively
charged centers along with other groups and hence
can interact with the organo-functional groups of
the stationary phase via electrostatic interaction.
However, different dyes interact differently depend-
ing on their molecular structure. This difference in
mobility due to different types of interactions of
different dyes with organo-functional group of sta-
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Figure 5. Schematic presentation of interaction between Pani
and silica gel Pani@SG stationary phase.

tionary phase eventually leads to their separation.

Due to the polar nature of stationary phase, mo-
bile phase and dyes molecules, electrostatic interac-
tions between the anionic dye and the polymer, hy-
drogen bonding (between H, O and N atoms in dye
molecule and N and H atoms in polymer), van der
Waals forces (between the aromatic nature of poly-
meric matrix and the aromatic rings of the dye) are
responsible for differential migration of dyes which
eventually led to their separations. In the present
case, 4-nitrobenzene dizonium tetrafluoroborate
and methyl thymol blue are strongly retained by the
stationary phase exhibiting very low R value (R;
ranges 0.05-0.06). It appears that steric hindrance
due their bulkiness plays dominant role in case of
MT to reduce the mobility of the dyes besides the
strong electrostatic interaction between the dyes and
stationary phase S,.

In case of bromopyrogallol red, the steric hin-
drance is lesser than that in NT and MT therefore
the mobility (R; = 0.22) of this dye, while in case of
rose bengal dye the steric hindrance and electrostat-
ic interactions are less and therefore its Ry (0.40) is
greater than other four dyes leading to a very good
separation from others.

But in case of tartrazine and carmoisine dyes,
the steric hindrance and electrostatic interactions are
minimal and therefore R; values are 0.95 and 0.70
respectively, which are greater than all other dyes
leading to a very good separation from others. The
chemical structures of dyes under study are illustrat-
ed in Figure 6.

Thin layer chromatography of dyes (tartrazine,
carmoisine, rose bengal, amidoblack 10B, methyl
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Figure 6. Structures of dyes: methyl thymol blue, bromopyro-
gallol red, rose bengal, tartrazine, carmoisine, 4-nitrobenzene
dizonium tetrafluoroborate and amidoblack 10B.

thymol blue, bromopyrogallol red and 4-nitroben-
zene dizonium tetrafluoroborate) was performed on
three different stationary phases viz. (i) silica gel =
S,, (i1) Pani@SG-EB, = S, and (iii) Pani@SG-EB,
= S, with thirteen different mobile phases of green
solvent for obtaining a novel TLC system for the
separation of dyes from their mixtures. Obtained
results tabulated in Tables 3—7 and presented in Fig-
ures 5-9 are discussed below.

3.2 Silica gel (S,) system

Using double distilled water (M,), on pure sili-
ca static phase (S,), binary separation of carmoisine
(CS) from Tartrazine (TZ), rose Bengal (RB), ami-
doblack 10B (AB) and methyl thymol blue (MT)
from the mixture of azo dyes has been observed
while bromopyrogallol red (BG) and 4-nitrobenzene
dizonium tetrafluoroborate (NT) are not detected.

With ethyl acetate (M,) and n-butyl acetate
(M;) on S, static phase TZ, CS, AB, MT and BG
organic dyes shows strong interaction with silica
static phase all are shows at the point of application
exhibiting Ry values 0.01 and RB dyes shows broad
(R = 0.22-0.25) spot on both M, and M, mobile
phases while NT dyes shows double spot on M2 and
in case of M, mobile phase at point of application.
Hence, none of the organic dyes can be well sepa-
rated from their mixture.

In M, (Butane-1-ol) mobile phase the selective

binary separation of RB (R; = 0.75) from TZ, CS,



AB, MT, BG and NT (R;= 0.01-0.12) on pure SG
stationary phase.

In M;-M; equal volume ratio (5:5) of two com-
ponent mobile phase system using with the hope
of better separation possibilities were used. In M;
mobile phase TZ can be separated from CS, RB and
AB dyes while MT and BG are tailed spot and NT
having double spot. In M, binary separations were
achieved (NT/TZ-CS-AB) while M, mobile phase
(MT-BG/TZ-CS-RB-AB) occur.

With increasing volume ratio of organic sol-
vent in DDW (My-M,,) in Mg mobile phase TZ, CS,
RB and AB (R; = 0.82-0.87) exhibit high mobility
and tailing in MT, BZ. In mobile phase M, and M,,
consisting of TZ, CS, AB and MT shows strong in-
teraction with silica gel static phase remain near the
point of application (R = 0.01-0.09) while RB ex-
hibit tailing spot and BG and NT dyes shows double
spot, hence no separation were achieved.

