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Abstract: A mixture of dodecanoic and hexanoic fatty acids was used to perform a simple and efficient
microextraction method for industrial dyes such as methylene blue (MB), methyl violet (MV), and
malachite green (MG) in aqueous solution. The fatty-acid microextractants were simply mixed and
heated until the mixture became homogeneous before adding it to the dye solutions. The fatty-acid
solvent and its components were characterized with Fourier transform infrared spectroscopy (FTIR)
and proton nuclear magnetic resonance ('H NMR) measurements, while the dye concentrations were
measured using UV-Vis spectroscopy. The performance of the extracting mixture was observed to
vary across different dye contaminants, dosages of the extractant, concentrations of the dyes, and
contact times. High extraction efficiencies of up to ~99% were obtained for MG as well as MV, and
~73% efficiency was achieved for MB. The study shows how a mixture of fatty acids can be used as
a simple, efficient, green, and sustainable low-volume method for the removal of toxic industrial
dyes in aqueous solutions.
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1. Introduction

A vast range of micropollutants heavily permeate several industries. Though broadly
relevant in the production of several commodities, the adverse impacts of micropollutants
such as dyes, pesticides, and pharmaceutical residues characterize a risk to the environment
and exposed organisms [1-3]. Dyes alone have been linked to detrimental threats such
as cytotoxicity and mutagenic effects [4,5]. As a potent micropollutant chiefly used in the
textile, food, and printing industries, the impact of dye contamination reduces water quality
and interferes with the photosynthetic activity of microorganisms [6,7]. The accumulation
of toxic dyes in bodies of water can cause severe environmental and health hazards.
Therefore, an efficient method to treat dye effluent is vital.

Conventional water treatment methods have been the traditional practice in address-
ing contamination by dye effluents, but collective efforts have been drawn to circumvent
their disadvantages such as difficulties in regeneration and high amounts of sludge forma-
tion [8,9]. In recent years, numerous natural and synthetic routes have been used to explore
alternatives such as ionic liquids (ILs) [10], advanced oxidation processes (AOPs) [11],
and a diverse set of bioremediation approaches [12,13]. However, while these alternative
techniques are able to reduce the concentration of dyes in aquatic environments, the combi-
nation of efficiency, sustainability, and economic feasibility remains to be an elusive balance
to be achieved from a single method.

The use of fatty-acid mixtures has been gaining attention in recent years for their
use in green applications. Beyond their role as phase-change materials (PCMs) [14,15],
fatty acids have been applied for a broad range of uses that encompass applications
in latent heat thermal energy storage (LHTES) [16] and water remediation to reduce
the presence of micropollutants in aqueous environments [17-19]. In maximizing their
desirable properties, previous studies have investigated their role in the extraction of
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compounds such as alkylphenols [20], fluoroquinolones [21], and endocrine-disrupting
compounds (EDCs) [22] that threaten the survival of aquatic organisms.

Binary mixtures of fatty acids represent a vast potential in wastewater remediation,
and, to expand their role towards green initiatives, their performance is herein assessed.
This study explores their performance in dye remediation using the binary combination of
hexanoic acid and dodecanoic acid as a microextractant for methylene blue (MB), methyl
violet (MV), and malachite green (MG) as shown in Figure 1. With many potential advan-
tages including rapid dye absorption, facile preparations, high efficiency, and minimal
volume requirement, the use of fatty-acid-based mixtures presents a green and promising
solvent for microextraction methods.
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Figure 1. Chemical structures of the fatty acids and dyes used in this study.

The study aims to investigate the spectral profile of the fatty-acid mixture and to
probe the influencing variables that may boost or hinder its performance as a dye ex-
tractant. FTIR measurements were conducted to explore if the characteristic peaks of
the mixture components would indicate significant changes before and after mixing. 'H
NMR measurements were carried out to establish how mixing the fatty acids may impact
hydrogen bond strength and the solvent’s behavior upon exposure to water which could
influence its extraction capacity. With the use of a liquid-liquid microextraction method
and the determination of the solvent’s efficiency via UV-Vis measurements, the proposed
approach of the study leveraged the benefits of simplicity and the rapid route of both
solvent preparation and analyses.

