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Abstract: Malachite green (MG) is a triphenylmethane cationic dye used in aquaculture practice,
although it has been banned in several countries. The illegal use by fish producers, however, persists
due to its effectiveness, and ready and cheap supply. To prevent indiscriminate applications, strict
control measures with simple analytical approaches are therefore necessary. With this purpose, a
novel, cheap and simple method applying electrospun polyimide nanofibers was developed and
validated for MG control in water by color image analysis. For detection, a simple apparatus and
ImageJ® software to treat images captured by common smartphones were used. A detection limit of
0.013 mg/L with a linear analytical response range within the concentration of 0.05 to 0.3 mg/ L of
malachite green (MG) with a correlation coefficient of 0.997 and standard deviation (n = 9) varying
from 1.01 to 3.92% was achieved with the proposed method. Accuracy was assessed by recovery
assays in water samples and percentages of 96.6 to 102.0% were obtained. The method is robust and
suitable for the rapid and reliable monitoring of MG in water.

Keywords: electrospun nanofibers; color image analysis; malachite green; water analysis

1. Introduction

Malachite green (MG) is a synthetic basic dye belonging to the triphenylmethane
family which has been widely used in fish farming, particularly salmonids, since 1930 as
a very effective antimicrobial against fungi and protozoan ectoparasites [1]. In aqueous
solutions, the compound might be present as a green-colored free cation (cationic form)
or as its metabolite, leucomalachite green (LMG), a colorless neutral form. The dye is
an inexpensive chemical and is synthesized every year in tons. In addition, there is an
absence of equally effective treatment alternatives, with particular regard to the ciliate
Ichthyophthirius multifilis, responsible for the white spot disease, which propitiates its
indiscriminate use [2,3].

Due to its carcinogenic, mutagenic and teratogenic potential to mammals, MG has
never been registered as a veterinary drug and its use in aquaculture production is illegal.
Furthermore, given its persistence in edible fish, the United States and the European Union
established maximum legal residue limits of 2 µg/kg for the total MG and LMG in food [1].
Human exposure to these contaminants has been documented as mainly occurring through
food and water ingestion [4,5] indicating the need to find effective, reliable and easy to
implement analytical methods for controlling these toxic products in food and water.

Common methods to determine MG in water involve a pre-concentration step followed
by liquid chromatography [1,6–9] and spectrophotometric (UV-Vis) analyses [10–12]. These
methods are time-consuming and their need for chromatographic separations produce
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toxic organic waste. Proposals to reduce the time spent in sample pre-treatment and the
volume of organic solvents were meanwhile suggested. It is the case for spectrophotometric
determinations of MG residues in water samples after pre-concentration with magnetic
nanosorbents [12] or the solid-phase extraction on Florisil® surface followed by digital
image analysis [13].

Electrospun nanofibers have been described as advanced materials for expeditious
procedures based on adsorption/pre-concentration [14–16] coupled to colorimetric quan-
titative image analyses [17,18]. The diversity of applications is justified by their main
advantages such as fabrication versatility and high surface to volume ratio. The fibers are
fabricated by an electrospinning technique which utilizes strong electrostatic fields to form
nonwoven thin wires of very small gauges [19,20] and they have great chemical diversity
depending on the choice of polymer used to fabricate them. Furthermore, and according to
the type of application, they can be adapted to many devices and applied to different types
of analyses [21].

Electrospun polyimide nanofibers have been used for various applications, namely
fuel cell proton exchange membranes, sensors, high-temperature filtration media, adsorp-
tion of organic pollutants and so on [22]. Zhang et al. used polyimide nanofibers as
precursors for constructing polyimide-based carbon nanofibers to adsorb chlorophenol,
antibiotics and a dye (methylene blue) from water [23]. Its characteristics are related to
their structure as is the case of aromatic polyimide nanofibers, which are known to interact
with aromatic compounds by π-π interaction, resulting in a good response for removal and
pre-concentration [23].

