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Investigation of nhovel nanomaterial for the removal
of toxic substances from contaminated water

Wessam N. El-Sayed,? Khalid Z. Elwakeel, ©©° Ahmed Shahat 22
and Md. Rabiul Awual @ *©

Ligand-functionalized nanomaterials exhibit great potential for the removal of hazardous substances from
the environment and industrial wastewater. In this work, a composite nanosphere material was fabricated
using mesoporous silica and organic ligand, and employed for the efficient detection and subsequent
removal of toxic sulfanilamide (SNA) from waste samples. The organic ligand 2-naphthol was
successfully conjugated onto the mesoporous nanospheres, which then captured SNA under suitable
conditions. A naked-eye color change was observed even when a trace amount of SNA interacted with
the material, which is the most promising advantage of the fabricated material. A low limit of detection
and quantification limit were also determined, and the new nanosphere material revealed the ultra-trace
detection performance of 0.27 ug L=t of SNA in aqueous media. The effect of solution pH, competing
ions, color optimization and initial concentration of SNA on the nanosphere material was investigated
under the optimum conditions. The nanosphere material exhibited rapid adsorption properties, and its
maximum adsorption capability approached 79.20 mg g~ Several compounds were examined as
common interfering substances including vanillin, glucose, lactose, starch and sucrose, which did not
adversely interfere in both the detection and adsorption systems using the proposed nanosphere
material. The data emphasized that the proposed material is highly suitable for the capture of SNA from
contaminated water based on its selectivity, sensitivity, cost-effectiveness and eco-friendly approach.
The results also indicate that this nanosphere material will attract attention from researchers for the
efficient and selective capture of the toxic SNA.

intensive and highly sensitive and used only in developed
countries. In addition, they are very expensive, time consuming

Toxic compounds adversely affect human health and the envi-
ronment. Sulfanilamide (SNA) is chemically known as 4-ami-
nobenzenesulfonamide, and it is used as a therapeutic
compound for protection from major microbial infections in
the form of crystals or fine powder.’* Also, SNA is frequently
used in the treatment of surface and internal infections in the
form of a pill, topical cream or powder. However, recently it was
confirmed that SNA enters organs as an antibacterial drug and
has adverse effects on the environment and human beings.*
Therefore, it is necessary to detect and remove trace amounts of
SNA before the disposal of SNA-containing waste into the
environment to safeguard public health.

Many methods have been reported for the detection of SNA
in pharmaceutical preparations, including HPLC, flow injection
analysis and electrochemical methods.””® However, they are very
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and need well-controlled instruments and complicated sample
preparation. Therefore, these methods are unsuitable in
developing countries, for onsite detection and application
without trained analysts.'*** Accordingly, suitable and simple
methods based on visualization and no need for sophisticated
instrumentation are desirable.”*"® Recently, optical materials
have drawn attention since they develop color upon binding
with toxic substances and elements. Moreover, they are tech-
nologically feasible due to their reuse without deterioration in
structural properties and high sensitivity and selectivity for
metal ions and toxic substances.”™® Therefore, ligand-based
nanosphere materials are promising for the efficient capture
of SNA in contaminated water.

Several technologies including liquid-liquid
extraction, complexion, precipitation, and ion-exchange
adsorption have been utilized to remove metal ions and
specific toxic compounds from wastewater.>*>> However, many
of them are unsuitable due to their cost, amount of reagent
required, incomplete removal, single use, and production of
toxic sludge, which requires another disposal operation. On the
other hand, the adsorption process has several advantages such

removal

RSC Aadv., 2019, 9, 14167-14175 | 14167


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra00383e&domain=pdf&date_stamp=2019-05-06
http://orcid.org/0000-0002-8853-284X
http://orcid.org/0000-0001-9198-9712
http://orcid.org/0000-0002-7636-2580
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00383e
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA009025

Open Access Article. Published on 07 mai 2019. Downloaded on 18.7.2025 22:26:04.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

as complete removal up to the permissible limit and ability to
perform many cycles without decline in performance efficiency
for the adsorption of a wide range of toxic substances and toxic
ions.”*?* Moreover, removal by solid materials is more effective
to take up ultra-trace levels of harmful elements from waste-
water samples with high kinetic performances. However, many
of the adsorbent materials are expensive and the operational
procedure is costly.*** Therefore, researchers have focused
their efforts on fabricating low-cost materials with high selec-
tivity, high kinetic performances, reversibility and simple
operation.

