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Abstract: Water is an essential part of life, however, with continued modernization, it has become a
dumping place for many pollutants including dyes. The polluted water can severely affect human
health. Polluted water can enter into the human body through different channels, including the food
web. Thus, it is very important for human beings and animals to have access to pollution free water.
To get the knowledge of the pollutants, in this case, a dye, we need sensitive analytical procedure
which could tell the amount of dye in water and also steps to get the pollutant removed from water.
In this work, a liquid chromatography–mass spectrometry (LC-MS/MS) based analytical method was
developed to determine malachite green. The method was developed after proper optimization of
the experimental conditions, where finally, ethanol, a green solvent and formic acid, a food additive
was selected to constitute the mobile phase in ratio 1.5:1.0. Different validation parameters were
used to authenticate the reliability of the method. Based on the experiment results, the method was
found to be linear in the range of 0.1 to 10 mg/L with an excellent correlation coefficient of 0.9995.
The corresponding linear regression equation was found to be A = −6863.2 + 105,520 C; where A
is the area of the peak and C is the concentration of malachite green. The precision study proves
the reproducibility of LC-MS/MS procedure, throughout the precision experiment percent relative
standard deviation (% RSD) was found to be between 0.709–1.893%. Similarly, the experiments on
the recovery suggest a recovery of 97.28–98.75%. The new method was applied to check the amount
of malachite green in environmental samples including the industrial wastewater. The wastewater
sample was extracted using the solid phase extraction (SPE) technique, where a new adsorbent—
wood apple hydrochar—was synthesized and used as the solid phase for the preparation of a solid
phase extraction column to extract the malachite green. The synthesized adsorbent was characterized
using different techniques. To conclude, the developed method can be used for determination of
malachite green in environmental samples, and the SPE technique using wood apple hydrochar can
successfully extract the dye from the water samples.

Keywords: LC-MS/MS; method development; malachite green; solid phase extraction; wood ap-
ple hydrochar

1. Introduction

Malachite green (MG) is a triarylmethane class of dye and chemically known as [4-[[4-
(dimethylamino)phenyl]-phenylmethylidene]cyclohexa-2,5-dien-1-ylidene]-dimethylazanium
chloride. Apart from as a dyestuff it is widely used as an antimicrobial agent in aquaculture,
although the use remains controversial as MG was detected in a number of fish samples. As
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MG is classified as a class II health hazard, its presence in food material raises concerns for
regulatory authorities [1]. It is a water-soluble basic dye and available as a green crystalline
powder. Although not approved by the USFDA, MG has been extensively used throughout
the world for dyeing of jute, wool, leather products, paper and cotton. The usage of MG
for human applications is also reported where it acts as fungicidal agent and antibacterial
agent [2]. The reports on MG suggest that it has toxic effects on human beings. In the litera-
ture, MG usage in food industries too has also been described, where, it was reportedly used
as food coloring agent, unscrupulously. Anthelminthic and medical disinfectant properties of
MG are also highlighted in the literature. Apart from the number of benefits and uses, MG is
linked to several disadvantages, which could cause several ill effects for humans both in the
short or long term. The dye is reported to be environmentally persistent and to accumulate
within the tissue of the living organism. Once ingested it can cause damage to different organs
such as the brain, liver and nervous system. Additionally, other ill effects associated with
MG are eye burn, sweating, fast breathing and multiple organ cancer. Dyscrasia, anemia and
leukocytosis are also reported to be associated with MG [3]. Looking at the significance of the
MG and its usability in different field, it is one of the many dyes which is widely studied by
analytical chemists. In the literature, numerous articles are present which involves different
analytical instruments for the quantitative investigation of MG, with several different matrices.
Spectrophotometry is one of the oldest analytical techniques, which are still prevalent these
days [4–7]. Electrochemical methods too were used for the quantitative analysis of MG [8–11].
Chromatographic technique is an important tool for the determination of dyes in general and
MG in this article the technique involves HPLC [12–15] and LC-MS/MS [16,17]. Some recent
review articles were published dealing in the analysis of dyes and low cost adsorbent [18,19].
The literature is also flooded with several articles related to the removal of dyes, where
hydrochar and marine algae was used as adsorbent [20,21]. Considering its widespread
applicability, it is very important to assay the compound using accurate analytical techniques
including liquid chromatographic (LC) procedure, which requires a suitable mobile phase
for the analysis of such an analyte. The reported procedures indicate analytical investigation
of MG was done using several LC-MS/MS techniques, including the fast ultra-performance
technique, where most of the authors used acetonitrile (MeCN) and methanol (CH3OH) as
organic modifier while the other contributor of the mobile phase was ammonium chloride or
ammonium acetate buffer. However, concerning the environmental factors, it is important
to opt for an ecofriendly mobile phase. In this study ethanol and 0.1% formic acid was
considered as mobile phase. Ethanol is a green solvent while formic acid is used as a food
additive in sweets, bakery products, ice-cream and beverages. The E-number, using the codes
for the food additives, is 236, which is the same as for formic acid. The two-component
combination has been employed in the LC-MS/MS studies in the past for the pharmaceutical
compound [22]. For the method development, the adsorbent was synthesized to serve as solid
phase in the solid phase extraction (SPE) of MG. As it is resistant to biological degradation,
then it is foremost task to get it removed using alternate method, one such method is SPE. The
literature is not so enriched in terms of the number of publications of solid phase extraction,
although there are few analytical techniques available [23–25]. In our work wood apple was
used to synthesize hydrochar, which served as sorbent material for the SPE. Hydrochar is
the product of the hydrothermal carbonization process, which is an environment friendly
process involving the use of water. Dry biomass material is totally avoided, which enables to
set-aside costly separation method and drying arrangements. The pollution free procedure is
yet another advantage of hydrothermal carbonization [26].

