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ARTICLE INFO ABSTRACT

Keywords: Covalent organic frameworks (COFs) are known as emerging candidates for textile wastewater treatment due to
Triazine-based covalent organic framework their high porosity and regular channel structure. In the current paper, a Fluorene-based COF (FLU-COF) was
Fluorene

synthesized by a facile method directing a crystalline framework. After a full characterization of the FLU-COF
with different methods, its ability in removing Sky Blue A, widely used color in the textile industry, was
investigated. Optimizing the parameters effective on the adsorption process by using the Central Composition
Design, led to finding the optimal dye removal condition to be as pH 5; temperature: 45 °C; absorbent dosage:
0.005 g; and contact time: 60 min. In this condition, the removal efficiency has reached over 99% with a
maximum adsorption capacity of 299 mg. g~'. The adsorption isotherm is consistent with the Langmuir model
representing monolayer adsorption. Also, the kinetic investigations show the pseudo-second-order kinetics which
means that the chemical interactions play an important role in dye removal. This is of important interest to make
a laboratory method into an in-field method. Thus, a low-cost, simple, and portable method was introduced for
investigation of the removal of Sky Blue A. In this regard, the ability of FLU-COF in removing dyes from aqueous
solutions was examined by the mobile phone colorimetry as an alternative to the time-consuming laboratory
methods. The comparison between the obtained results from mobile phone colorimetry and the traditional
UV-Vis spectroscopy showed the accuracy of the method.

Dye removal

1. Introduction

Water pollution caused by accelerated development of industriali-
zation, especially textile industries, has become the first global concern
in recent years. Organic dyes are the most common pollutants in
wastewaters. Azo dyes are one of the principal subdivisions of organic
dyes that pose severe problems to human health [1]. Natural anaerobic
degradation of azo compounds, and also other N-containing aromatics,
form potentially carcinogenic aromatic amines [2,3]. Thus, removing
these hazardous materials is necessarily required for the protection of
human health and environmental [4]. In this regard, several conven-
tional methods have been introduced, such as membrane filtration,
photo-degradation, ion exchange, chemical oxidation, and adsorption.
High efficiency, low process cost, and simplicity made adsorption the
most favorable method [5].

Several porous materials with high surface areas including ordered
mesoporous carbons, activated carbon (AC) [6,7], zeolites [8], metal-
—organic frameworks (MOFs) [9,10], porous organic polymers (POPs)
[11,12], and functionalized mesoporous silica [13] have been reported
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as the adsorbent for dye removal. Currently, AC is the most common
adsorbent for dye removal from aqueous solutions. However, its appli-
cability is faced with limitations due to the low adsorption capacity,
slow adsorption kinetics, high cost, and difficult restoration. In order to
address these problems, new porous materials such as MOFs have been
proposed as high-performance adsorbents [14]. Although the use of
MOFs due to their high adsorption capacity has attracted much attention
in dye removal, their poor chemical stability and high sensitivity to
moisture limit their practical application. New POPs by making strong
covalent bonds between light elements have overcome this challenge
and exhibiting high chemical and thermal stability under environmental
conditions [15-18].

Covalent organic frameworks (COFs) are a class of POPs with crys-
talline ordered structure and defined pores [19,20]. COFs consist of
covalently bonded light elements, such as C, N, H, O, and B, extended in
regular frameworks [21]. Since their discovery in 2005, different link-
ages (e.g., hydrazine, imine, boroxine, and boronate) with different
molecular geometry (e.g., hexagonal, kagome, and square) have been
introduced [19,22]. A precise selection of linker and vertex could help
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scientists to predict the size of the pores in the structure [23]. COFs’
unique properties such as high surface area, as well as the structural
diversity and physicochemical stability, led to receiving extensive
attention during the last decade [24]. They have been applied in
different branches of science ranging from catalysis and adsorption to
drug delivery and energy storage [19,25-31]. Although COFs properties
and features suggest potential advantages, few investigations have been
conducted for dye adsorption from aqueous media [32].

Developing portable methods for on-site analysis has attracted sig-
nificant attention in recent years. The sample-handling and contami-
nation problems, as well as the high cost and time-consumption of in-
laboratory methods, increase interest in using the mobile phone color-
imetric methods [33,34]. Although the in-laboratory methods are more
reliable, the simplicity, portability, and capability of mobile phone
colorimetric methods in-field analysis make them good candidates for
replacing conventional methods [35,36].