Quantitative image analysis converts images into measurable data that is correlated
with the concentration of the analyte of interest [24], being attractive for its simplicity
and ease of use. Color image analyses coupled with adsorption processes are a simple
way to obtain analytical information with no need for long extraction methods and pre-
concentration techniques that usually use toxic organic solvents [25–28].

The present work combined the versatility of electrospun polyimide nanofibers as an
adsorbent material with the advantages of image analysis to develop a simple and cheap
detector for MG monitoring in aquaculture media. The novel proposed detector is based
on electrospun polyimide nanofibers for adsorption and pre-concentration of the colored
compound.

2. Materials and Methods

All experiments were performed with double deionized water. Chemicals of analytical
grade quality were used without purification. The dyes methyl orange and crystal violet
(>90 wt%) were acquired from Merck (Rahway, NJ, USA) and Riedel-de Haen (Seelze,
Germany). Malachite green oxalate (95–100 wt%) was purchased from VWR Chemicals
(Radnor, PA, USA), and citric acid and sodium chloride were purchased from Sigma Aldrich
(Burlington, MA, USA). The polyimide nanofibers were acquired and used as received
as a result of the cooperation between the Department of Analytical Chemistry, Charles
University—Czech Republic and Technical University of Liberec. Rectangular shaped, dip
film probes were implemented employing a laminating machine, Lervia laminator model
KH4412. The optimal adsorption conditions were set using a Ika shaker, model RT15 Power,
a Jasco UV-Vis spectrophotometer and QS type quartz cuvettes from Hellma with an optical
path length of 10.0 mm. For the pH and pHpzc (point of zero charge) measurements, a pH
meter from Hach, model Sension+ PH 31 Lab was used.

2.1. Polyimide Nanofiber

The polyimide pellets P84 TM SG were supplied by HP polymer Inc. (Vienna, Austria).
N,N-dimethylacetamide (99.8%) was purchased from PENTAChemicals (Prague, Czech
Republic). A 16 wt% solution of polyimide was prepared in N,N-dimethylacetamide as
a solvent. The polymeric solution was stirred with a magnetic stirrer (250 RPM) at room
temperature (22 ◦C) for 24 h to get a light yellow transparent color. The Nanospider type
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NS 1WS500U (Elmarco, Liberec, Czech Republic) free-surface electrospinning instrument
was used for the direct current electrospinning of polyimide solution. During the process,
the string electrode was at a distance of 200 mm from the collector. The spinning wire
electrode was positively charged to +45 kV and the collector was negatively charged to
−10 kV. The 15 mL cartridge applied the polymer solution on the electrode at a speed of
350 mm s−1 through 0.7 mm diameter orifice. Nanofibers were deposited on the supporting
textile which was moved out at a speed of 35 mm min−1 to form a layer of 4 g m−2 surface
density. The climatic conditions of the process were regulated by a precisely controlled
air conditioning system NS AC150 1000/2000 (Elmarco). The air temperature during the
process was 25 ◦C and the humidity 10%. Electronic microscopical scanning of the nanofiber
is shown in Figure 1.
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Figure 1. SEM image of polyimide nanofibers structure. Fiber diameter: 0.234 ± 0.190 µm. contact
angle 59.5 ± 6.30◦.

2.2. Detector Construction

The detector was constructed to be used as an adsorbent sensor for detecting dyes
in water samples, and it was shaped as a dip probe consisting of a small nanofiber disk
pad, 5.0 mm in diameter, sealed between two pouch film sheets. A propylene sheet was
pre-drilled with 3.0 mm diameter holes. Then, nanofiber discs were placed in the respective
holes and a new acetate sheet was overlaid. The sheets were laminated at a temperature of
about 80 ◦C using a laminator machine. At last, the laminated sheets were cut into strips,
1 cm width and 5 cm length, each containing a small disk exposed at one side (front side) by
the small holes and sealed on the other side (backside). Figure 2 illustrates the construction
steps of the detector as well as the appearance of the discs before and after contact with
malachite green.
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Figure 2. Propylene film sheet with small holes (3.0 mm diameter) (a). Sheet with polyimide disks
put over the small holes (b). The second sheet with no holes is to be laid over the sheet containing
the disks (c). Polyimide nanofiber disks are attached to the laminated sheets before MG adsorption
((d) left) and after adsorption ((d) right).