In case of M,,-M,; mobile phase system on pure
SG static phase the M,, mobile phase all spot near
the point of application with broader range (R; =
0.01-0.20) hence no good separation was achieved.
In M,, mobile phase binary separation occur from
TZ (R= 0.82) high mobility and CS, RB, AB and
MT near the point of application (Ry = 0.02-0.25)
while BG and NT not detected. With butanol:DDW
ratio (4:6) v/v, in which M ; mobile phase occur

binary separations occur TZ (R; = 0.54), CS (R; =
0.53) and AB (R = 0.48) exhibit high mobility and
NT (Ry = 0.01) organic dyes remain the point of ap-
plication as shown in Table 3.

3.3 Pani@SG-EB, (S,) system

When pure double distilled water (M,) is
used as a mobile phase for examining migration
behaviour of organic dyes on modified silica gel
Pani@SG-EB,, as stationary phase CS (R; = 0.55)
has high mobility, selected binary separation were
occur TZ, RB, AB and MT remain at the point of
application.

Using ethyl acetate (M,) and n-butyl acetate
(M,) as the mobile phase on Pani@SG-EB,) as
stationary phase NT reach the maximum allowed
distance (R; = 0.91-0.92), while other near the point
of application except RB which shows tailed spot
binary separation achieved. In case of M, mobile
phase RB (R = 0.77) separate out from all other
organic dyes having low R; values (RB/TZ-CS-AB-
MT-BG-NT) binary separations were obtained with
compact spots. Using M5 mobile phase all were
found near the point of application except RB and
NT. However RB produced tailed spot and NT was
not detected.

With the use of equal volume ratio n-butyl
acetate: DDW, (M) mobile phase on Pani@SG-

Table 3. Mobility of dyes in terms of R; values on S, (silica gel) stationary phase with different mobile phases

Mobile Phase Ry Value

TZ CS RB AB MT BG NT
M, 0.18 0.55 0.01 0.04 0.04 ND ND
M, 0.01 0.01 0.22 0.01 0.01 0.01 0.10 and 0.94 DS
M, 0.01 0.01 0.25 0.01 0.01 0.01 0.02
M, 0.01 0.12 0.75 0.12 0.05 0.01 0.02
M, 0.05 0.62 0.50 0.58 0.31T 0.32T 0.03 or 0.78 DS
M 0.94 0.82 0.35T 0.80 0.31T 0.38T 0.03
M, 0.85 0.70 0.82 0.95 0.25 0.02 ND
M, 0.87 0.83 0.85 0.82 0.41T 0.40T 0.03 or 0.63 DS
M, 0.01 0.01 0.34T 0.01 0.01 0.02 or 0.86 DS 0.03 or 0.88 DS
M,, 0.01 0.03 0.31T 0.08 0.09 0.04 0.01 or 0.66 DS
M, 0.18 0.20 0.19 0.19 0.18 0.20 0.01
M,, 0.82 0.10 0.25 0.02 0.12 ND ND
M, 0.54 0.53 0.35T 0.48 0.22 0.28 0.01

TZ, CS, RB, AB, MT, BG, and NT represent tartrazine, carmoisine, rose bengal, amidoblack 10B, methyl thymol blue, bromopyro-
gallol red and 4-nitrobenzene dizonium tetrafluoroborate respectively. DS, ND and T stand for double spot, not detected and tailed

spots respectively.

T=tailed spot, (R, - R; >0.3)
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EB, stationary phase showed differential migration
behaviour TZ (R; = 0.95), CS (R = 0.70), RB (R;
= 0.40), AB (R = 0.78), MT (R = 0.06) BG (R =
0.22) and NT (R; = 0.05) and hence this TLC sys-
tem was considered most favourable for quaternary
separations such as TZ-CS-RB-MT, TZ-CS-RB-
NT and ternary separation RB-AB-MT and RB-AB-
NT; good separation was obtained hence this mobile
phase most efficient for the separation of these or-
ganic dyes (Table 4). This system was selected for
further detailed studies.

On S, stationary phase, the mobility of RB dyes
with mobile phases M, (R; = 0.70) can be separat-
ed from CS, AB, MT and BG R; (0.02, 0.10, 0.10
0.02 and 0.02 respectively), hence binary separation
achieved while NT and TZ organic dyes was not de-
tected.