In this manuscript, a Fluorene-based COF (FLU-COF) was designed
and synthesized using 4,4’,4”-((1,3,5-triazine-2,4,6-triyl)tris(oxy))tri-
benzaldehyde (TOB) as the vertex point and 2,7-diaminofluorene (DAF)
as the linker by a modified hydrothermal method. The prepared FLU-
COF was used to efficiently remove the highly water-soluble color Sky
blue A. This dye is the main color in the textile industry, leather and
jeans coloring, and paper-making. In order to find the optimal param-
eters of dye removal, the central composite design (CCD) was per-
formed. Then, a portable colorimetric platform was designed using a
mobile phone. The comparison between the results obtained from the
smart-phone and the UV-Vis spectrometer shows the reliability of the
smart-phone results and the capability of using this platform in-field
analysis.

2. Materials and methods
2.1. Reagents

2,7-Diaminofluorene (DAF), 2,4,6-trichloro-1,3,5-triazine (TCT),
tetrabutylammonium bromide (TBAB), p-hydroxybenzaldehyde, and
acetic acid (glacial) were purchased from Merck (Hohenbrunn, Ger-
many) chemical company. All the other materials were obtained from
Aldrich Chemical Co and used without further purification.

2.2. Preparation of 4,4°,4”-((1,3,5-triazine-2,4,6-triyDtris(oxy))
tribenzaldehyde (TOB)

TOB was synthesized by a modified procedure according to the
literature [37,38]. In a typical procedure, 50 mL aqueous solution of
NaOH (0.04 mol, 1.6 g) and p-hydroxybenzaldehyde (0.04 mol, 4.88 g)
were prepared. Then, another 50 mL solution of TCT (0.01 mol, 1.84 g)
in dichloromethane containing TBAB (6.5 x 10°° mol, 0.020 g) was
prepared separately. These solutions were mixed to obtain a biphasic
mixture, which is stirred for 24 h at room temperature. After sufficient
time, the organic phase separated and was washed with NaOH (10%
w/v) and distilled water. In the end, the organic phase was dried using
anhydrous sodium sulfate and evaporation under reduced pressure to
obtain a fluffy white product. The product was further purified by
recrystallization in ethyl acetate. Yield (%) = 89; m.p. (°C) = 174;
HNMR (CDCl3):7.310 (d, 6H, J = 6.8 Hz), 7.903 (d, 6H, J = 6.8 Hz),
9.978 (s, 3H); elemental analysis for Cy4Hi5N3Og (caled./found): C
65.31/65.03, H 3.41/3.74, N 9.59/9.42, O 21.75/21.81.

2.3. Synthesis of fluorene-based COF (FLU-COF)

Although the sealed Pyrex-tube method was used to prepare FLU-
COF earlier, the crystallinity of the product was not satisfactory. Here-
in, we present a modified hydrothermal method to prepare the FLU-COF
with higher crystallinity. To prepare FLU-COF, TOB (0.6 mmol, 0.26 g)
was added to 15 mL solution of o-dichlorobenzene/n-butanol (1:1 v/v)
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containing DAF (0.4 mmol, 0.08 g). Then, sonication was conducted for
30 min to obtain a homogeneous suspension. Thereafter, 2 mL acetic
acid (6 M) added to the mixture, and then the mixture autoclaved for
seven days at 85 °C. Subsequently, the autoclave was cooled to room
temperature and the product collected by centrifugation (6000 rpm, 10
min). In order to remove the oligomers and unreacted precursors, the
precipitate washed three times with tetrahydrofuran (THF), acetone,
dichloromethane, and ethyl acetate, respectively. Finally, the obtained
precipitate was dried at 90 °C for 24 h under vacuum.

2.4. Characterization

The structure of FLU-COF was studied by thermogravimetric analysis
(TGA), single-point BET specific surface area analysis, field-emission
electron microscopy (FE-SEM), powdered X-ray diffraction (PXRD),
and Fourier transform infrared (FT-IR) spectroscopy, as described in the
Supporting Information (SI).