2. Materials and Methods
2.1. Chemicals and Reagents

All the chemicals and the reagents used in the current study were of analytical reagents
grade or spectroscopic grade. MG was procured from sigma Aldrich. Formic acid and
ethanol produced by BDH, Poole, England, were purchased from local supplier. Methanol,
acetonitrile, dichloromethane, formic acid, hydrochloric acid and NaOH used during
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different stages of the experiments were produced by Merck. Purified water from the
Millipore water system was used throughout the experiment. The individual apparatuses
involved in the solid phase extraction such as vacuum manifold, empty Extrelut-20 columns,
coupling pieces, stopcocks were obtained from Supelco, Germany; Darmstadt, Germany,
and Varian, Harbour City, respectively. MG stock solution was prepared by dissolving
15 mg in 1 L of water. The stock solution was prepared in larger volume so that larger
amount of analyte can be taken to prepare accurate dye solution. The stock solution was
further diluted to prepare eight working solution in the range of 0.1 to 10 mg/L. To attain
the optimal SPE conditions, 5 mg/L MG solution was taken up for the study.

2.2. Instrumentation

The condition for the quantitative investigation of MG was developed on an Agilent
1260 HPLC-MS system, that contained a binary pump and auto sampler. Other compo-
nents included a temperature controlled column oven and a DAD detector that was not
used during the current study. In our study the MG was quantitatively examined using
an Agilent triple quadrupole mass spectrometer. The solid phase extraction was accom-
plished on Supelco solid phase extraction assembly. The assembly was comprised of the
extraction column, vacuum manifold, and the stopcocks and coupling pieces which were
applied to complete the extraction columns. Sample weighing is an important aspect of the
quantitative analysis, during the experiments all the samples that required weighing were
weighed on a Prescica XB 220A weighing balance. Spectrophotometric measurements were
performed on a UV-visible spectrophotometer; manufactured by Thermos Scientific; Model:
evolution 600; country: UK. Other accessories included a Quartz UV cell for absorbance
measurement. The study also involved the characterization of the sorbent materials used
during the solid phase extraction.

2.3. Sample Collection

Samples for the wastewater were collected from few places of Riyadh as well as from
the Indian industries waste. The sample was collected in glass bottles, amber in color. The
collected samples were filtered using Whatman No. 1 filter paper. The samples taken up for
the study were collected as the last fraction, whereby the filter paper is saturated and there
are negligible additional adsorption possibilities on the filter paper. Precursor material for
the sorbent, i.e., apple wood, was collected from the local hypermarket in Riyadh, Saudi
Arabia and was labelled to be of Indian origin.

3. Experimental
3.1. Preparation of Standard Solution

The standard solution was prepared by dissolving 15 mg of MG in 1000 mL of milli Q
water to prepare a standard stock solution of 15 mg/L. Further, the standard stock solution
was diluted as required. Eight calibration samples were prepared by further diluting the
standard solution.

