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ARTICLE INFO ABSTRACT

Editor: Teik Thye Lim Cellulosic woven waste was used as a biomass material to prepare a Cu-doped BTC (Cu-BTC) adsorbent, which
was then used to remove methylene blue (Basic Blue 9) from wastewater. Cellulosic woven waste was used as a
biomass material to prepare a Cu-doped BTC (Cu-BTC) adsorbent, which was then used to remove methylene
blue (Basic Blue 9) from wastewater. The Cu-BTC had higher adsorption capacity for methylene blue (BB9) than
pure woven waste because it had high specific surface area and electrostatic interaction with cationic methylene
blue molecules. The Cu-BTC removed methylene blue from wastewater rapidly and effectively and had an ex-
cellent adsorption capacity (197.90 mg/g). In batch process, the adsorption efficiency of the adsorbent for re-
moval of BB9 was evaluated within 20 °C-60 °C, with initial BB9 concentrations of 50 — 200 mg/L and initial pH
of 2—11. The Cu-BTC activation tailored the topological and textural properties of the obtained adsorbent,
leading to a relatively large surface area of 1418.3 m?/g and pores with a volume of 0.491 cm®/g and an average
size of 2.11 nm. The adsorption process fitted well with the Langmuir isotherm and the pseudo-second-order
kinetic model. The possible mechanism for methylene blue removal mainly involved electrostatic attraction and
micro pores. This study can serve as a guide for value-added utilization of cellulosic woven waste and as a
practical method for the removal of methylene blue from wastewater. Adsorption of methylene blue onto the Cu-
BTC is an effective and eco-friendly method for its removal from wastewater.
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1. Introduction eutrophication, oxidation, hydrolysis, and some other chemical reac-

tions [4]. Most dyes preserve their color properties even in the presence

Most dyes are pollutants of high environmental impact because they
are either mixed with water during production or discharged directly
into water bodies by the textile, paper, and leather processing industry.
For example, about 15 % of dyes is lost during the dying process in the
textile industry [1]. Discharge of dyes and auxiliary chemicals into
water resources causes major environmental problems because they are
composed of large molecular organic compounds.

A large amount of water is used for the production of textile ma-
terials. What is more, a wide range of organic/inorganic and simple
chemicals are used for the production of polymeric chemicals, resulting
in wastewater containing various compositions and pollutants [2,3].
Dye effluents, even at low concentrations, are among the major water
pollutants due to their increased application in the textile industry.
Some dyes are carcinogenic and mutagenic, and thus, adversely affect
both aquatic and human life. Discharge of dyes may cause
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of light, water, and chemicals [5]. Therefore, biological water treat-
ment processes are ineffective in the treatment of dyes [6].

There are three types of methods for removing dyes from waste-
water: chemical, physical, and biological. Chemical methods (photo-
chemical degradation, electrochemical degradation, etc.) involve oxi-
dizing agents, such as ozone, hydrogen peroxide, and sodium
hypochlorite. Biological methods are conventional methods of waste-
water treatment used for removing dyes from water bodies. Various
methods have been developed to remove microorganisms (fungi,
aerobic and anaerobic bacteria) and dyes from wastewater. Some of the
physicochemical methods are adsorption, ion exchange, membrane
separation, and electrokinetic separation. Of these methods, adsorption
and ion exchange processes are promising physicochemical methods for
water treatment. Adsorption by active carbon is the most effective
method for removing dyes as well as many other contaminants from
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water bodies. In recent years, studies have focused on manufacturing
cost-effective adsorbents from different substances or making com-
mercially available adsorbents more cost-effective or activating them to
improve their effectiveness [5,6].

Agricultural residues or by-products contain cellulose and lignin
and have high adsorption capacity and are also good at retaining ionic
compounds through ion exchange thanks to their acidic-basic groups.
Therefore, there has recently been growing interest in agricultural
waste and by-products to remove dyestuffs from industrial wastewaters
[7-15]. Some of those agricultural waste and by-products are sugar
cane [16], rice husk [17], rice straw [18], peanut shell [19], coconut
shell [20], palm fruit seed membrane [21], cedar shavings [22], and
sunflower seed husk [23]. Chemical methods have been developed to
obtain adsorbents from cellulose and/or pectin-containing substances.