2.3. Optimization of the Adsorption Procedure

To set the conditions for optimal performance, pads of polyimide, polypropylene and
polycaprolactone nanofiber were initially tested as sorbents by soaking them in 0.1 mg/L
MG and color change was evaluated for each one. Only the polyimide nanofibers provided
an intense color change, visible to the naked eye, and therefore suitable for application
for image analysis. In addition, the polyimide nanofiber tested was the only one among
the nanofibers that showed good resistance to temperature in the laminating machine and
were quite flat, which means that the MG was adsorbed onto a thin surface, requiring lower
concentrations and the appearance of color was faster. Therefore, the following tests were
performed only with the polyimide nanofiber. For image analysis, adsorption tests were
performed on MG solutions, with defined concentration, and the disc immersion time was
set at 60 min. Solutions at different pH values and with different rotation speeds were used
for those studies. Rotation speeds of 150, 250 and 350 rpm were then considered for the
analyte solution. For each rotation speed, the absolute value for the color intensity of the
nanofiber was determined using ImageJ® histograms and the optimal rotation speed was
chosen based on the highest color intensity obtained for channel R in the sRGB system.

Adsorption on a solid surface is influenced by the dissociation state of the analyte as
well as the electrical charges of the adsorbent surface. Consequently, studies were carried
out for different pH values of the analyte solution, evaluating their influence on the extent
of adsorption. For this, the pH of 0.1 mg/L MG solutions was adjusted to 2, 4, 5, 7, 9, 10
and 12 by addition of 5.0 mL of citric acid or some drops of 0.1 mol/L, HCl and NaOH
solutions. The stirring was kept at 250 rpm. The best pH value was also selected based on
the highest color intensity obtained for channel R from the sRGB system.

The point of zero charge (pHpzc) of the nanofiber was assessed in triplicate by the
salt addition method [29]. For this, approximately 45.0 mg of polyimide nanofiber pads
were immersed for 48 h in 50.0 mL of 0.01 mol/L NaCl aqueous solution with initial pH
(pHi) of 2, 4, 6, 8, and 10. The system was stirred for 48 h, and the final solution was then
filtrated and the final pH (pHf) of the filtrate was measured. The pHpzc value was obtained
by plotting the pHf values as a function of pHi [29].
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2.4. Measurement of Color Intensity and Image Treatment

For the measurement of color intensity, image acquisition was performed in an adapted
small plastic box. Two small strips of LED were wired into the box to provide artificial
white light. To avoid excessive reflectance during signal acquisition, the box was internally
painted with black paint. In addition, to prevent interference from external light during
image acquisition, the box was also externally painted with black ink. A small hole (2.0 cm
diameter) was made on the top cover of the box to adapt the smartphone camera.

To perform the image analysis, the strips containing the nanofiber discs were placed
inside the box. The images were acquired with a smartphone and loaded into ImageJ®

free software [30] to be further processed. Image processing consisted of eliminating the
background light and selecting the central area of the pad disks.

A typical histogram was obtained after image processing and the mean value for
each color of the sRGB system was related with the analyte concentrations to obtain the
analytical curve.

2.5. Figures of Merit

To determine the figures of merit for the proposed method, calibration curves were
carried out under the experimental conditions above described, with the adsorption step
lasting 60 min. The tests were once more carried out in triplicate and consisted of placing
the nanofiber disk pads, immersed in 50.0 mL of aqueous solutions of MG at 0.05, 0.10,
0.15, 0.20, 0.25 and 0.30 mg/L at the pH and stirring speed previously established. After
adsorption, the images were captured and treated. Calibration curves were plotted relating
the color intensity to the concentration of MG standard solutions. The absolute values for
each sRGB channel were obtained from the image analysis using ImageJ® and the mean
values for each channel were treated using Equation (1):

S = −log
I
I0

(1)

where I is the mean of absolute intensity value for each channel, I0 is the absolute intensity
value for the blank, a solution with no MG, and S represents the new value that can
be related to the concentration of MG in solution. The equation takes into account the
contribution of the blank, used to improve precision [27].