3.2. LC-MS/MS Investigation of MG
Liquid Chromatographic Conditions

As mentioned above, the Agilent LC-MS system was used for the current study. The
separation of the dye was achieved on Shimpack CLC-ODS column (4.6 × 150 mm), guard
column too was used throughout the chromatographic runs. Mobile phase consists of
ethanol (solvent A) and 0.1% formic acid in water (Solvent B). Ethanol serves as an organic
modifier and contributed 60% of the total mobile phase composition, while involvement of
formic acid, which is the other constituent, remained 40%. In an attempt to get reproducible
results including the retention time and stable signals, the mobile phase was run at the
experimental condition for the equilibration of the LC column.
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3.3. MS/MS Conditions

After proper optimization, the qualitative investigation of MG was achieved using
MRM, i.e., multiple reaction monitoring mode with positive-ion electrospray ionization.
The optimized MS condition were gas temperature 350 ◦C, gas flow 11 L/min, Nebulizer-35
psi and capillary voltage 4000 V.

3.4. Synthesis of Adsorbent Materials

Aegle marmelos L., commonly known as wood apple or stone apple was purchased
from the local market in Riyadh. After consumption of the pulp, the shell was washed to
remove the fibers and attached fleshy material. The washed wood apple shell was sun
dried and crushed to small pieces followed by grinding in ball mill to get a mixture of
powder and tiny sized wood apple shell. Further, 10 g of the crushed wood apple shell was
mixed with 25 mg of citric acid and dissolved in 90 mL of milli Q water and stirred for 1 h.
The next day, the whole content was put in hydrothermal reactor equipped with stainless
steel shell and 200 cm2 Teflon chamber, the reactor was sealed and heated at 523.15 K. After
5 h of hydrothermal carbonization the reactor was allowed to cool at 20 ◦C which was the
room temperature at the period of analytical investigation. The synthesized hydrochar
material was removed dried, grounded and powdered manually. The powdered hydrochar
material was then treated with 10% H2O2 for 2 h and was allowed to dry. After drying the
material was collected for further studies.

3.5. Sample Extraction Procedure

The wastewater sample collected from different locations within and outside Riyadh.
The collected samples were initially passed through the Whatman filter paper and the
last 250 mL portion of 1 L of the sample was collected for analysis purpose. Prior to
the start of the MG extraction, the extraction column was equipped with solid phase by
taking 0.5 gm of the sorbent materials (wood apple hydrochar), the sorbent material was
compressed in between the two coupling pieces to complete the SPE column. Then, the
prepared column was flushed by passing 15 mL of milli Q water followed by drying of the
prepared SPE column under vacuum for time duration of 15 min. Fifty mL of wastewater or
water samples spiked with the MG were chosen for extraction purpose. The investigation
samples were allowed to pass through the SPE column at a controlled flow rate of 0.75 mL
per minute. After passing the complete 50 mL volume of the wastewater, the SPE column
was again flushed with milli Q water with two fractions each of 25 mL and dried under
vacuum condition. After the adsorption process, elution of the adsorbed dye is equally
important to get the quantitative information of MG. For elution, methanolic formic acid
was used that was comprised of 1% formic acid prepared in methanol. The extracted dye
that was desorbed in the methanolic formic acid, dried and reconstituted in methanol:
water (50:50) and was subjected to LC-MS/MS analysis.

4. Results and Discussion
4.1. Method Development and Optimization

The optimization of the instrumental condition starts with the optimization of the
MS conditions. The selection of a proper electrospray ionization is vital in selecting the
parent ion, chemical ionization characteristics of the analyte decides the most favorable
ionization mode. The MG sample was electrosprayed and ionized in an MRM approach
where the positive ionization and negative ionization mode was checked to achieve the
best outcomes. The obtained result suggests that the positive ionization suits best for the
MG. The spectra resulting from the positive ionization mode is cited as Figure 1. It is
evident from the figure that the precursor ion 329.2 exists in the positive mode, which
was not found in the negative ionization, possibly meaning that it failed to fragment the
desired ion. Similarly, the fragmentation pattern of the daughter ions in positive ionization
mode can be seen from the spectra mentioned in Figure 2. As evident from the figure that
predominantly, two daughter ions resulted from the fragmentation of the parent ion, MG
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or the precursor ion (MG). The daughter ions at m/z; 313.2 and 208.1 are the two product
ions formed where, owing to higher sensitivity, 313.2 was used for quantitative purpose,
while 208.1, the other fragment, was taken up for the confirmation purpose. The details of
the MS source parameters are mentioned in Table 1.