2. Results and Discussion
2.1. FTIR and 'H NMR Measurements

Figure 2 shows the FTIR spectra of the C12:C6 fatty-acid mixture prepared. Vibrations
found at ~2900 cm~! and ~2800 cm~! wavenumbers correspond to the stretching -CHj
and -CHj, vibrations, respectively. The 1700 cm~! peak is attributed to the stretching mode
of C=0, while the broad peaks found between 3000 cm ! and 3500 cm ! are assigned to
the hydroxyl group of the fatty acids. Comparing between the spectra of the mixture and
its individual components, it was observed that they had the same characteristic peaks,
which suggests that there was no chemical reaction that occurred between the hexanoic
and dodecanoic fatty-acid components, consistent with previous reports [23,24].
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Figure 2. FTIR spectra of the fatty-acid mixture prepared and its individual components: C12 (black
line), C12:C6 (red line), and C6 (orange line).

Figure 3 shows the 'H NMR spectra and 'H assignments of the C12 and C6 fatty acids
and their C12:C6 mixture. As observed in the FTIR spectra above, the 'H NMR spectra
also confirm that the fatty acids in the mixture did not have any chemical reaction as no
additional peaks were observed after mixing the C12 and C6 fatty acids [25]. Additionally,
the resonance signals did not have significant changes in chemical shifts (Supplementary
Materials, Table S1) before and after mixing which shows that the hydrogen bonding
strengths did not vary greatly between the individual fatty acids and when combined
to form the mixtures. The results show that the preparation of the solvent in this study

promoted a maximized atom economy without the formation of side products and could
be a sustainable solvent [26,27].
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Figure 3. 'H NMR spectra of the C12:C6 fatty-acid mixture prepared (red line) and its individual
components, C12 (black line), and C6 (blue line). The IH NMR spectra of the C12:C6 mixture after
mixing with water (green line) is also shown.
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The 'H NMR spectra of the C12:C6 mixture after mixing with water was also de-
termined to understand possible changes in the mixture during extractions in aqueous
solution, as shown in Figure 3. Water was first introduced in a vial and was continuously
mixed with the fatty-acid layer using a pipette by a series of suction and expulsion steps to
form temporary emulsion droplets. The mixture was then allowed to stand until phase
separation between the aqueous phase and the fatty-acid layer was achieved, and the
hydrophobic layer was then subjected to 'H NMR measurement. From the results, the
hydrogens in the aliphatic chain were not greatly affected by the introduction of water
and their chemical shifts were similar. However, the resonance signals corresponding
to the hydrogens of the carboxyl groups were observed to have significant upfield shifts
(SI, Table S1), i.e., they were more shielded, which showed that the introduction of wa-
ter disrupted the hydrogen bonding interactions of the fatty-acid components, similarly
observed in previous studies upon the addition of water [28,29]. This attribute could
be seen as an advantage as earlier studies also positively noted the influence of water
in potentially improving the efficiency of solvents for various extraction methods and
applications [18,30].

2.2. Liquid-Liquid Microextraction

The extraction efficiencies at various experimental conditions of the fatty-acid mixture
and dye solutions were varied: (1) dye solution, (2) dye concentration, (3) C12:C6 dose, and
(4) contact time, and the changes in the extraction efficiencies were presented. Concentra-
tions were varied between 50 umol/L and 500 pmol/L for the three dyes: methylene blue
(MB), methyl violet (MV), and malachite green (MG). Varying the volume of the solvent
extractant could have led to the possibility of increasing the dye uptake but could also have
led towards decreasing the solvent’s extraction efficiency, and in line with this, the solvent
dose was tested between 30 uL. and 600 pL [31].

Figure 4 presents the extraction efficiencies for the dyes after 24 h exposure at increas-
ing C12:C6 mixture volumes and dye concentrations. It can be observed that in the dye
solutions, extraction efficiencies generally increased as the volume of the C12:C6 mixture
increased from 30 pL to 600 pL, and an increase in dye concentration was also followed
by an increase in the solvent’s efficiency. Higher extractant volumes were able to increase
the possibility of dye dissolution and extraction, and as a result, close to 100% efficiency
was achieved at 600 pL of the C12:C6 mixture for the MG and MV dyes. The highest ex-
traction efficiency of 99.3% for the MG dye was achieved at 600 pL extractant volume and
500 umol/L dye concentration. The highest efficiency for MB (73.1%) was also achieved
at similar parameters, while the maximum value for MV was recorded at 98.6%. The
minimum and maximum extraction efficiencies during the 24 h extraction are summarized
in Table 1.

Table 1. Highest and lowest extraction efficiencies of the methylene blue (MB), methyl violet (MV),
and malachite green (MG) dye solutions with the C12:C6 mixture at 24 h contact time.