When TLC plates were developed with Mg, My
mobile phases, with Mg mobile phase all are found
near the point of application (R; = 0.01-0.11) ex-
cept, RB tailing spot and NT, TZ were not detected
on Pani@SG-EB, stationary phase. On M, bina-
ry separation (TZ-CS/MT) of these organic dyes
achieved. And other dyes were not detected.

In M,,-M,; mobile phase with S, static phase
with M,, mobile phase RB (R, = 0.44) dyes sepa-
rated from all other dyes which are near the point

of application, thus binary separation was achieved.
With mobile phase M,;, M, and M;; some could
not detected on the use of Pani@SG-B, and other
remain at the point of application, thus no any sepa-
ration was achieved; so this system was not favour-
able.

3.4 Pani@wSG-EB, (S;) system

On Pani@SG-EB, stationary phase using dou-
ble distilled water (M,) mobile binary separation of
CS (R =0.55) from TZ, RB, AB and MT their R;=
0.18,0.01, 0.04, 0.04 respectively while BG and NT
were not detected.

With S, static phase with ethyl acetate (M,) and
n-butyl acetate (M;) mobile phase NT organic dyes
reach the maximum allowed distance, showed RF in
the range of 0.91-0.92. Other organic dyes near the
point of application except RB which showed tailed
spot. Thus binary separation achieved (NT/TZ-CS-
AB-MT-BG) in both mobile phase M, and M, as
shown in Table 5.

RB (Rr= 0.70) exhibit high mobility and all
organic dyes (TZ, CS, AB, MT, BG, NT) remain at
the point of application (R; = 0.01-0.10) as S, sta-
tionary phase. Binary separations of these organic
dyes were achieved.

With equal volume of two component mobile

Table 4. Mobility of dyes in terms of R; values on Pani@SG-EB, = S, stationary phase with different mobile phases

Mobile Phase Ry Value
TZ cs RB AB MT BG NT

M, 0.18 0.55 0.01 0.04 0.04 ND ND
M, 0.01 0.01 0.45T 0.01 0.01 0.01 0.92
M, 0.01 0.01 0.46T 0.01 0.01 0.01 0.91
M, 0.01 0.05 0.77 0.06 0.01 0.01 0.01
M, 0.12 0.12 0.45T 0.01 0.05 0.02 ND
M, 0.95 0.70 0.40 0.78 0.06 0.22 0.05
M, ND 0.10 0.70 0.10 0.02 0.01 ND
M, ND 0.10 0.40T 0.10 0.08 0.01 ND
M, 0.36 0.30 ND ND 0.01 ND ND
M, 0.02 0.10 0.44 0.10 0.03 0.02 0.01
M, 0.17 0.10 ND ND ND 0.20 ND
M, ND ND ND ND 0.08 ND ND
M, 0.13 021 ND ND 0.05 ND ND

TZ, CS, RB, AB, MT, BG, and NT represent tartrazine, carmoisine, rose bengal, amidoblack 10B, methyl thymol blue,
bromopyrogallol red and 4-nitrobenzene dizonium tetrafluoroborate respectively. DS, ND and T stand for double spot, not detected

and tailed spots respectively.

T = tailed spot, (R, - R; >0.3)



phase ethyl acetate:DDW. In M, mobile phase TZ
(Rz=0.45) and CS (R;= 0.40) can be separated
from BG and NT dyes. In case of AB and MT lack
of clarity of coloured spot and RB shows tailing
spot.

In My mobile phase TZ, CS and AB showed
high mobility, their R, values in the range of (0.75-
0.93), other RB, MT and NT dyes show strong in-
teraction with stationary phase so low R; value de-
tected, hence binary separations were achieved (TZ-
CS-AB/RB-MT-NT) while BG dye not detected. On
M, mobile phase binary separation occur (RB-AB-
MT/TZ-BG-NT). CS showed broader and not clear
spot.

With M; mobile phase of organic solvent, the
analysis of organic dyes on Pani@SG-EB, station-
ary phase all are exhibited near the mid point of ap-
plication, thus no any good separation was achieved
due to broadness of spot. In case of M, mobile
phase, the strong interaction occur between static
phase and TZ, CS organic dyes. Hence, it shows
high RF values near mid and above the mid point of
application, hence mutual binary separation of these
dyes TZ (Rz=0.70), CS (Rz=0.50), RB (R;=0.05),
AB (R; = 0.01) and NT (R;= 0.02) while BG not
detected.