Figure 1. Full ion spectra of malachite green in positive ionization mode.

Figure 2. Daughter ion spectra of MG along with the possible fragmentation pattern.

Table 1. MS parameter for the detection of precursor and the daughter ion.

Parameters Values

Gas Temperature 350 ◦C
Gas Flow 11 L/min
Nebulizer 35 psi
Capillary 4000 V

Collision Energy 40 eV
Fragmentor voltage 150 V

Besides the MS parameter, the liquid chromatography (LC) condition also needs to
be optimized for correct analysis of the MG dye, a known environmental pollutant. As
per the regulatory guidelines, any change in the existing procedure or a new analytical
procedure must be validated using the recommended parameters so that it qualifies for
quantitative investigation. In this study too, analytical method involving LC-MS technique
was developed and later validated. While developing new method, there are several
trails on experimental LC conditions including multiple mobile phase combinations. The
optimization of the experimental conditions proceeded in such a manner that the resulting
analyte signal as chromatograms and the corresponding peak area ought to be even and
should have excellent sensitivity.
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Few research articles are accessible from the journals database for MG determination,
the study reveals that almost all the method involves the use of toxic solvents as mobile
phase constituent. One of the substitutes for these toxic organic modifiers is ethanol.
The study conducted to highlight the comparison of methanol and acetonitrile to that
of ethanol suggests that ethanol can be used for the organic modifier role with excellent
chromatographic properties [27]. The toxicity profile of ethanol is well known and is
consumed by a huge population, as is formic acid, owing to its low toxicity is used as
food additive (E236) and comes under the category of organic preservatives where it
is believed to have antimicrobial properties [28]. In this chromatographic experimental
condition exploration, ethanol and formic acid was selected as mobile phase. The first trial
of the ethanol:formic acid (20:80) was unsuccessful with a small broad peak with uneven
baseline was observed. Further trials were performed, where there was little towards
perfection in the peak shape accompanied by a better base line, which still requires further
improvement. The retention time also required improvement, as the signal response was
at 18 min (ethanol: formic acid (40:60). Changing the mobile phase composition to 50:50
(ethanol: 0.1% formic acid) further improved the peak shape and the sensitivity with
a stable base line but the peak was not completely resolved and a shoulder appeared
in the peak. In addition to the distorted peak, the retention time was also a matter of
concern, as the peak appeared at about 14 min. Another attempt was taken by varying
the ratio of the mobile phase with the ethanol contributing 60%, formic acid being 40%,
this produced stable baseline, excellent sensitivity, equally excellent peak character in
terms of shape and more importantly lower retention time. Besides the mobile phase, a
few other essential parameters required optimization, these parameters include flow rate
and injection volume. Post optimization, the mobile phase was finally made to flow at
0.3 mL/min and the injection volume of 10 µL was selected. After final optimization of the
experimental conditions, an excellent MG peak appeared at 9.98 min (Figure 3).

Figure 3. Sample chromatogram obtained after proper optimization at the mobile phase composition
of ethanol: 0.1% formic acid (60:40).

4.2. Method Validation for Liquid Chromatography

The validation process is a fundamental part of any newly developed method or
for any change that is made in the reported one. In the current case, a new method was
proposed; thus, to make the results authentic and reliable and appropriate to the real
sample analysis, the method must be validated. There are a few parameters which should
be studied, they include: (1) system suitability (2) linearity and range (3) precision and
accuracy (4) limit of detection and quantitation (5) recovery (6) stability.
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4.2.1. System Suitability

System suitability is a vital factor for assessment of the reproducibility of the peak
prior to the start of the determination experiments. Considering this parameter, the
assessment of the overall system, software, analytical operations and lastly the samples can
be achieved and their suitability for further quantitative investigation can be judged. Here,
six MG samples with concentrations of 10 mg/L were run using the zeroed experimental
conditions. Table 2 summarizes the results of the system suitability studies. The outcome of
the chromatographic investigation shows that percent relative standard deviation (% RSD)
of the retention time (six replicates) was 0.05, similarly the % RSD of concentration based
on the individual peak areas of similar number of replicates was 0.500. It can be seen from
the results that during these six runs that there was neither any significant variation in the
retention time nor extreme change in the peak areas. The percent RSD of both retention
time and the concentration was within the permissible limit.