2.5. Adsorption experiments

Sky Blue A (Acid blue 9, C37H42N409S3, MW: 787.90 g.mol’l), an
organic pigment with high water solubility (50 g.L ™! in 90 °G) which is
mainly used for wool, silk, and nylon dyeing and exist in industrial
wastewaters, is considered as a practical candidate for adsorption. A
stock solution of Sky Blue A (1000 ppm) was prepared by dissolving an
appropriate amount of solid Sky Blue A in distilled water. Different so-
lutions with concentration ranges from 1.5 to 120 ppm were prepared by
simple dilution of the stock solution and then used for the calibration
curve (Fig. S2) by measuring their absorbance at 637 nm. In a general
batch experiment, 10 mg of FLU-COF were taken into 5 mL of dye so-
lution with different initial concentrations. After sufficient time, the
adsorbent was centrifuged (6000 rpm, 10 min), and the supernatant
subjected to a UV-Vis spectrophotometer. The parameters useful on the
adsorption, such as contact time, pH, and adsorbent dosage, were
investigated entirely. According to spectroscopic data, the removal ef-
ficiency (Re) and equilibrium adsorption capacity (qe) can be calculated
as follow:

(CO - Ce)
%R, = Y X

0

100 €3]

Vv
qe:E(Co—Cf) x 100 (2)

where Cy (mg.L’l) stands for the initial concentration, and C, (mg.L’l)
is the concentration of Sky Blue A at the equilibrium. Moreover, V (L) is
the solution volume, and m (g) is the mass of adsorbent.

All the kinetic models used in the manuscript were presented in
detail in the supporting information.

2.6. Mobile phone colorimetric method

A mobile phone (HTC m8 eye), quartz cell, and a 10 W LED lamp was
used to prepare a simple colorimeter platform to measure the dye con-
centration in solutions. The ratio of red, green, and blue color value in
the sample image was examined using the Color Grab software (version
3.6.1). The software output shows a different value for each color. Thus,
the following equation was used to calculate the color ratio (CR) for the
samples [39]:

Ry 4 G | B
R,v+G;+By

CR=
3

3)
where Rg, G, and B stand for the red, green, and blue color value of the
sample, respectively. Also, R;, Gy, and B, are attributed to the red, green,
and blue color value of the reference solution (distilled water), respec-
tively. In this regard, the concentrate of stock solutions was ranged from
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0.5 mg. L™! to 50 mg. L™! for finding the calibration curve (Fig. S4).

3. Results and discussion (@)

3.1. Synthesis and characterization of FLU-COF

j /

vibration of aldehyde C-H in the TOB structure. Moreover, the band that
appeared at 1699 cm ! is attributed to the C=0 vibration. The phenolic
C-O bond vibration appeared at 1211 em ™. The bands shown at 1372- ©
1565 cm ™! are attributed to the C-N and C=N bonds in the triazine ring
(Fig. 1a). The presence of two bands at 3350-3410 cm s related to the
amine group presented in the DAF (Fig. 1b) [40]. Evidence of the for-
mation of FLU-COF is the disappearance of the C=0 stretching fre-
quency at 1699 cm ! and the formation of new imine bonds, which are
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COF can be in both eclipsed and staggered form. For a better compari-

son, the predicted XRD patterns of FLU-COF were shown in Fig. 2(b and

o) [41]. Fig. 1. FT-IR spectra of (a) TOB, (b) DAF, and (c) FLU-COF.
The stability of the FLU-COF was investigated by using TGA (Fig. 3).

The FLU-COF shows high thermal stability with a char yield of 57% (at
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Scheme 1. Schematic view of the preparation of FLU-COF.
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Fig. 2. XRD pattern of (a) FLU-COF, (b) predicted eclipsed form, (c) predicted staggered form, (d) eclipsed form of FLU-COF, and (e) staggered form of FLU-COF.

800 °C, Ar atmosphere). The physisorbed moisture led to a small mass
loss below 100 °C. The decomposition temperature of 5% wt. (T5%) and
10% wt. (T10%) were 210 °C and 317 °C, respectively. Furthermore, in a
halogen-free structure, there is a correlation between the char yield and
the limiting oxygen index (LOI) described by Van Krevelen and Hoftyzer
[42]. Thus, the LOI of FLU-COF is found to be 40.3. The data obtained
from the TGA curve was summarized in Table 1. Hence, the FLU-COF
can be classified in self-extinguishing material. The DTA also sub-
stantiates the results obtained from the TGA.