Extraction Efficiency (%)

Lowest Highest
MB 6.7 73.1
MV 83.2 98.6
MG 67.5 99.3

Comparing the effects of dye concentration in the three dyes, it can be observed
that the increase in dye concentration only had a minimal effect on the 24 h extraction
performance of C12:C6 on MG and MV due to their high efficiencies, whereas the increase
in MB dye concentration contributed a more notable increase in efficiency. The increase
in the extraction efficiency with the increase in dye concentration could be attributed to
the increase in the driving force due to mass transfer [32]. When the dye concentration
was low, the mass transfer was slower, and the equilibrium of the dye distribution in the
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fatty-acid mixture and aqueous phase was reached faster. Conversely, increasing the dye
concentration may have favorably accompanied high mass transfer, and the equilibrium of
the dye distribution may not have been reached, suggesting that the dye extraction could
still have been ongoing even after 24 h.
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Figure 4. Dye extraction efficiencies after 24 h exposure of the dye solution with the C12:C6 mixture: (a) malachite
green, (b) methyl violet, and (c) methylene blue at various dye concentrations (50 umol/L, 100 umol/L, 250 umol/L, and
500 pmol/L) and extractant volume: 30 pL (green circle), 60 uL (red square), 120 pL (yellow diamond), 300 uL (black circle),
and 600 pL (blue square). The error bars are the standard deviations from the three trials.

Between the three higher extractant volumes (120 pL, 300 pL, and 600 pL) used in MG
extraction, the difference in efficiency was not greater than ~5% as the MG concentration
increased from 50 umol/L to 500 umol/L. Related to this, across all concentrations for
MYV, the three higher volumes showed a ~3% difference in the extraction of MV for all dye
concentrations used. These observations showed that the performances of C12:C6 mixtures
for MG and MV were virtually the same even in large dye concentrations, especially when
the extractant volume was high. However, although the C12:C6 fatty-acid mixture could
efficiently extract MG and MV dyes, the same level of efficiency was not observed for MB.

With the extraction of MB, when the increments of extractant volume and dye concen-
tration were increased, both exhibited significant effects on C12:C6 efficiency. At50 umol/L,
there was a ~47% jump in efficiency between 120 uL and 600 pL, and at 500 pmol/L, there
was a ~37% efficiency gap between a similar volume range. While the earlier examples
of MG and MV showed that the performance of 600 uL could be nearly attained with
a lower volume such as 120 uL, MB in contrast displayed a wide gap in efficiency between
varying C12:C6 volumes. This pattern shows that the extraction for MB may be more
resource demanding than MV and MG in terms of the extractant volume needed to reach
the maximum efficiency for each concentration.

It was generally observed that MB appeared to have the lowest solubility in the
fatty-acid-based solvent relative to MV and MG. Thus, to gain insights on the disparity
of extraction efficiency values between the three dyes, the Gibbs free energy of solvation
(AGgo1y) values were determined via quantum chemical calculations using the SMD model
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with water as the solvent employed in Gaussian16 [33] at the DFT/B3LYP/6-311+G(d,p)
level. The results are summarized in Table 2.

Table 2. Gibbs free energy of solvation for the three dyes used using the SMD model at the
DFT/B3LYP/6-311+G(d,p) level.

Dye AGgq1y (kcal/mol)
Malachite green —34.07
Methyl violet —34.16
Methylene blue —39.79

The AGg,), of MG and MV were very similar, while MB had a more negative AGy
value which could indicate MB’s higher tendency to be solvated in water than the two other
dyes. Previous studies have also noted a similar pattern of MB to favor amphiphilic or
more hydrophilic media instead of hydrophobic solvents [34,35]. Establishing a connection
between a solvent’s performance and a target compound’s solubility could help in the
understanding of solvent efficiency and the screening of solvent components based on
polarity [36,37].

Showing very high efficiencies ~99% at a large range of concentrations for MG and MV,
C12:Cé6 exhibited a significant capacity to extract MG and MV in high dye concentrations
with nearly as much efficiency as when the dye concentration was low. The extraction
capability in high-to-low concentration, as well as high-to-minimal extractant volume
requirement, is desirable in industrial practice as its performance may exceed the resources
it demands. Although the solvent had a lower recorded maximum value of extraction
efficiency for MB than with the other two dyes, it was still at a good level at ~73% and
may still be used in the right conditions. In the extraction of these dyes at a microvolume
range with as low as 1:10 to 1:200 of extractant to dye solution volume ratio without
further treatment, the fatty-acid-based mixture presented the attributes of being efficient,
environmentally friendly, and cost effective.

To evaluate the performance of the proposed method, under optimal conditions, the
figures of merit were also investigated and tabulated in Table 3. The calibration curves for
the three dyes had a coefficient of determination (R?) no less than 0.9965.

Table 3. Analytical performance of the proposed microextraction method.