Table 2. System suitability data for the MG.

S. No Retention Time Concentration of MG (mg L−1) from
Corresponding Peak Area

1 9.988 9.99
2 9.998 9.82
3 9.999 9.91
4 9.998 9.97
5 9.998 9.91
6 9.999 9.87

Mean 9.998 9.92
% RSD 0.05 0.500

4.2.2. Linearity and Range

This is one of the obligatory parameters that requires examination during the val-
idation of any developed method. In the linearity study, different concentrations were
subjected to chromatographic analysis and the areas at each concentration were recorded.
Finally, the mean of peak areas at each concentration was plotted against their respective
concentration. From the obtained results, it is evaluated that within the studied concen-
tration range the area obtained from the chromatogram are proportional. In this study
the linearity study was performed at eight concentration points viz. 0.1, 0.25, 0.5, 1.0,
2.5, 5.0, 7.5, and 10 mg/L. The results recommend that the graph is linear between these
concentrations points with an excellent correlation coefficient of 0.9995. The resulting linear
regression equation was found to be A = −6863.2 + 105,520 C; where A is the area of the
peak and C is the concentration of MG. The corresponding calibration curve is mentioned
in Figure 4.

Figure 4. Calibration plot of MG in the concentration range of 0.1 to 10 mg L−1.
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4.2.3. Precision and Accuracy

Precision can be anticipated as the agreement between the results of the replicated
analyses. In the current context, the analytical system can be stated to be precise when
the results acquired from sequences of the experiments are in agreement with each other
under the optimal experimental conditions. To judge the precision of this method, four
concentration points were selected, and the precision experiments were conducted within
a single day and for the consecutive three days, the former is recognized as intraday and
later one is stated as inter day precision. These experiments were conducted at 0.1, 0.25,
0.5 and 10 mg/L. The purpose of conducting the study at this mentioned concentration is
to include lower-middle and higher concentrations in the precision study. The accuracy
expresses the closeness of agreement between the found value and the reference value.
In our study, the parameter “accuracy” was assessed using the results acquired from the
recovery studies, and the results were compared with the found concentration is term
of the % recovery. Table 3 presents the results of both the intraday precision and inter
day study. From the Table 3, it can be seen that in intraday precision study, the % RSD at
all four concentrations lies between 0.709–1.748. Similarly, the standard analytical error
(SAE) at the same concentration points varies between 0.0016–0.2127. Percent recovery
which specifies the accuracy was found in between 99.10–101.93. The results for inter day
precision shows that the % RSD, SAE and recovery were, 1.115–1.893%, 0.002–0.259 and
98.86–100.06%, respectively.

Table 3. Accuracy and precision study for the determination of MG.

Intra-Day Precision Inter-Day Precision

Taken Found RSD (%) SAE Recovery (%) Found RSD (%) SAE * Recovery (%)

0.1 0.0991 0.709 0.0016 99.10 0.0989 1.155 0.002 98.86
0.25 0.2488 1.748 0.0097 99.53 0.247 1.893 0.010 98.92
5.0 5.069 0.844 0.0957 101.39 5.003 1.406 0.157 100.06

10.0 9.997 0.952 0.2127 99.97 9.995 1.161 0.259 99.95

* SAE—standard analytical error.

4.2.4. Limit of Detection (LOD) and Limit of Quantitation (LOQ)

During the validation experiment, LOD and LOQ studies must be conducted to get
the evidence about the least concentration, which can be analyzed with full accuracy. This
parameter was evaluated from the experiment to get information about the minimum
concentration of MG that can produces a signal which can easily be segregated from the
noise that is without the MG response. To check the limit of detection and quantitation
of the current method, different samples having lesser concentrations than the lowest
concentration in the linearity study were selected and injected and investigated for the
signal to noise ratio response. The injected concentration with a signal to noise ratio of 3
was chosen as the LOD, while those having response ten times higher than the noise were
selected as the LOQ. From the series of experiments, it was established that the LOD and
LOQ of the developed procedure were found to be 0.025 mg/L and 0.08 mg/L. The LOD
chromatogram is mentioned in Figure 5.