3. Results and Discussion
3.1. Influence of Stirring Speed

Adsorption is a mass transfer process that depends on the dynamic between adsorbent
and analytes in solution. The influence of the agitation speed on the color intensity obtained
was studied. The studies were carried out using a fixed solution volume (50 mL) with the
pH adjusted to 5 according to the previously optimized value. The results suggest that
the stirring speed favors the adsorption of malachite green and consequently increases
the color intensity in the polyimide nanofiber. For the range of speed tested, 250 rpm
provided the best diffusion of MG from the solution to the nanofiber and yielded higher
color intensity, which is related to a higher recovery percentage, as shown in Figure 3.

As can be seen in Figure 3, the agitation speed of 250 rpm provided a higher recovery
percentage of malachite green. The recovery percentage is directly related to the color inten-
sity of the nanofiber disc assessed by the channel R, since it was the most sensitive channel.
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3.2. Influence of pH

Malachite green is sensitive to pH changes and shows monoprotic Bronsted acid-base
behavior. Furthermore, the polyimide nanofiber itself also may be sensitive to pH changes.
Therefore, the pH value that yields the best results for adsorption and simultaneously color
intensity must be related either to the analyte dissociation or the chemical structure of the
adsorbent [31]. The best result for color intensity related to higher adsorption percentage
was obtained for pH 5 as shown in Figure 4. The greater color intensity at pH 5 is probably
due to the degree of dissociation of the MG. At a pH below 5 and above 8, solutions of MG
start to become yellow or colorless, respectively [13].
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3.3. Characterization
3.3.1. FT-IR

For a better understanding, FT-IR spectra were investigated to identify the main
interactions between MG and polyimide nanofiber. Figure 5 shows characteristic spectra
before and after the adsorption process.
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Figure 5. FT-IR for the nanofiber before the adsorption process (a) and after the adsorption process (b).

As observed in Figure 5a, the peak at 1720 cm−1 confirms the presence of C=O
symmetrical stretching and the peak at 1361 cm−1 confirms the presence of C-N stretching
from the imide ring [32]. Figure 5b shows the interaction between MG and polyimide
nanofiber. The C=O symmetrical stretching from the nanofiber shifted to 1628 cm−1 from
1720 cm−1 after the adsorption process suggesting some interaction of C=O from the
nanofiber with the MG benzene ring [12].

3.3.2. Affinity Test (Analyte-Adsorbent)

From the pH and pHpzc values, it is possible to predict the predominant form of MG
in the solution [33] and the surface charge of the nanofiber [12], respectively. At pH 5, MG
remains mostly in the MG+ form since its pKa is 6.9 [12]; below pH 2, it is protonated to
MG+H+. [13]. The pHPZC value calculated for the nanofiber was 6.75; see Figure 6. This
value indicates that the surface charge of the nanofiber is positive since the adsorption
processes occurred at pH 5 [12]. It suggests that the main interaction between adsorbent
and adsorbate is not electrostatic once both are positively charged. Interaction by hydrogen
bonding is also unlikely because of the absence of acidic hydrogens on both structures
of polyimide nanofibers [22] and the structure of MG. Therefore, π- π interaction is more
likely to occur.
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The data in Figure 7 indicates a schematic adsorption interaction between MG and the
polyimide, based on the pH of the solution, the calculated pHPZC as well as the data from
the infra-red analyses.
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3.3.3. Adsorption Isotherms

In order to make a better sense of the adsorption process, two adsorption models were
studied. The isotherms for each model are presented in Figure 8 and the parameters for
each model are shown in Table 1.
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Table 1. Parameters for adsorption of malachite green to polyimide nanofiber.