Ligand-functionalized nanosphere materials are promising
contenders to capture toxic substances and metal ions under
suitable conditions in the second generation nanotechnology of
solid-liquid adsorption systems.**** Mesoporous nanosphere
materials are key materials due to their large surface area, large
pore sizes, highly ordered structure and long-term structural
stability. Therefore, specific ligand-containing nanosphere
materials are attractive from the point of view of stable
complexation mechanism, and tremendous sensitivity and
selectivity with remarkable adsorption -capacity.**** Many
ligands are not selective, thus it is imperative to fabricate
selective materials for the capture of toxic substances.**’
Specific materials are desirable in terms of stable complexation
and sensitive removal or capturing of diverse substances and
elements from wastewater samples. Herein, we fabricated a new
functional ligand-impregnated advanced mesoporous nano-
sphere material for the selective optical capturing of SNA from
contaminated water.

In this study, we developed an optical nanosphere material
for the efficient and selective detection of the toxic SNA and its
removal from contaminated water based on a low-cost, simple
and reliable method. The present method involves the diazoti-
zation of toxic SNA in the presence of sodium nitrite, and the
binding of the resulting material with 2-naphthol to evolve
areddish orange azo dye, which is measured using colorimetric
visualization. All experimental procedures were carried out in
batch mode operation. The experimental parameters in the
detection and removal of SNA were optimized consistently, and
suitable procedures are reported. The synthesized nanosphere
material presented interesting results due to its extreme sensi-
tivity, selectivity and great adsorption capacity with optical
visualization.

2. Experimental

2.1. Materials

All chemicals purchased were of analytical grade. Cetyl-
trimethylammonium bromide (CTAB), tetraethylorthosilicate
(TEOS), sodium nitrite and ethyl ether were purchased from
Sigma-Aldrich. SNA and 2-naphthol were purchased from
Merck. All solutions were prepared according to AAS grade. For
pH adjustment during the detection operation, buffer reagents
of 0.2 M KCI-HCI and 0.1 M CH;COOH-CH;COONa were
employed for pH adjustment from 1.0 to 6.0. HEPES and
Na,HPO, were used to adjust the pH from 7.0 to 12.0 in addition
to sodium hydroxide solution.
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2.2. Fabrication of mesoporous silica nanospheres

An emulsion system of ethyl ether, tetraethylorthosilicate
(TEOS) and cetyltrimethylammonium bromide (CTAB) surfac-
tant was used to synthesize nanosphere silica.?® In a typical
synthesis, 0.25 g CTAB was dissolved in 35 g distilled H,O with
stirring, followed by the addition of a mixture of 15 mL ethyl
ether and 1.5 mL TEOS dropwise under vigorous stirring, and
then the pH of the resulting mixture was adjusted to 11.0 with
NH,OH (25 wt%). Subsequently, the resulting gel was stirred in
a closed vessel at room temperature for 12 h at 240 rpm, fol-
lowed by aging at 100 °C for 24 h. After filtering, washing and
drying in air, the obtained solid was calcined at 823 K in the air
for 13 h.

2.3. Fabrication of 2-naphthol solid nanosphere material

The synthesis of the nanosphere material is displayed in
Scheme 1. The nanosphere material was fabricated via a direct
approach, where 1.0 g of grounded porous silica was mixed with
55 mg of 2-naphthol in 45 mL ethanol solution and agitated for
6 h. After complete separation, the mesoporous nanosphere
material was rinsed with water several times to check leaching
of the organic compound. The highest anchoring was optimized
to obtain the maximum adsorption capacity by the nanosphere
materials. Then the nanosphere material was dried in an oven
at 55 °C for 15 h. The 2-naphthol saturation amount was
determined (1.6 mmol g~ ') from the following equation:

0= (G- O)Vim (1)

where, Q is the embedded ligand (mmol g~'), V is the solution
amount (L), m is the amount of carrier materials (g), and C, and
C are the initial and final amount of 2-naphthol, respectively.