Figure 5. LOD chromatogram for the malachite green determination.
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4.2.5. Recovery Parameter for Determination of MG

This investigation was conducted by spiking known amount of MG solution in water
sample. Prior to the spiking of the MG, the water sample was examined for its malachite
green content and the analyte free water was taken up for spiking the MG. Further, the
recovery of the sample post extraction was checked on the basis of the area found for the
individually spiked samples. Four samples of 0.5, 1.0, 7.5 and 10 mg/L were prepared by
malachite green spiking. The obtained results suggest an excellent recovery of 97.28% to
98.75%. The corresponding % RSD and the analytical error were established in the range of
1.62–3.83% and 0.03–0.41, respectively. The results of the recovery study are summarized
in Table 4.

Table 4. Recovery studies for the determination of MG.

Spiked (mg/L) Found (mg/L) RSD (%) SAE * Recovery (%)

0.1 0.098 1. 71 0.001 97.98
0.5 0.486 3.83 0.04 97.28
1.0 0.983 1.62 0.03 98.30
7.5 7.41 2.01 0.33 98.75
10 9.86 1.87 0.41 98.62

* SAE—Standard Analytical Error.

4.2.6. Stability Studies

The stability of the MG sample, using the developed method was checked for one
week. The amount of the MG was checked on day 1 and on day 7, from this experiment
the stability of the MG was evaluated. At all testing conditions, the % degradation came
out to be between 0.2% to 0.39%.

4.2.7. Application of Sorbent for Uptake of Dyes

There are several studies reported in the literature where the solid phase extraction
was used for the extraction of dyes. Methylene blue was extracted by SPE using pistachio
shell biomass as the sorbent material, the recovery was found to be 95% to 99% [29]. Modi-
fied pistachio shell adsorbent was also used for the extraction of cationic dyes where the
recovery ranged from 98.11–99.55% [30]. Moringa oleifera pods modified with CuFe2O4
were used as yet another material for SPE sorbent for the removal of MG, with the re-
covery of the dye varying in the range of 99–103% [27]. In addition to the laboratory
prepared SPE cartridges, SPE commercial cartridges were also employed for water pu-
rification. Bisphenol was eluted using a Bond-Elut-C18 SPE cartridge, with the recovery
being 96.88–99.77% [31], while nine dispersed dyes were eluted using Strata X cartridges
where the recovery obtained throughout the experiment was found to be in the range of
70–120% [32].

Experiments for the MG uptake by wood apple hydrochar was separately conducted
in the batch mode. For this 50 mg/L of MG was taken and optimized dose of adsorbent
(0.01 g) was taken. The adsorption capacity of wood apple adsorbent was found to be
213.72 mg/g. The pH study suggests that at a lower pH the adsorption capacity was found
to be 142 mg/g, which increased when the pH went up to 7.1, where a slight change in
adsorption capacity was recorded between 6.62 and 7.51 (206.87–213.72 mg/g). Contact
time studies were conducted at five concentration points (10, 20, 30, 40, 50 mg L−1), which
showed that the maximum adsorption was achieved at 60 min and remained as such up
to 6 h. The adsorption isotherms study suggests that the Langmuir isotherm appears to
be less fitted than the Freundlich model at the studied temperature range (293, 303, 313,
and 323 K).
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4.3. Sorbent Material Characterization

The wood apple hydrochar, the sorbent material was characterized pre and post SPE
using characterization techniques namely, Fourier transform infrared spectroscopy (FTIR)
for the chemical functionality, X-ray powder diffraction (XRD), for crystallinity studies.