The surface morphology of the FLU-COF was investigated by FESEM,
EDX, and elemental mapping. The FESEM images (Fig. 4a) exhibit a
flake-like structure, in contrast to the amorphous structure presented by
Konavarapu [43]. Moreover, the surface homogeneity was studied by
elemental mapping analysis and EDX (Fig. 4b and c). The single point
BET analysis showed a specific surface area of 264.6 m% g ~L.

100 | 8
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0 200 400 600 800
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Fig. 3. TGA and DTA curve of FLU-COF.

Table 1

Thermal properties of the FLU-COF.
Samples Tdw (°C) TE (°C) Char yield (%) LOI (%)
FLU-COF 210 317 57 40.3

3.2. Dye adsorption

3.2.1. Optimization strategy

Optimization of adsorption condition is one of the critical steps to
achieve the maximum adsorption capacity by FLU- COF. The effect of
operating parameters, such as pH, temperature, contact time, and
adsorbent dosage, should be investigated for optimization; one way is
studying the effect of different values of each variable in invariant value
for other variables that known as on factor at a time. Another way is the
investigation of the relationship between variables specified by using
statistical experimental design. In the design of the experiment method
(DOE), a set of pre-designed experiments will be done [44]. The ad-
vantages of this method are reducing the test number, less consumption
of time and material, finding the real optimize condition by the multi-
variable interaction, and discover a mathematical model that shows the
relation of the experiment parameter with test results [45].

In this study, the level of useful parameters was optimized by using
the central composition design (CCD). The CCD consist of a fractional
factorial design, a star design that can estimate the mathematical model
includes constant and linear terms, interactions, and a quadratic term.
The experiment was done in one block. The main parameter and their
levels are shown in Table 2. The designed matrix and the experiment
results are shown in Table 2.

3.2.2. ANOVA analysis and model fitting

The precision and accuracy of the designed method were examined
using the analysis of variance method (ANOVA). The results are pre-
sented in Table S1. The result of ANOVA Interpretation and the model
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Fig. 4. (a) FESEM images of FLU-COF, (b) elemental mapping, and (c) EDX pattern of FLU-COF.

Table 2
Independent variables, their symbols, and levels for central composition design.

Variable Effect symbol Variable levels

-1 +1
Temperature (°C) A 5 45
pH B 3 9
Adsorbent Dosage (mg) C 1.5 10
Time (min) D 90

equation also presented in Supplementary material (Table S2). The F-
value of the designed model found to be 12.70, representing that the
model is significant. The probability of having a large F-value with this
magnitude for a model by noise is only 0.01%.

Values of “Prob > F” less than 0.0500 indicate model terms are
significant. In this case, B, C, D, c?, D? are significant model terms.
Values higher than 0.1000 indicate the model terms are not significant.

The “Lack of Fit F-value” of 2.63 implies the Lack of Fit is not sig-
nificant relative to the pure error. There is a 14.85% chance that a “Lack
of Fit F-value” this large could occur due to noise. Final Equation in
Terms of Coded Factors is found to be as follow:

Removal efficiency = +89.24 + 2.06A —3.87B + 13.41C + 3.65D —3.03AB
—2.04AC —0.60AD +3.24BC —0.39BD —0.33CD +1.96A2 +0.71B? -5.90C>
-3.85D° C))

Here, Y is (%) of the color removal.

The influence of different factors such as contact time, pH, adsorbent
dosage, and temperature on the removal efficiency was studied indi-
vidually by using the CCD model, and their corresponding three-
dimensional plots were shown in Fig. 5. The removal efficiency was
increased by increasing the contact time until it reaches a maximum of
299.7 mg. g 1. The removal efficiency insignificantly increased by
temperature due to the endothermicity of the adsorption process.
Regarding the results obtained from the CCD model, the optimal con-
dition was found as contact time of 60 min; pH of 5; adsorbent dosage of
0.005 g, at 45 °C.