2.4. SNA detection procedures

The visual detection of SNA using the nanosphere material was
carried out in a wide pH range. In each fraction, the SNA
concentration and nanosphere material content (10 mg) were
the same, and the solution pH was varied in the range of 2.0 to
12.0, where the solution volume was 25 mL, and the amount of
sodium nitrate added was 5 mg. Then the solution mixture was
shaken by a mechanical shaker for 10 min. Subsequently the
solid nanosphere material was isolated by suction filtration.
The color assessment was carried out by optical vision, DIC
techniques and absorption spectroscopy.

2.5. SNA detection by digital imaging approach

A Sony Z2 mobile camera (20 mega pixels) was used and the
color scanning scales were also determined. The detection
features of each image were transformed into color coordinates
using Adobe Photoshop. Here, an elliptical region was deter-
mined in the middle position of the image using the ‘“Crop”
tool as defined by the “Elliptical Marquee Tool” and the
different intensities of each image were gained with the
“Histogram” tool. Then the data was exported to Microsoft

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic illustration of SNA capture by the nanosphere material fabricated using 2-naphthol ligand and MSNs.

Excel, and the Origin Pro was used for data interpretation and
measurement.

2.6. Instruments

The absorption intensity of the material was recorded using
a Shimadzu UV-2600 solid-state spectrophotometer. Small-
angle X-ray diffraction (SAXRD) was conducted on an X'Pert
PRO PANalytical instrument with CuKa radiation (1 = 1.54060
A). N, adsorption-desorption isotherms were obtained using
a Quantachrom Autosorb. Before the analysis, each sample was
degassed at 90 °C for 3 h. The total surface areas including pore
size and volume were determined according to a reported
method. FESEM images were accumulated using a Zeiss Leo
Supra55 microscope. HR-TEM images were captured using
a Tecnai G20, FEI, Netherlands. The SNA concentration was
determined via GC-MS. A trace GC ultra-gas chromatograph
(THERMO Scientific Corp., Waltham, MA, USA) was coupled
with a thermo mass spectrometer detector (ISQ Single Quad-
rupole Mass Spectrometer). The GC-MS system was equipped
with a TG-5MS column (30 m x 0.25 mm i.d., 0.25 pm film
thickness). The other protocol was in standard mode.

3. Results and discussion

3.1. The properties of the mesoporous nanospheres (MSNs)

Porous silica materials, which were used as a carrier for the
ligand, should have favorable characteristics regarding meso-
porous structure, surface area, porosity and pores volumes.
These characteristics enable mesoporous silica to enhance the
properties of the organic ligand such as selectivity and sensi-
tivity. Therefore, initially, we investigated the effect of the ligand
on the characteristics of silica mesoporous itself by comparing
the characteristics of silica before and after modification of it
surface with the desired organic ligand.

This journal is © The Royal Society of Chemistry 2019

The XRD small-angle patterns of the MSNs and the nano-
sensor (Fig. 1) show a broad peak at 2 = 2.2°, which indicates
the existence of a long-range and periodic mesostructure, and
this pattern was not affected by the immobilization of the
organic ligand. Thus, the immobilization process does not
affect the mesostructure pattern or its order.

From the N, adsorption-desorption data, the mesoporous
silica exhibited a type IV isotherm, with a shaky adsorption step
of p/p, = 0.1 and broad hysteresis loop at p/p, = 0.25-1.0, as
shown in Fig. 2A. The data compiled indicate a bimodal mes-
ostructure, as depicted in Fig. 2B. The pore size was 3.5 nm,
which indicated that the mesoporous silica template was made
of CTAB. On the other hand, the wide pore size of around 20 nm
was also evident of the superfluous ethyl ether on the CTAB
surfactants.*®**® This confirmed that the extended pore on the
silica surface subsequently shrunk to a mesostructure.