Model Paramenters

Langmuir qmax (mg/g) KL (L/mg) R2 E%

13.26 ± 0.02 0.87 ± 0.12 0.69 3.3

Freundlich
1/n

KF (mg/g)
(L/mg)1/n R2 E%

0.67 ± 0.06 13.36 ± 0.45 0.95 4.5

According to the parameters shown in Table 1, the Freundlich model better explains
the process of adsorption with higher R-squared. The models were linearized to facilitate
the interpretation of the adsorption process and the assessment of the relevant parameters.
According to this model, the adsorption was favorable since the constant 1/n is lower
than 1, and the interaction between analyte and adsorbent was strong due to the value
of KF. Additionally, the Freundlich isotherm suggests nonuniform sites of adsorption as
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well as different energy interaction for the different sites, which is much closer to the real
experiments. The experiments suggest a strong interaction between analyte and adsorbent
since there was difficulty at developing a method to remove the analyte from the adsorbent.
Therefore, the interaction is better represented by the Freundlich model.

The figures of merit constitute the reference to assure the method reliability. To assess
these, different parameters needed to be evaluated, as described below.

3.4. Analytical Parameters

For the sRGB system, the channels green and blue did not give enough variation
against concentration changes to construct an analytical curve. Therefore, S in Equation (1)
represents values obtained as a function of the color intensity yielded only by the channel
R, and these values were related to the concentration of MG for the construction of the
calibration curve. Figure 9 represents the variation of the color intensity as a function of
channel R.
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As can be seen in Figure 9, as the green (y-direction) and blue (z-direction) channels
are maintained constant and the red channel (x-direction) varies, the intensity of the cyan
color varies. The letters (A–D) represent the variations of the color. The first circle (A)
represents the maximum intensity (0, 255, 255) and the last circle (250, 255, 255) represents
the intensity close to the minimum with a red channel equal to 250. The maximum cyan
intensity is when the green and blue channels are equal to 255 and the red channel is equal
to 0. If the red channel increases, the cyan color intensity decreases, as demonstrated by
Cheng et al. [34].

A dynamic linear range with a good correlation coefficient from 0.05 to 0.3 mg/L was
obtained after the adsorption assay and under the optimized experimental conditions.

The linear equation was S = 0.253X + 0.0016, where X is the concentration of MG and
S the values obtained as a function of color intensity of channel R according to Equation (1).
Standard error of 0.18% with a correlation coefficient of 0.997 indicates a reliable linear cor-
relation between the concentration of MG and the variation of color intensity for channel R.
The limit of detection (LOD) and limit of quantitation (LOQ) were calculated from the
analytical curve, based on 3 and 10 times the standard deviation of the intercept divided by
the angular coefficient, respectively [35].

Although the articles showing the determination of MG through image analysis are scarce,
Table 2 shows the most relevant methods described in the literature for MG determination in real
samples for comparison purposes. As shown in Table 2, the methods involving image analysis
provide lower limits of detection and higher recovery values. However, the method developed
with nanofiber applies the least amount of adsorbent. Compared to the other methods using
different processes for detection, the methods based on image analysis are rather simple, cheap,
less time consuming and environmentally friendly.
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Table 2. Comparison of the proposed method to determine MG in water to other similar methods.

Methods Sorbent Sample Sorbent Mass/Sample Volume
(mg/mL) Process Time (min)

Linear
Range
(mg/L)

R2 LOD
(mg/L)

Recovery
(%)

RSD
(%) Refs

Image analysis Polyimide nanofiber water 0.009 60 0.05–0.3 0.997 0.013 96.66–102.0 1.01–2.92 This work

Image analysis Florisil film water 5.0 60 0.036–0.36 0.996 0.011 102.48–123.43 1.79–7.08 [13]

UV

Magnetic poly
(acrylonitrile-co-

acrylic acid)
nanofibers

water 0.08 25 0.3–1.8 0.991 0.03 95–103 4.31–7.68 [12]

Fluorescence MIP a + CdTe
quantum dots Water and fish 0.25 – 0.36–7.30 0.994 0.02 94.8–106.2 5.2–9.8 [36]

HPLC-UV MISPE b Tap water – – 5.0–100 (×10−4) — 6.7 × 10−7 76.8–93.7 2.12–10.09 [37]

a = Molecularly imprinted Polymer, b = molecularly imprinted polymer based on solid-phase extraction.
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3.5. Selectivity

The selectivity of the developed detector was evaluated considering two different dyes
as interferents. Crystal violet was chosen since it is from the same family as MG and may
be found in aquaculture waters. A second dye (methyl orange) was also chosen because it
belongs to a different family than MG.