RB and AB (R;= 0.82-0.87) exhibit high mo-
bility and tailing in MT, BZ. In mobile phase, M,

and M,, consisting of TZ, CS, AB and MT showed
strong interaction with silica gel static phase re-
mained near the point of application (R.= 0.01-
0.09), while RB exhibit tailing spot along with BG
and NT dyes showed double spot. Hence, no sepa-
ration was achieved.

In case of M,, mobile phase system on S,, none
of the analyte move along the mobile phase all or-
ganic dyes remained near the point of application
(Rz=0.01-0.10). Hence, no separation was found.
While in M,, mobile phase, mutual binary sepa-
ration was achieved (TZ-CS-AB/NT) on S; static
phase while RB showed tailed spot and MT broader
spot not compact. In M,, mobile phase RB, MT, BG
and NT (R= 0.01-0.05) at the point of application
and other not detected in this case no separation oc-
cur while M13 mobile phase TZ, CS, AB, RB and
MT shows broader spot near the point of application
and other organic dyes BG, NT were not detected,
thus no good separation could be achieved hence
mobile system M,, and M; are not suitable for sep-
aration of dyes as shown in Table 5.

An important quaternary and ternary separation
mixture of organic dyes consisting of Tartrazine (R
=0.95), carmoisine (R = 0.70), rose Bengal (R; =
0.40), amidoblack 10B (R = 0.78), methyl thymol
blue (Rz= 0.06), bromopyrogallol red (R;= 0.22)
and 4-nitrobenzene dizonium tetrafluoroborate (R

Table 5. Mobility of dyes in terms of R; values on Pani@SG-EB, stationary phase with different mobile phases

Mobile Phase Ry Value
TZ CS RB AB MT BG NT

M, 0.18 0.55 0.01 0.04 0.04 ND ND
M, 0.01 0.01 0.40T 0.01 0.01 0.01 091
M; 0.01 0.01 0.45T 0.01 0.01 0.01 0.90
M, 0.01 0.10 0.70 0.10 0.01 0.01 0.02
M; 0.45 0.40 0.55T 0.22 0.12 0.05 0.02
M, 0.93 0.75 0.15 0.80 0.25 ND 0.02
M, 0.13 0.21 0.60 0.43 0.53 0.02 0.02
M 0.60 0.57 0.76 0.45 0.60 0.38 0.03 or 0.76 DS
M, 0.70 0.50 0.05 0.01 0.40T ND 0.02
M,, 0.07 0.06 0.10 0.06 0.10 0.01 0.01
M, 0.42 0.41 0.55T 0.34 0.20 ND 0.02
M,, ND ND 0.05 ND 0.01 0.05 0.01
M,; 0.26 0.25 0.25 0.17 0.10 ND ND

TZ, CS, RB, AB, MT, BG, and NT represent tartrazine, carmoisine, rose bengal, amidoblack 10B, methyl thymol blue,
bromopyrogallol red and 4-nitrobenzene dizonium tetrafluoroborate respectively. DS, ND and T stand for double spot, not detected

and tailed spots respectively.

T = tailed spot, (R, - R;>0.3)



=0.05) has been achieved on S, with M, (Figure 7).
Hence, TLC system comprising of Pani@SG-EB,
as stationary phase and [n-butyl acetate:DDW, 5:5]
(M) as mobile phase has been most favourable for
resolution of multi-component mixtures of organic
dyes (two-three or four component mixtures).

3.5 Effect of modification of silica gel with
polyaniline as a stationary phase

Silica gel was replaced by modified silica gel
with the hope of getting improved separations. It
was observed that in case of silica gel, separations
of rose Bengal, methyl thymol blue and bromopy-
rogallol red was not obtained with silica gel due to
tailing of spots. The chromatographic performance
of the stationary phases was in the order: Pani@
SG-EB, > Pani@SG-EB,> silica gel. Thus, better
performance of Pani@SG-EB, as stationary phase
is probably due to its large surface area as compared
to other stationary phases.

3.6 Aging effect of mobile phase

Stability (aging effect) of mobile phase M, on
the separation was insignificant since slight varia-
tion in their R values was observed during the sep-
aration of organic dyes from their quaternary mix-
ture with the use of freshly prepared mobile phase
and the use of the same mobile phase after storing
it to 24 h. Hence, it can be concluded that the com-
position of eluent M remains unaltered for several
hours and suitable for chromatographic analysis.