—— MSNs
2-Naphthol nanosphere material

Intensity

2 4 6 8 10
20

Fig.1 Small-angle XRD patterns of the calcined MSNs and the ligand-
embedded nanosphere material.
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Fig. 2 N adsorption—desorption isotherms (A) and pore size distribution (B) of silica MSNs and the ligand-modified nanosphere material.

The N, isotherms data is depicted in Fig. 2A, where the total
surface area of the carrier mesoporous silica was higher than
the ligand-anchored nanosphere material, as expected. The
total surface area of the silica materials and the ligand-
immobilized nanosphere material was 983.22 and 810.11 m”
g™, respectively. Similarly, the pore volume decreased after the
modification, with values of 1.159 and 0.857 em® g™ for the
carrier inorganic silica and the ligand-embedded nanosphere
material, respectively. The reduction in the surface area and
pore volume is attributed to the stacking due to the anchoring
of the 2-naphthol, which was embedded and scattered on the
surface of the carrier silica. Also, the results indicate that the
nanosphere material maintains its mesostructure, which is vital
for the access of 2-naphthol into the inorganic silica. The pore
distribution of the pristine and 2-naphthol-embedded silica was
around 3.81 and 3.077 nm in diameter, respectively, as shown in
Fig. 2B.

The FESEM image of the silica sample is depicted in Fig. 3A.
According to the FESEM images, the particles exhibited
a spherical morphology. It also demonstrated that the particle
size was in the range of 150-250 nm, which is consistent with
the TEM images shown in Fig. 3B.

3.2. Effect of solution pH

The potential and extreme performance of the as-fabricated
ligand nanosphere material were affected by solution pH,

EHT = 8.00kV
WD = 45mm

Signal A= InLens
Mag=125.02K X

—

reaction time, complexation mechanism, the amount of fabri-
cate material and reaction conditions.*** In the detection
system, the material homogeneity also enhanced the color
formation and signal intensity in terms of significant color
visualization by the naked eye. The signal intensity upon the
addition of SNA to the nanosphere material was affected by the
solution acidity, and the results are shown in Fig. 4. Optical
color formation and high absorbance were observed at pH 4.0.
This is because the strong complexation of [SNA-2-naphthol]*"
is expected in this pH region. It should be noted that the SNA
concentration, solution volume and other parameters were the
same in each pH fraction. The adsorption pH was also the same
as that of the detection pH for the nanosphere material.
Therefore, pH 4.0 was selected as the optimum pH to define the
other experimental parameters in this study.

3.3. Optical detection of SNA using nanosphere material

The developed nanosphere material showed a remarkable
improvement in both sensitivity and selectivity for SNA. The
current nanosphere material exhibited the advanced features of
the MSNs after immobilization of the organic ligand. The
prepared nanosphere material was highly sensitive, even with
the addition of an ultra-trace amount of SNA. With an increase
in SNA concentration, the color was optimized and similarly the
absorbance signal intensity increased, as concluded from Fig. 5.
Thus, the data indicates that the chemical nanosphere material

Fig. 3 FESEM image of the MSNs (A) and TEM micrograph of the silica MSNs (B).
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Fig. 4 SNA detection by the nanosphere material, where the solution
pH was varied, and the others parameter were fixed.

offers easy recognition for both the quantification and visual
color formation of SNA without using highly sophisticated
apparatus. However, the colorimetric studies utilized signal
measurement by UV-vis spectroscopy, which enabled the
quantitative detection of a specific recognition range (Dg) in the
SNA detection system.

3.4. Low limit detection and quantification

The calibration data was plotted in the low-level concentration
range, as defined in Fig. 5, and data showed a linear correlation,
as shown in Fig. 6. The graph confirmed that SNA monitoring
was possible in a broad concentration range with extreme
sensitivity. The limit of detection (Lp) and quantitation (Lq)
were determined from the following equation.””*

Lp or Lo = kSy/m (2)

where, k was assumed to be 3 and 10 for the determination of Ly,
and L, respectively. A low limit of detection (Lp) of 0.27 pg L™"

0.6 el
[Sulfanilamide] & 2.00 ppm
g 05 050 pom
£ 04 500 0
0 10.0 ppb
‘o- 03 500 ppb
) 1.00 ppb
£02 i
0.1
0.0 . x
400 500 600 700 800
Wavelength/nm

Fig. 5 Increasing signal intensity based on the color optimization of
the nanosphere material with an increase in the concentration of SNA
at pH 4.0.
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Fig. 6 Determination of limit of detection and quantification
according to the calibration graphs of the nanosphere material at
468 nm with varying SNA concentrations.

was determined, which is lower than that of the conventional
methods. Simultaneously, the quantification limit was deter-
mined, which was also very low at 0.91 pg L', These results
were compared with different types of materials®*™** in Table 2.