3.2.3. Adsorption at the equilibrium
The maximum value of the dye (mg) adsorbed per adsorbent mass

unit (g), can be calculated with the adsorption isotherms. According to
the literature [5], the adsorption capacity (qn) obtained from the
adsorption isotherms can be used to indicate the adsorbent character-
istics. Fig. 6a shows the adsorption isotherm of Sky Blue A over
FLU-COF. The presence of aromatic rings and the formation of n-n
stacking forces between the adsorbent and the Sky Blue A dye structure,
as well as the presence of amine and imine functional groups and for-
mation of hydrogen bonds between FLU-COF and dye molecules, lead to
prepare an excellent condition for removing highly steric organic dye.
Regarding this information, different isotherms (Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich) [46] have been examined, and
their results were summarized in Table .3 and Fig. S3. The intra-particle
diffusion model was studied to gain more information about the
adsorption process. A quick look at the Weber-Morris plot (Fig. S3 f)
shows initial fast adsorption followed by a linear plateau. Thus, it could
be said that the adsorption process consists of two steps. At first, the dye
molecules were diffused through the solution to the external surface of
FLU-COF indicating a mass transfer from the solution to the external
surface of the adsorbent. In the second step, the adsorption-desorption
process led to establishing an equilibrium which is shown in Fig. S3 f
as a linear plateau [47-49]. Also, according to the correlation coefficient
(Rz), the adsorption data were best fitted to the Langmuir model
corroborating the monolayer adsorption of Sky Blue A on the exterior
surface of FLU-COF [50]. Thus, dye molecules were not penetrating into
the inner layers of absorbent. The adsorption energy emphasizes this
point that completed adsorption is only obtained by the formation of a
monolayer of adsorbate on the FLU-COF surface [51,52].

3.2.4. Adsorption kinetic study

To investigating the adsorption kinetics, the adsorption isotherm at
optimal condition was fitted to the Elovich, Intra-particle diffusion,
pseudo-first-order, and pseudo-second-order kinetic models. The results
were summarized in Table 4, and the corresponding diagrams were
presented in Fig. S3. The Pseudo-second-order model is most consistent
with the experimental data, which means that the chemical interactions
play an essential role in the Sky Blue A adsorption. According to the
theory of classical physical chemistry, the adsorption is a surface effect
that can be divided into physical adsorption and chemical adsorption.
The kinetic studies show that the experimental data has followed the
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Fig. 5. Three dimensional (3d) plots of (a) contact time and adsorbent dosage, (b) adsorbent dosage and pH, (c) contact time and pH, and (d) contact time and
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Fig. 6. (a) Adsorption isotherm for Sky Blue A over FLU-COF at optimal condition, (b) Langmuir plot of adsorption, (c) adsorption curve vs. contact time, and (d)
pseudo-second-order kinetic model (condition: contact time of 60 min; pH of 5; adsorbent dosage of 0.005 g, at 45 °C). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

pseudo-second-order model. Regarding the information in the literature
[47,53,54], this model explains the presence of chemical interaction
between the adsorbate and adsorbent. High nitrogen content of the
FLU-COF with free lone pair electrons can cause the formation of
hydrogen bonds between the adsorbent and the Sky Blue A. This process

can reach equilibrium by the formation of n-n stacking forces. There
could be some interlayer hydrogen bonding forces in the FLU-COF, but
the distance between the H-bonding donor and acceptor prevents the
formation of intramolecular interactions (Scheme 1). According to
previous studies [33,55], the presence of hydrogen bonding, would
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Isotherms coefficients for Sky Blue A adsorption over FLU-COF (condition: contact time of 60 min; pH of 5; adsorbent dosage of 0.005 g, at 45 °C).

Model Langmuir Freundlich Temkin Dubinin-Radushkevich

Adsorbate Qmax Ky, R? Kr n R? Kt br R? Qd B R?

Sky Blue A 909 2.45 0.999 361.16 4.65 0.942 18.81 21.85 0.985 647.84 1.41077 0.676
Table 4

Kinetic coefficients for the adsorption of Sky Blue A by FLU-COF from its solutions (300 mg. L™}, q. exp.:299.74, condition: contact time of 60 min; pH of 5; adsorbent

dosage of 0.005 g, at 45 °C).