3.7 Effect of foreign substances

Effect of metal cations, anions on the magnitude
of separation factor (o) and resolution parameter
(Rs) and AR; values for separation of four-compo-
nent mixtures consisting of tartrazine, carmoisine,
rose bengal and methyl thymol blue has been exam-
ined and the results are presented in Table 6. From
the results, it is clear that magnitude of these param-
eters is marginally influenced (increases or decreas-
es) in the presence of these foreign substances, but
separation was always possible in each case. The
minor change in the value of these parameters was
due to the slight increase in spot size of the analyte
because of certain interactions of organic dyes with
these foreign substances.
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Figure7. Densitographic presentation of representative sepa-
rations of four- component mixtures of dyes achieved with M,
mobile phase on S, stationary phase (a) (NT-RB-CS-TZ) and (b)
(MT-RB-CS-TZ).

3.8 Limits of detection

The lowest possible detectable amounts (pg
spot’) of rose bengal (1.0), amidoblack 10B (1.3),
carmoisine (0.75), tartrazine (1.0), methyl thymol
blue (1.25), bromopyrogallol red (0.90) and 4-nitro-
benzene dizonium tetrafluoroborate (1.0) showing
reasonable sensitivity of the proposed method for on
spot detection of these organic dyes of different con-
centrations on the Pani@SG-EB,. TLC plates which
were developed with the selected mobile phase Mg
and the spots were visualized. This process was re-
peated by successive reduction of the concentration
of organic dyes until the detection of organic dyes
was not possible anymore.

4. Applications



The proposed thin layer chromatographic meth-
od, comprising of polyaniline modified silica gel
Pani@SG-EB, as stationary phase and aqueous Mg
(n-butyl acetate:DDW, 5:5) by volume as mobile
phase, is applicable for the identification of car-
moisine in Solvin cold DS syrup and tartrazine in
Mefast™ P syrup (Table 7 and Figures 8-9).

5. Conclusions

It may also be concluded from this work that
the use of thin layer chromatographic system con-
sisting of polyaniline modified silica gel as station-
ary phase with aqueous M (n-butyl acetate:DDW,
5:5) as eco-friendly mobile phase is most favourable
for the identification and separation of four-compo-
nent mixtures of rose bengal, tartrazine, carmoisine,

Table 6. Effect of interference on ARy, separation () and resolution (Rg) factors of the separated ternary mixtures of amino acids

Quaternary Separations

Tartrazine (TZ), Carmoisine (CS), Rose bengal (RB) and Methyl thymol blue (MT)

Foreign TZ and CS CS and RB RB and MT
Substance ARy a R¢ ARy a Rg ARy a R¢
(0.23) (6.394) (65.74) (0.31) (3.676) (56.363) (0.34) (10.444) (56.666)
Cations
cu® 0.23 5.693 51.111 0.31 3.649 47.692 0.34 12.148 48.571
Zn>" 0.22 6.091 55.00 0.32 3.858 53.333 0.34 10.444 52.307
Mn** 0.17 3.552 37.777 0.32 3.928 53.333 0.35 9.626 53.846
Ni” 0.21 6.674 46.666 0.35 4.452 46.666 0.31 7.352 36.470
Li 0.21 5.793 46.666 0.32 3.891 45.714 0.35 10.886 46.666
Mg™ 0.21 5.165 46.666 0.33 4.022 50.769 0.32 8.494 45714
Anions
COo,” 0.21 5.165 46.666 0.31 3.701 47.692 0.35 10.886 46.666
NOy 0.22 7.026 44.00 0.30 3.583 42.857 0.35 8.679 46.666
Br 0.21 5.793 60.00 0.30 3.583 50.00 0.34 7.639 42.50
Cr 0.18 4.428 36.00 0.34 4.317 48.571 0.34 9.232 42.50
CH,COO 0.20 6.332 40.00 0.36 4.692 51.428 0.32 8.494 45.714

Table 7. Identification of carmoisine (in Solvin cold DS syrup) and tartrazine (in Mefast™ P syrup) according to their R;, values

. R; Value
Organic Dyes
Standard Sample Drug Sample
Carmoisine 0.70 0.67
Tartrazine 0.95 0.90
500 500
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) . ) .
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Figure 8. Densitographic illustration of identification of car-
moisine in Solvin cold DS syrup on S, with M.
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Figure 9. Densitographic illustration of identification of Tartra-
zine in Mefast™ P syrup on S, with M



methyl thymol blue or 4-nitrobenzene dizonium
tetrafluoroborate. The chosen TLC system is also
applicable for the identification of these food dyes
in pharmaceutical products (Solvin cold DS syrup
and Mefast™ P syrup). The use of aqueous solutions
of n-butyl acetate as green mobile phase system
makes the proposed TLC system as environment
friendly and paves the way for the development of
green chromatography.
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