3.5. Ion-selectivity study for potentiality

To use any materials in practical operation, their ion selectivity
and competing ion effect are key factors to judge their perfor-
mance from a scientific point of view. In contaminated water,
many compounds or substances co-exist, and many of them
adversely affect the target substance, ion detection or adsorp-
tion. Thus, we tested the selectivity of the proposed nanosphere
material towards vanillin, glucose, lactose, starch, and sucrose,
and the results confirmed that they did not interfere (data are
not shown) in the selective detection operation under suitable
conditions.

3.6. Structural stability of the nanosphere material

Long-term structural stability is an important criterion for large-
scale use. Thus, the proposed nanosphere material was stored
for six months in the dark to evaluate its stability.*®**' It should
be noted that the color of the material can change due to light;
thus it was stored in the dark. Subsequently, the material color
and morphology were examined, and no remarkable changes
were observed. Therefore, the nanosphere material can retain
its functionality even after several months of storage for SNA
detection from contaminated water.

3.7. Adsorption isotherms and capacity

Optimum adsorption is related to the nature of binding
between the target ions and the proposed material surface. Ion-
exchange fibrous adsorbents and ligand exchange materials
form hydrogen bonds for specific ion adsorption from

RSC Adv., 2019, 9, 14167-14175 | 14171
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Fig. 7 Determination of maximum adsorption capacity by the nano-
sphere material for SNA using the Langmuir isotherm model. The linear
form is shown in the inset and the solution concentration was varied
from 2.0 to 50 mg L™* at pH 4.0.

contaminated solution, with high kinetic performances.***

Then we determined the equilibrium capacity for SNA adsorp-
tion by the nanosphere material. The SNA concentration was
varied in the range of 1.0 to 50 mg L™, and the solution volume
was kept constant at 50 mL. In addition, the amount of nano-
sphere material was fixed at 10 mg, and the solution pH was 4.0.
The results are shown in Fig. 7. The adsorption of SNA increased
with an increase in the initial SNA concentration, and then
plateaued, as shown in Fig. 7. Then the maximum adsorption of
SNA was estimated using different adsorption isotherm models.
The nanosphere material was highly porous even after ligand
anchoring, and thus it was expected that the Langmuir
adsorption model will well-fit the results, where the specific
homogenous site of the nanosphere material was open. The
Langmuir isotherm model corresponds with the adsorbed ions
occupying open functional sites, and no binding can be
observed on the occupied surface sites. In addition, monolayer
adsorption occurs with homogeneity. Therefore, the maximum
adsorption capacity was determined from the following Lang-
muir isotherm equation:*

Ce/qe = Ce/qm + 1/[(Lqm (3)

where ¢. and C. represent of adsorption amount (mg g~ ') and
liquid-phase SNA amount in the final position (mg L7%),

View Article Online
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respectively. g, denotes the highest adsorption amount of the
proposed nanosphere material (mg g~ ') and K is the Langmuir
constant (L mg~ "), which is related to the affinity of the surface
sites and counted through the adsorption energy. K;, and g,
were assumed from the linear plot of C./q. versus C. according
to the values of the intercept and slope, as shown in Fig. 7
(inset). The correlation coefficient value of 0.9999 confirmed
that monolayer Langmuir adsorption isotherm occurred on the
nanosphere material towards the toxic SNA. The maximum
adsorption capacity was as high as 79.20 mg g~'. The nano-
sphere material displayed considerable adsorption efficiency
compared with other reported materials, and the results indi-
cate that the present nanosphere material shows a wider linear
range and lower detection limit.