Metal-organic frameworks (MOFs) are one, two or three-dimen-
sional networks constructed from inorganic salts and multidentate or-
ganic linkers. MOFs have received considerable attention in recent
years because they have large surface areas and internal pore volume
and the capacity to bear various functionalities. They are widely used
for gas storage, adsorption/separation, and catalysis. They can be in
various forms (beads, pellets, etc.), and therefore, have a low pressure
drop and high performance in industrial applications. MOFs should be
deposited on suitable substrates rather than encapsulating them to use
their inner surface in the most effective way [24-28].

Cellulosic woven is a textile waste generally used for burning.
However, based on the rationale stated above, it can also be used as an
absorbent for wastewater treatment. Cotton textile waste is cellulosic.
Cellulosic fibers (C¢H100s), prepared by the polycondensation of glu-
cose units can be converted into MOFs. Therefore, textile manufacturers
can use cellulosic fibers to treat the wastewater that they generate.

The Cu-BTC is a MOF synthesized from copper (II) nitrate and
Benzene-1,3,5-tricarboxylic acid. It is widely used for catalysis, sensi-
tivity (against specific gases), controlled release, separation, and sto-
rage. However, it is also a MOF that can be potentially used in different
areas because it is positively charged, and therefore, capable of at-
taching to negatively charged surfaces, one of which is cellulose. Edge
cut and fiber waste is a rich source of cellulose.

The aim of this study was to obtain a Cu-doped BTC (Cu-BTC) from
cellulosic woven waste and to investigate its characteristics. A char-
acterization study was conducted to investigate whether the Cu-BTC
was suitable for adsorption. Based on XRD, SEM, FT-IR analyses, an
experiment was performed for the adsorption of methylene blue (Basic
Blue 9) in wastewater on the Cu-BTC.

2. Materials and methods
2.1. Materials preparation

The Cu-BTC obtained from cellulosic textile waste was used to re-
move methylene blue from wastewater, and then, its removal properties
were investigated. Cellulosic textile waste (cut edges of cotton towels)
was supplied from the Saray Orme facilities in Bursa and then cut and
shredded into fibers.

Carboxymethylation was carried out for the deposition of the Cu-
BTC. First, a 100 mL 15wt % NaOH (Merck %99.9) solution (molar
ratio: 2:1 ethanol (Merck, %96) / deionized water) was prepared. The
cellulosic woven waste was added into the solution and stirred for
30 min, and then, was removed from the solution, into which 11.6 g of
sodium chloroacetate (Merck, %99) was added. Afterwards, the cellu-
losic woven waste was put into the solution again and stirred for 1h,
and then, was removed from the solution and immersed into deionized
water for 30 min, and then, was washed first with deionized water and
then with ethanol. The cotton fabric was allowed to dry to room tem-
perature and then dried in an oven for 1h at 60 °C. The first step of
carboxymethylation is given in Fig. 1.

Trimesic acid (1.68g; 8 mmol) (Merck, %98) was dissolved in
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100 mL ethanol:DMF (Merck, %97) (1:1 v/v) solution, which was then
mixed with a 50 mL aqueous solution of 1.86 g (8 mmol) Cu(NO3),.2.5
H,0 (Merck, %99.9). One gram of short cellulosic woven waste was
added to the solution and stirred for about 15 min. The mixture was
heated to 85 °C in a 400 mL vessel. Some of the mixture (sample 1) was
kept at 85 °C for 24 h without stirring. The remaining mixture (sample
2) was stirred at 85 °C for 24 h to investigate the effect of stirring. After
24h, both samples were separately filtered and washed with
Ethanol:H,O mixture to get rid of impurities. Afterwards, both samples
were allowed to dry to room temperature for a short amount of time.
Lastly, they were kept in an oven at 160 °C for 18 h to activate the fibers
(Fig. 1) [27,29].

2.2. Preparation of solutions

A stock solution of Merck methylene blue (Basic Blue 9)(Merck,
%99.9) was prepared at 1000 mg/L concentration. Then, some distilled
water was dissolved in the solution and prepared to a volume of 1L.
Smaller concentrations of methylene blue solutions were prepared by
diluting the stock solution with distilled water.

2.3. Instrumentation and characterization

The Cu-BTC composite product was characterized using SEM-EDX
(SE) (scanning electron microscopy, Zeiss), TGA-DTA (FEI Quanta 250
FEG), particle size distribution (Malvern Master Sizer 3000), pH,,c
(Malvern Nanosize ZS-3600 zetasizer). Specific surface area, total pore
volume, and adsorption average pore diameter were determined using a
BET (Brunauer-Emmett-Teller, Micromeritics ASAP 2020). Functional
groups were determined using a FT-IR spectrophotometer (ATR)
(Perkin Elmer Spectrum 100).