Model Pseudo- first order Pseudo-second order Intra-particle Elovich
Adsorbate Qe K, R2 Qe Ko Kia 1 R2 a p R2
Sky Blue A 4.035 0.036 0.53 303.03 0.018 0.736 292.97 0.447 7.46-10%° 1.97 0.529

accelerate the adsorption process [56].

3.3. Mobile phone colorimetric method

To investigating the reliability of the method, adsorption isotherms
and kinetic models were also studied and showed a complete consis-
tency with the UV-Vis spectroscopy results (Figs. S5 and S6). Similarly,
the Langmuir isotherm and the pseudo-second-order kinetic model were
best fitted to the experimental data as it is summarized in Tables 5 and 6.
Scheme 2 shows an illustration of the designed device for mobile phone
colorimetry.

3.4. Comparison of FLU-COF adsorption capacity with recent studies on
dye removal

The ability of FLU-COF in removing organic dyes was compared with
recent studies and presented in Table 7. The impressive performance of
FLU-COF within 60 min and adsorption capacity of 299 mg. g1 in
comparison to MOFs (entries 1 and 3), and POPs (entry 2), and different
nanocomposites (entries 4-8) corroborates the application of COFs in
removing hazardous organic materials from water and wastewaters.

4. Conclusion

In conclusion, a fluorene-based covalent organic framework was
synthesized following a condensation reaction between 4,4’,4”-((1,3,5-
triazine-2,4,6-triyl)tris(oxy))tribenzaldehyde and 2,7-diaminofluorene,
and used for the adsorption of Sky Blue A from aqueous solutions. The
maximum adsorption capacity of 299 mg. g~ ' was obtained, and its
application on a mobile phone was investigated. The adsorption
isotherm obeys the Langmuir equation representing monolayer
adsorption, and the adsorption kinetic data follows the pseudo-second-
order equation due to the presence of chemical interactions. The mo-
bile phone colorimetric tests represent an excellent agreement with the
experimental UV-Vis data. The ability of FLU-COF in colorimetry with
portable devices can become an alternative to the conventional methods
in field-analysis.
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Table 5
Isotherms coefficients for Sky Blue A adsorption by smartphone colorimetric technique (condition: contact time of 90 min; pH of 5; adsorbent dosage of 0.005 g, at 45
°C).

Model Langmuir Freundlich Temkin Dubinin-Radushkevich

Adsorbate Qmax Ky, R? Kg n Kr br R? Qa B R?

Sky Blue A 666 0.0021 0.972 0.018 2.07 0.949 18.81 16.81 0.97 437.95 5.2.1073 0.913
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Table 6
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Kinetic coefficients for the adsorption of Sky Blue A by smartphone colorimetric technique (condition: contact time of 90 min; pH of 5; adsorbent dosage of 0.005 g, at

45 °C).

Model Pseudo- first order Pseudo-second order

Intra-particle Elovich

Adsorbate qe K; R? qe K2

K; 1 R? a B R?

Sky Blue A 100.7 0.035 0.82 270.3 0.001

0.998

12.35 155.66 0.854 4.37 28.75 0.975

Light Source Sample Insert

A /

-—

E Sample
/!

Smartphone
Scheme 2. Schematic view of smartphone colorimeter to estimate the dye

concentration.

Table 7
A comparison of FLU-COF with recent adsorbents on dye removal.

Entry  Adsorbent Adsorbate G Time Qe Reference
(mg. (min)  (mg.
LY LY

a

1 Zr-based MOF Acid Blue 40 40 40.0 [571
92
2 TPOP-SO3H Methylene 300 150 97.1 [58]
blue
3 Cd-MOF1 Methylene 10 30 105.0 [59]
blue
4 GO-Fe304 Methylene 20 3 32.0 [60]
blue
5 D-GO—COOH- Methylene 10 120 43.9 [61]
(PEI-PAA)g blue
6 PVA-PAA-GO- Congo red 25 240 9.6 [62]
COOH-PDA
7 PVA-PAA-GO- Methylene 10 240 26.9 [62]
COOH-PDA blue
8 Magnetic Methylene 3.74 360 11.9 [63]
MWCNT blue
9 FLU-COF Sky BlueA 300 60 299.0  Present
study

 Initial concentration.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.polymer.2020.122430.
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