3.8. Colorimetric quantification by digital image-based
method

The quantification of colored images by digital images is an
advanced technique to determine the limit of detection and
limit of quantification. In the color optimization based on the
concentration effect, the image in Table 1 was considered. The
images were optimized with a variety of intensities based on the
color formed after the addition of SNA at different concentra-
tions to the nanosphere material. It was observed that as the
concentration of SNA increased, the optimized color was dis-
played in the images, and then the mean integer value for each
RGB component dramatically decreased, as expected.

The green component of the nanosphere material was
reduced with an increase in concentration of SNA, as shown in
Fig. 8. However, the red and blue components were reduced less
compared to the green component with an increase in SNA
concentration. Basically, the green color is the integral of the
red color, resulting in the highest absorbance intensity
according to the hypothetical test observation. To construct
a similar curve to that in Fig. 7, the color intensity was deter-
mined for each fraction using the following equation:

Ix — I I
Ax = —logi( x = fx) = —log—( %)
(1X~W)c

(IX‘W - IX,b)
where, individual color X denotes R, B, and G, Ay is defined as X,
and Ix and Ry denote intensity and the reflectance of light X,
respectively, as reported in ref. 50.

The relation between Ax and the individual concentration of
SNA was measured and the data is summarized in Fig. 9, which is
consistent with the results in Fig. 6. In addition, a linear value
was also determined according to the mean integer for the

= —log Rx

Table 1 Color optimization as a function of concentration of sulfanilamide (SNA) by the nanosphere material

Concentrations (ppb)

0.0 0.5 1 ) 10
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Table 2 Comparison of the detection limit based on spectrophoto-
metric methods with the proposed nanosphere material and the other

materials
Reagent(s) Detection limit (ug L™")  Reference
p-Benzoquinone 10-50 48
o-Chloranil 10-70 49
Phenol and sodium Not reported 50
hypochlorite
Nanosphere material 0.27 This work
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Fig. 8 Combination of different concentrations of SNA with mean
integer value for particular RGB component intensity.

particular RGB component and the amount of SNA, as depicted
in Fig. 10. The data clarified that the nanosphere material can
detect SNA with extreme sensitivity, even at ultra-trace levels.
According to the DIC method, the limits of detection (Lp) and
limit of quantification (L) were 0.07 pg L™ and 0.23 pg L™,
respectively. These values are comparable to the spectrometry
method of limit of detection (Lp: 0.27 pg L") and limit of
quantification (Lg: 91 pug L™1). Thus, it is assumed that the DIC
method is also competitive for the quantification of substances
and ions, as evidenced by the quantification of SNA in this study.
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Fig. 9 Combination of various concentrations of SNA with mean
integer value for distinct RGB component absorbance.
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Fig. 10 Calibration graph of the linear correlation, which is consistent
with the mean integer value of each RGB component absorbance and
the different amounts of SNA.

4. Conclusions

Herein, we were fabricated a mesoporous nanosphere material
by anchoring a ligand onto a porous silica material for the
sensitive and selective monitoring and adsorptive removal of
toxic sulfanilamide (SNA) from contaminated water. The
nanosphere material consisted of orderly pore with a large
surface area for the successful treatment of SNA. The experi-
mental parameters were systematically optimized for both the
recognition and removal systems. The optimized pH was 4.0 in
both cases of monitoring and adsorption. The accumulated
data confirmed that highly sophisticated instrumentation is not
necessary for the capturing of SNA from contaminated water.
The Digital Image-Based Colorimetric (DIC) method was also
evaluated, and the data were also compared with the spectro-
photometric method. The limits of detection and quantification
were 0.27 and 0.91 pg L7, respectively based on the spectro-
photometric method. On the other hand, the limits of detection
and quantification were 0.07 and 0.23 pg L', respectively,
based on the DIC approach. Therefore, both strategies have
potential for the rapid and sensitive capturing of SNA according
to the data presented. The data was completely consistent with
Langmuir adsorption isotherms, and the highest determined
capacity was 79.20 mg g~ '. Thus, this promising experimental
data is encouraging to the scientific community for the poten-
tial real-time application of novel nanosphere materials for the
detection and removal of SNA on a large scale.
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