The study was conducted by evaluating the recovery percentage of MG in the presence
of crystal violet and methyl orange at two concentrations levels (0.05 and 0.3 mg/L). The
concentrations of MG were maintained constant and equal to 0.1, 0.2 and 0.3 mg/L for each
of the studied interfering concentration levels. The results can be observed in Figure 10.
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Malachite green is the oldest and most widely used dye in fish production due to
its availability, reduced acquisition cost and well-recognized effectiveness as anti-fungi
compared to other dyes, and the presence of potential interferents such as crystal violet, in
aquaculture water is very remote [11].

Concerning crystal violet interference, Figure 10 shows a very high recovery per-
centage for MG in the presence of crystal violet, ranging from 109.9 to 196.0%. This was
expected because crystal violet is chemically similar to MG, as both are from the triphenyl-
methane family. Crystal violet may interact with polyimide nanofiber in a similar way
as MG, therefore, a considerable contribution to the color registered by the R channel by
crystal violet is also responsible for the interference. The study performed with methyl
orange in the same conditions as the crystal violet show that the interference is possibly
more related to the color registered in the R channel than to the dye adsorption by the
nanofiber. A little suppression of the response of MG over channel R was observed once
the recovery varied from 95.4 to 89.6%, when the MG concentration increased from 0.1 to
0.3 mg/L.

Differently from crystal violet, the color of methyl orange solutions does not behave
as a function of channel R; that is, whatever the intensity of the colors of these solutions,
channel R remains almost constant at high values. This could explain the suppression of
the response of MG, because as much as channel R tends to go down as the concentration of
MG increases, methyl orange seems to hold this channel at a constant value, not allowing
the recovery to hit a 100% or more. Thus, the recovery of MG in the presence of methyl
orange stayed in an acceptable interval. In addition, there is no positive contribution as for
low concentrations of crystal violet, probably because methyl orange does not interact with
the nanofiber the same way MG and crystal violet do.
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3.6. Real Sample Analysis

To evaluate the analytical utility of the proposed detector, malachite green content in a
real sample (water sample from the Douro River, Portugal) was determined. The sample
was collected, vacuum filtered with cellulose membrane of 0.45 µm pore size and kept at
a temperature of 4 ◦C after pH adjustment to pH 5 by using a citric acid, NaOH and HCl
aqueous solution at 0.1 mol/L. The sample was spiked with MG in different concentrations
(0.1, 0.2 and 0.3 mg/L) and the respective recovery values were determined. The results are
shown in Table 3.

Table 3. Results for the recovery study in a real water sample.

Added (mg/L) Found (mg/L) Recovery (%)

0.10 0.109 ± 0.008 99.0 ± 0.6
0.20 0.204 ± 0.001 102.0 ± 0.4
0.30 0.290 ± 0.007 96.7 ± 2.5

4. Conclusions

A new method based on electrospun polyimide nanofibers for MG adsorption and
color intensity determination was successfully developed.

The color adsorption processes of electrospun polyimide nanofiber coupled to image
analyses is simple and feasible, allowing MG control at very low concentration levels.

The detection process is simple, effective, inexpensive, environmentally friendly and
can be used in field analysis. These aspects are especially advantageous when compared to
the diagnostic methods described above, which require sample preparations and do not
allow real-time measurements.

The evaluation of the nanofiber’s selective capabilities showed that crystal violet
is a potential interference as it interacts with the nanofiber in similar way to MG. This
interferent at low concentrations greatly estimates the concentration of MG but when the
concentration of MG increases, its competitive effect on the nanofiber is reduced.
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