FTIR spectroscopy was employed to analyze the chemical functionality existing in
the adsorbent and their possible interaction with the hydrochar and analyte. The FTIR
spectra of the hydrochar prior to adsorption of MG (control samples) and the MG loaded
hydrochar are stated in Figure 6. Equating the two IR spectra, i.e., the spectrum of the
hydrochar and that of the MG loaded hydrochar, it could be seen that there was a strong
characteristic stretching vibration absorption band of the carboxyl group at 1703 cm−1 in IR
spectrum of hydrochar reflecting the outcome of acid esterification during the hydrochar
preparation processes. As it can be seen in the spectra of both materials, a broad region
centered at about 3330 cm−1, which can be ascribed to the stretching vibration of the
bonded hydroxyl groups and N–H stretching vibration in the amino compounds. The
–OH absorption peaks at 3329 cm−1 of hydrochar is most possibly due to hydration of the
hydrochar during the adsorption process [33]. After the MG adsorption, the spectra display
changed in intensity and also shifted in position. The peaks at 2903 cm−1 corresponds
to asymmetric and symmetric C–H stretching vibrations in aliphatic compounds. In the
current study, the temperature of hydrochar preparation was 250 ◦C, so the C–H stretching
vibrations were still present in the samples. No obvious shift of this peak was detected
with adsorption of MG onto the hydrochar. The peak around 1600 cm−1 in both MG
unloaded and loaded hydrochar corresponds to the C=C stretching vibration in aromatic
compounds [34]. The peak indicates that the presence of aromatic compounds in the
hydrochar samples. After the MG-adsorption onto the hydrochar, the peak shifted to
1590 cm−1, indicating the association of C=C of hydrochar during the adsorption of MG.
The peaks at 1512 and 1513 cm−1 corresponds to C–N stretching. The aromatic C–H groups
with in-plane bending vibration can be observed at about 1451 cm−1. The positions of these
peaks remain the same in both adsorbents, suggesting the availability of this functional
group for MG adsorption [35]. No obvious shifts with the adsorption of MG, confirming
the nonintervention of aromatic C–H groups. A sharp and intense peak at about 1104 cm−1

in MG unloaded hydrochar most likely to be corresponding to C–O stretching. The peak
was shifted at about 1107 cm−1, possibly due to the esterification of the hydrochar. This
peak was found to be less intense after MG adsorption, indicates the involvement of C–O
group in binding MG. The peaks at 1590 cm−1 in the MG loaded hydrochar were found to
be intense, indicating the C=C stretching of the benzene ring of MG, which is an indication
of the presence of MG in the MG loaded hydrochar.

Figure 6. FT spectra of untreated wood apple hydrochar, citric acid treated wood apple hydrochar
and MG adsorbed citric acid treated hydrochar.
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The powder XRD patterns of hydrochar before and after adsorption of MG are shown
in Figure 7. A broad peak in the powder XRD pattern confirming the formation of atypical
amorphous carbon due to hydrothermal carbonization of the apple wood [36]. A similar
XRD pattern was observed in the MG loaded adsorbent indicating that the materials hold
its original amorphous nature after adsorption of MG.

Figure 7. X-ray diffraction pattern of citric acid treated hydrochar and MG loaded citric acid
treated hydrochar.

4.4. Application of Developed Method

In accordance with the aim of the experiment an analytical procedure (LC-MS/MS) in
combination with the solid phase extraction involving wood apple hydrochar as solid phase
was used for examining the content of the MG in environmental samples. Environmental
samples taken up during the investigation were laundry waste, lake water, fish storage
water, leather industry waste, university tap water, bottled drinking water and irrigation
supply water. During the determination procedure no interference was observed and nor
was the matrix effect. The results of the quantitative assessment of MG are presented in
Table 5. From the table it is apparent that the highest MG level was found in the sample
obtained from leather industry and minimum amount of MG was detected in the laundry
sample. A few samples, such as university tap water, bottled drinking water and the
university irrigation supply, did not contain even traces of the MG.

Table 5. Determination of MG in different environmental samples.

Sample Type of Sample Concentration of MG
Found, mg/L

01 Laundry Waste 0.39
02 Lake Water 0.43
03 Fish Storage water 2.02
04 Leather Industry waste 2.56
05 University Tap water ND *
06 Bottled drinking water ND *
07 Irrigation supply water ND *

* ND Not detected.

5. Conclusions

The analytical procedure, involving ethanol, a green solvent and formic acid, a food
preservative as mobile phase was developed for MG determination, keeping in view the
environmental concerns. The extraction of the environmental samples was accomplished
by means of solid phase extraction, where the wood apple hydrochar was used as the solid
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phase. The SPE and the LC-MS/MS combined technique forms an excellent technique for
the estimation of the dye level in various environment samples. The SPE involves low cost
sorbent materials, and the LC-MS/MS involves environmentally friendly mobile phase.
The developed method did not encounter any issues related to interference or matrix effects.
The procedure was validated by means of different parameters, which were established to
be in agreement with the regulatory guidelines. Based on the results, it can be said that the
offered method is precise and simultaneously accurate, and that an excellent recovery was
observed. The usability of the procedure can be evident from the results obtained from
the real sample analysis. The SPE procedure has dual importance: first, for the utilization
of the waste wood apple shell, and second, as sorbent materials for MG removal. Further
studies may commercialize the wood apple hydrochar as material for removal of MG at a
larger scale.
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