2.4. Effect of solution pH

The effect of pH was analyzed in the range of 3-12 at 293 K for the
adsorption. Half a gram of The Cu-BTC was added to a 100 mL me-
thylene blue solution of 100 mg/L and shaken for 12 h. The absorbance
of methylene blue in the samples was determined by spectro-
photometric (Shimadzu UV-1201) method at 665 nm, the specific wa-
velength for methylene blue after dilution of samples with distilled
water suitable for analysis. In determining the amount of methylene
blue in the filtrates, a calibration graph prepared from the absorbance
measurements determined in the spectrophotometer of standard me-
thylene blue solutions at concentrations ranging from 1—5mg/L was
used. Afterwards, the methylene blue removal rate was determined as
follows :

100
Co 1)

where Cy and C. (ing/L) are the initial and the equilibrium of aqueous
methylene blue concentration, respectively.

%Methylene blue(BB9) Adsorption = (C, — Cs) X

2.5. Effect of ionic strength

NaCl solutions with concentrations of 0.01M to 0.1 NaCl were
added to the 100 mL methylene blue solutions of 100 mg/L at 293K to
investigate the effect of ionic strength. All samples were agitated at
300 rpm for 12 h. Following reaction, the adsorption capacity at equi-
librium (q. [mg/g]) was determined as follows :

_ (Co - cs) XV
a= m @

Where V (L) is the volume of methylene blue solution; M (g) is the mass
of absorbents; Cy is the initial and the equilibrium concentration of
methylene blue solution, and C. (mg/L) is the equilibrium concentra-
tion of methylene blue solution.
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Fig. 1. Carboxymethylation of cellulosic woven waste (a), deposition process on cellulosic woven waste (b), Cu-doped BTC (Cu-BTC) (c).

Experiments were carried out in two parallel samples. The average
of the two was used in the case of a deviation of < 5 percent. A third
experiment was performed in the case of a deviation of > 5 percent,
and the average of the two closest of these values was taken into ac-
count.

3. Result and discussion
3.1. Characterization of the Cu-BTC composite

SEM-EDX images were used to analyze the appearance and pore
structure of the Cu-BTC. Fig. 2 shows that it had a cubic-like structure
and a surface similar to BTC (benzene-1,3,5-tricarboxylic acid). It had
an extremely dense surface with numerous small granular particles
adhering to the internal pores of the composite, which might provide
additional reactive sites to capture contaminants [24].

The elemental composition of the Cu-BTC was identified by the EDX
spectra. The EDX spectrum shows the high purity of the synthesized Cu-
BTC along with the oxygen content which indicates the formation of
copper particles. The absence of other elements in the EDX spectrum

also confirms the purity of the Cu-BTC as mentioned by Kiisgens et al.
[24].

N, adsorption/desorption experiments were performed to further
characterize the Cu-BTC porosity. Table 1 shows the results. The Cu-
BTC had a relatively high (1418.3m?/g) BET with a type I isotherm
related to monolayer adsorption. It had a type I N, ad-
sorption—desorption isotherm with an H1 type hysteresis loop char-
acteristic of a microporous structure. This difference may be due to the
introduction of Cu. This result agreed with the SEM analysis (Fig. 3)
[301.

Fig. 4 shows the XRD results of the Cu-BTC, the cellulosic woven
waste, and the Cu-BTC deposited cellulosic woven waste. The cellulosic
woven waste had an amorphous structure (Fig. 4a). After the Cu-BTC
deposition, the characteristic peaks of the Cu-BTC were observed. The
peaks suggest that the Cu-BTC had a crystal structure while the cellu-
losic woven waste remained to be amorphous. Abdelhameed et al. [25]
reported that the Cu-BTC deposited on viscose had strong MOF peaks at
20 = 9.4°, 11.6°, 13.4°, and 19.1° and weak peaks at 260 = 17.4°, 20.1°,
25.9°, 29.4°, 35.3° and 39.2°, which was similar to our results (Fig. 4b).

The Cu-BTC showed characteristic bands around 1600cm?,



M.S.A. Eren, et al.