Parameter Methylene Blue Methyl Violet Malachite Green
Coefficient of determination (R?) 0.9997 0.9998 0.9965
Linear equation y =53170x — 0.0327 y = 44782x — 0.0212 y = 48699x + 0.0099
Accuracy (%) 102.45 + 4.95 100.39 + 1.57 92.95 + 14.37

Linearity range (x107% mol/L) 1-50 1-50 0.5-50

Standard error of intercept 0.0131 0.0074 0.0435

Standard deviation of intercept 0.0292 0.0195 0.1065
Limit of detection (LOD, x10) 1.81 1.44 7.21
Limit of quantification (LOQ, x107°) 5.49 436 21.9

Contact time between the aqueous dye solution and extractant is also an important
parameter in the extraction of dyes. To determine the practicality and efficiency of using
the C12:C6 fatty-acid mixture at a shorter period, contact time was reduced to 5 min.

Figure 5 shows the dye extraction efficiencies after the 5 min exposure of the dye
solutions with the extractant solvent, and the highest extraction efficiencies exhibited
a noticeable decline compared to the 24 h exposure. For MB, the highest extraction effi-
ciency was reduced from 73.1% to 43.6% at 600 pL extractant dose and 500 pmol/L dye
concentration. On the other hand, the highest extraction efficiency of MG at 99.3% was
reduced to 84.3%. The highest efficiency for MV at 98.6% also decreased, to 75.0%. The
lowest and highest efficiency values obtained during the 5 min extraction are tabulated
in Table 4.
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Figure 5. Dye extraction efficiencies after 5 min exposure of the dye solution with the C12:C6 mixture: (a) malachite
green, (b) methyl violet, and (c) methylene blue at various dye concentrations (50 pmol/L, 100 umol/L, 250 umol/L, and
500 umol/L) and extractant volume: 30 uL (green circle), 60 puL (red square), 120 pL (yellow diamond), 300 pL (black circle),
and 600 pL (blue square). The error bars are the standard deviations from the three trials.

Table 4. Highest and lowest extraction efficiencies of the methylene blue (MB), methyl violet (MV),
and malachite green (MG) dye solutions with the C12:C6 mixture at 5 min contact time.

Extraction Efficiency (%)

Lowest Highest
MB 10.8 43.6
MV 16.7 75.0
MG 47.2 84.3

Even when contact time was greatly reduced, the extraction efficiencies, especially for
MG and MYV, were still high, showing the capacity of the fatty-acid mixture to extract dyes
in aqueous solution. This could be attributed to the high affinity or solubility of the MG
and MV dyes in the C12:C6 fatty-acid solvent even at the greatly reduced contact time of
5 min from 24 h, resulting in high mass transfer towards the hydrophobic phase.

Unlike the trend observed during the 24 h extraction wherein a higher volume range
of the solvent could perform almost similarly for MV and MG, the gap in performance
between the volume range increased when the time frame for the microextraction was
reduced to 5 min. This shows that optimizing the C12:C6 volume was a favorable approach
for a 5 min extraction of MG and MV, but the increase in solvent volume played only a small
role at longer extraction periods. During a 24 h extraction, the difference in performance
between 120 pL to 600 puL of solvent volume was ~5% for MG and ~3% for MV. However,
in the case of reducing contact time to 5 min, a similar volume range varied in efficiency by
as much as ~19% and ~42% for MG and MV, respectively.

The two dyes, along with a higher C12:C6 volume range, shared a common trend
of minimal differences in efficiency during a 24 h extraction compared to a 5 min contact
time, but the reverse was observed for MB. With the five tested MB concentrations, the
extraction efficiency reflected a difference greater than ~37% when the C12:C6 solvent
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volume was varied between 120 uL to 600 uL for a 24 h extraction. However, the difference
was reduced to ~18% when the extraction was shortened to 5 min. This indicates that
increasing C12:C6 volume was a desirable optimization step during a 24 h extraction of MB,
but the approach may not necessarily boost the recovery yield with as much magnitude at
a shorter exposure.

Connecting these observations, the use of more resources by increasing extractant
volume can be a practical approach during a 5 min extraction of relatively hydrophobic
dyes such as MG and MV. However, it can be a counterintuitive approach for longer periods
of extraction as increasing solvent volume was observed to impart minimal influence and
would thus not require large resources to achieve high recovery yield. In contrast, for
the removal of a more polar dye such as MB, adjustments to solvent volume contributed
a higher boost in efficiency during the 24 h extraction than the 5 min period.