Journal of Environmental Chemical Engineering 8 (2020) 104247

}mﬂ | EHT =2000kV Signal A = SE1 Date 19 M 2019 W 2898
WD=105mm Mag= 250KX Time 11:21.01 SE MAG:1000 X HV: 20.0 KV WD:40.6mm Px:0.31 pm
X 0.001 cps/eV
140
120-
100
801 0
=
60, ! -
40-
204} |
0_ ILJI - :Au’lt Iu.hl ‘A..lu\.;r..ll ?Al‘.lnlml —. T ™ T
2 4 6 8 10 12 14 16 18 20
keV

Fig. 2. SEM images of surface micromorphology of Cu-doped BTC (Cu-BTC) and EDX evaluation.

Table 1

Some chemical/physicochemical properties of Cu-doped BTC (Cu-BTC.).
Property Value
Bulk density (g/cm®) 0.824
True density (g/cm®) 1.546
BET surface area (m?/g) 1418.3
Langmuir surface area (m?/g) 1956.8
“ pore volume (cm®/g) 0.6674
" Pore size (A) 18.54
Particle size [vol. weighted mean, (D [4,3]), um] 19.14
Particle size [d(0.1), um] 9.91
Particle size [d(0.5), pm] 24.89
Particle size [d(0.9), um] 39.55

2 Total pore volume of pores less than 1262 A width.
b Adsorption average pore width (4 V/ A by BET).

1400 cm™%, 1300cm™}, and 730cm ™! and cellulosic fibers around
1100 cm ™%, 2700 cm™?, and 3200 cm ™! (Fig. 5). Da Silva Pinto et al.
[31] and Neufeld et al. [27] also reported that the Cu-BTC showed
characteristic bands at the same wavelength. The deposition of the Cu-
BTC on the cellulosic fibers by stirring or non-stirring resulted in an
increase in bands intensity at 1700 cm ™, 1447 cm ™, 1343 cm ™!, and
729 cm ™. The Cu-BTC showed COO — asymmetric bond, C — C stret-
ches, COO — symmetric stretching, and C—H out-of-plane bending at
1644 cm™!, 1447cm™%, 1343cm™), and 729cm Y, respectively,
which has also been reported by Da Silva Pinto et al. [31] and Neufeld
et al. [27]. The cellulosic fibers showed characteristic bands around
1100 cm ™%, 2700 cm ™!, and 3200 cm ™! (Fig. 5). Stirring or non-stir-
ring resulted in successful deposition of the Cu-BTC on the cellulosic
fibers. It can be concluded that the Cu-BTC deposition increased the
intensity of the characteristic peaks of the cellulosic fibers [27,31].
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(b).

The Cu-BTC particles were thermogravimetrically analyzed for
thermal stability (Fig. 6). The TGA curve yielded an initial mass loss of
140-280 °C, corresponding to the loss of solvents from particle cages.
Removal of those confined guest molecules may result in very large
surface areas for the Cu-BTC. The Cu-BTC particles were thermally
stable to 310 °C and then disrupted the cellulose structure, resulting in a
sharp mass loss of 74.7 % at 280-490 °C. The result showed that the
synthesized the Cu-BTC particles were able to retain their thermal
stability up to about 280 °C [32].

A particle size analyzer was used to analyze the particle size
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Fig. 7. Particle size diagram of Cu-doped BTC (Cu-BTC).

distribution of the Cu-BTC (Fig. 7). The result showed that the mean
particle size of the synthesized the Cu-BTC was 32 pm (min 20 and max:
60) [33].

pHzpc was measured to examine the adsorption of methylene blue
on the Cu-BTC [34]. The Cu-BTC had a pHzpc of 4.7, that is, the Cu-BTC
had negative surface charges at pH higher than 4.7. This result in-
dicated that there was a strong electrostatic interaction between the Cu-
BTC and methylene blue when the solution pH was higher than pHzpc
(Fig. 8).

3.2. The effect of pH

The Cu-BTC exhibited similar adsorption behavior (Fig. 9). The

2150 1900 1650 1400 1150 900 650 400

% Transmittans

em!

Fig. 5. FT-IR spectra of Cu-doped BTC (Cu-BTC).
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Fig. 9. Effect of pH on methylene blue (BB9) adsorption onto Cu-doped BTC
(Cu-BTC).

removal rate of methylene blue by the Cu-BTC increased when the pH
increased from 3 to 5 and then leveled off at around 84 % before
reaching their highest peaks at pH = 11 (97.20 %). The variation in the
methylene blue uptake due to solution pH corresponded to the pHpzc of
the absorbent (Cu-BTC) and pKa of the absorbate (methylene blue). The
Cu-BTC had a pHzpc of 4.7, while the methylene blue had a pKa of 6.9.
The methylene blue was anionic, while the Cu-BTC were cationic at pH
below 5. Removal rate increased consistently due to the electrostatic
attraction between the Cu-BTC and the methylene blue. However, re-
moval rate decreased slightly, suggesting that other adsorption me-
chanisms, such as ion-exchange, may be responsible for the adsorption
behavior of the Cu-BTC at this stage. The Cu-BTC was cationic, and
removal rate was stable at a pH of 2.5-4.5 due to the dominant van der
Waals interaction [35-37]. The Cu-BTC was anionic at a pH of 4.5-9,
resulting in an increase in removal rate due to electrostatic attraction.
All absorbents were anionic, while methylene blue was cationic at pH
above 9. All in all, the dye removal rate of the Cu-BTC rose significantly
owing to electrostatic attraction.

3.3. Effect of ionic strength

The methylene blue removal rate increased slightly when 0.01 M
NaCl solutions were added and reached maximum when 0.05M NaCl
solution was added (Fig. 10). Then it decreased with a decrease in NaCl
concentrations. Relatively low NaCl concentrations may boost proto-
nation and promote the dissociation of methylene blue molecules,
thereby increasing removal rate. On the contrary, relatively high NaCl
concentrations may suppress electrostatic interactions, resulting in re-
duced adsorption performance [38].
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Fig. 10. Effect of ionic strength on methylene blue (BB9) adsorption onto Cu-
doped BTC (Cu-BTC) [pH~7].

3.4. Adsorption kinetics

The adsorption kinetics plays a key role in practice because it can be
used to evaluate the yield of adsorption and the feasibility of scale-up
operations [39-41]. Therefore, the experimental data were modeled
using the Lagergren pseudo-first-order model, pseudo-second-order
model, and interparticle diffusion to investigate the kinetics of methy-
lene blue adsorption on the Cu-BTC. The kinetic equations are given in
Table 2. The kinetic parameters and correlation coefficients (R?) for
each model are presented in Table 3. The kinetics of methylene blue
adsorption on the Cu-BTC corresponded to the pseudo-second-order
(Fig. 11). The effect of diffusion on the adsorption process was tested by
applying the kinetic data to intra-particle diffusion model, of which the
plot is shown in Table 3. Intra-particle diffusion constant parameters
are tabulated in Table 3. According to Weber and Morris the intra-
particle diffusion would be the rate limiting step if the plot of solute
sorbed against the square root of the contact time yielded a straight line
passing through the origin and the slope gives the rate constant Kjpg. In
the present study, the linear plot of q, vs t°® did not pass through the
origin. The relatively low R? values and the significant difference be-
tween the calculated and experimental adsorption capacity suggested
that the pseudo-first-order model did not fit well to the adsorption
process of the Cu-BTC. The pseudo-second-order model resulted in re-
lative higher R* values (0.9927, 0.9934, and 0.9975 for 20 °C, 40 °C,
and 60 °C) than the pseudo-first-order model (0.9303, 0.9255, and
0.9408 for 20 °C, 40 °C, and 60 °C). What is more, the experimental and
calculated g, values agreed well with each other. It can, therefore, be

Table 2

Adsorption kinetic models and equations.
Kinetic models Equations No
Pseudo-first order model In(ge — qy) = Inqek;t 3)

Plot: In(qe—qy) vs.t
ky: Pseudo-first order kinetic rate coefficient

(min™")
Pseudo-second order t_ 1 ot “@
model 1 ke e

Plot : t/qe vs: t
k: Pseudo-second order kinetic rate coefficient
[(g/mg)/ min]
Intraparticle diffusion
model

q= kitl‘z +1 ®

Plot: g, vs: t
kiq: Intraparticle diffusion rate coefficient
[(mg/g)/ min'/?]

I: Intercept related to the thickness of boundary
layer

qe: Adsorption capacity of the adsorbent at the
equilibrium (mg/g)

q¢: Adsorption capacity of the adsorbent at the
time (t) (mg/g)