The described differences regarding the conditions in which C12:Cé can obtain an
optimum recovery yield agree with earlier findings that the solubility of dyes is a significant
criterion in determining optimal extraction conditions. The results illustrate that contact
time, along with the other studied experimental parameters, could be optimized depending
on the polarity of the dyes. Identifying how these factors interact may further improve the
extraction process for resource-efficient and cost-effective future experiments that yield
higher performance.

3. Materials and Methods
3.1. Materials

Hexanoic acid (>99%) and dodecanoic acid (>98%) were acquired from Sigma Aldrich
(St. Louis, MO, USA). The dyes methylene blue, methyl violet, and malachite green were
purchased from HiMedia (Mumbai, India), Sigma-Aldrich (St. Louis, MO, USA), and
LabChem (Auckland, New Zealand), respectively. All reagents were used as received with
no further purification.

3.2. FTIR and TH NMR Measurements

'H NMR studies were carried out with a High-Resolution JEOL 600 MHz spectrometer
to confirm the constituent components of the fatty-acid mixture. With the addition of
deuterated dimethyl sulfoxide (DMSO-d6), all binary mixtures and pure components were
prepared on 5 mm NMR tubes properly sealed with a cap.

All Fourier transform infrared spectra for the samples and pure components were
obtained using a Thermo Scientific Nicolet 6700 FTIR spectrometer, and the spectral data
for each sample were attained at a 4 cm~! resolution. With 16 scans, all results were
recorded over the wavenumber range of 500-4000 cm 1.

3.3. Liquid-liquid Dye Microextraction Procedure

A binary mixture of dodecanoic acid (C12) and hexanoic acid (C6) in 1:3 mole ratio
(xc12 = 0.25) was used as dye microextractant solvent. The concentration of the dye stock
solutions for methylene blue (MB), methyl violet (MV), and malachite green (MG) was
varied at 50, 100, 250, and 500 pmol/L. Liquid-liquid microextraction (LLME) experiments
were carried out by testing different solvent volumes at 30, 60, 120, 300, and 600 pL then
loading the solvent dose into a 50 mL conical-bottom polypropylene tube containing 6 mL
of dye solution.

To investigate the effect of contact time on dye removal, one batch was simply mixed
and left in contact for 24 h at room temperature, while the other batch was centrifuged
for 1 min at 7600x g and left for another 4 min at room temperature. Following this,
two distinct layers were observed, and the remaining concentration of dyes at the aqueous
phase beneath the fatty-acid mixture was extracted with a syringe and analyzed using
a Hitachi U-2900 UV-Vis Double Beam Spectrophotometer. Absorbances at the wavelengths
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586 nm, 613 nm, and 663 nm were, respectively, used for the measurement of residual
concentrations of MV, MG, and MB. The extraction efficiency was calculated as:

% Extraction Ef ficiency (E) = —e X 100% 1)
0

where C, and C represent initial and final dye concentration in uM, respectively.

3.4. Analytical Performance Parameters

For the three sets of calibration curves used for methylene blue, methyl violet, and
malachite green in the study, the acceptance criterion for the calibration curve’s coefficient
of determination was set to >0.98, and the accuracy allowed was within 75-120%.

4. Conclusions

In this study, a low-volume fatty-acid mixture-based solvent was used for a simple
and efficient microextraction method for the removal of dyes in aqueous solution. The
solvent mixture was easily prepared by mixing dodecanoic acid and hexanoic acid, and the
resulting mixture was added to the methylene blue, methyl violet, and malachite green dye
solutions. The interaction between the variety of dye, C12:C6 volume, contact time, and
dye concentration as well as how these factors relate to the solvent’s extraction efficiency
was explored and the fatty-acid mixture presented a green and economic procedure for
the extraction of toxic dyes in wastewater treatment. This was corroborated by the high
extraction efficiencies obtained for methylene blue (73.1%), methyl violet (98.6%), and
malachite green (99.3%). The experimental results reveal that even at a microvolume
solvent availability, a fatty-acid mixture performs efficiently even towards hydrophobic
contaminants 200 times its volume.

The study also underscores the importance of the solvent being tailored according to
desired function and polarity of the target micropollutant. As hydrophobicity contributes
a large role in the extraction efficiency of the fatty-acid mixture, screening the match
between the dye and the solvent would be beneficial for more targeted and hence more
cost-efficient extraction. With a straightforward solvent preparation and with the advantage
of a fast and high capacity to extract dyes in aqueous solution, the microextraction method
using the fatty-acid-based mixture represents an emerging class of inexpensive green
solvents for environmental remediation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
3390 /separations8090135/s1, Table S1: Summary of the "H NMR chemical shifts.
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