1/2
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Table 3
Calculated model parameters and regression coefficients for kinetic (pseudo-first-order, pseudo-second-order and intraparticle diffusion) models for various tem-
peratures.
Kinetic models Parameters Temperature
20°C 40°C 60°C
Pseudo Equation y=-0.0587x+4.042 y=-0.00188x+3.205 y=-0.0299x +3.7038
First k; (I/min) 0.0587 0.0188 0.0299
Order Qear (Mg/g) 155.42 200.12 255.36
R? 0.9303 0.9255 0.9408
x? 10.8317 7.1740 6.2970
Pseudo Equation y = 0.0054x +0.2297 y = 0.0068x+0.1905 y = 0.0083x+0.1171
Second ko (g /(mg.min)) 0.0054 0.0068 0.0083
Order Qeal (Mg/8) 195.15 237.86 294.14
R? 0.9927 0.9934 0.9975
x? 0.0087 0.0001 0.0059
Intra Equation y = 0.2219x+20.55 y = 0.2514x+30.78 y = 0.4757x+45.72
Particle Kkgir (mg/(g. min®®)) 0.2219 0.2514 0.4757
Diffusion Qeal (Mg/8) 17,955 22,078 27,772
R? 0.9814 0.9859 0.9865
x? 1.5907 1.3447 1.1332
Qexp (Mg g™ 1) 196.45 238.01 295.46
concluded that the adsorption of methylene blue on the Cu-BTC fol- Table 4
lowed the pseudo-second-order model. Table 3 indicates that the Adsorption isotherm models and equations.
pseudo-second-order kinetic model with the highest R? values and I )
5 X X . sotherm models Equations No
smallest - values provided the best fit to the experimental data
([39-411. Langmuir isotherm C_ 1 . C ®)
model G4 bdm  dm
. i Plot : C./qe Vs. Ce b: Langmuir isotherm constant
3.5. Adsorption isotherm (L/mg)
Qm: Maximum adsorption capacity (mg g~ %)
Adsorption isotherms are used to describe the relationship between Freundlich isotherm Ing, = ~InC, + Ink; @
an adsorbate and an adsorbent at a constant temperature [39-41]. In model Plot: Inqe vs. InC, K¢: Freundlich isotherm constant
this study, the adsorption data fitted well to the Langmuir isotherm related to adsorption capacity (mg/g).(L/mg)"
model and the Freundlich isotherm model in linear form. The isotherm “(:j Freundlich isotherm constant related to
. . . . t tensit
model equations used are given in Table 4. The isotherm parameters adsorption Intensity
and correlation coefficients (R%) for each model are presented in
Table 5. The plot of the Langmuir isotherm model and Freundlich iso- Table 5
. . . 2 .
therm model are depicted in Fig. 12. The R” values of the Langmuir Calculated isotherm parameters for methylene blue(BB9) sorption by Cu-BTC.
isotherm model (0.9951, 0.9990, and 0.9971 for 20 °C, 40 °C, and 60 °C) - -
were relatively higher than those of the Freundlich isotherm model ;rgmperamre Langmuir Freundlich
(0.9018, 0.9583, and 0.9362 for 20 °C, 40 °C, and 60 °C) (Table 5). This b Qoo R2 1/n Ke R?
indicated that the experimental data better fit to the Langmuir isotherm (I/mg) (mg/g) ((mg/g~1)/(1/mg)"/
model than to the Freundlich isotherm model. The estimated maximum "
rption i 20° °C, an °‘Cwas 189.12 = 1.1 m,
adsorpt °+ capacity at 20°C, 40°C, a+d 60°C was 189 K g{ & 20 32.3 189.12 0.9951 0.5515 13.661 0.9018
231.19 = 0.9mg/g, and 288.72 =+ 1.4mg/g, respectively, which 40 417 23119 0.9990 04869 17.561 0.9583
were relatively larger than other raw leaf materials, such as Saraca 60 50.6 288.72 0.9971 0.3948 22.839 0.9362

asoca (90.9mg/g) [42], Platanus orientalis (114.94 mg/g) [43], and
fallen coconut leaves (112.35mg/g) [44]. In conclusion, the Langmuir
isotherm model confirmed that the adsorption of the methylene blue at
20°C, 40°C, and 60 °C was monolayer with identical adsorption affi-

In addition, when non-linear isotherm (Fig. 12c¢) is examined, it can be
stated that the methylene blue sorption of Cu-BTC has reached sa-

nities and activation energy over the homogeneous surface (Fig. 12a). turation within the operating conditions and is an L-type isotherm in
800 i 800 800
50 mg m50 mg/l o 1 m50 1
700 700 | 700 | mg/
100 mg/1 100 mg/1 J 100 mg/1
600 @150 mg/l 600 1 @150 mg/l 600 1 150 mg/
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t, min. t, min. t, min.

Fig. 11. Pseudo-second-order kinetic model plot for methylene blue (BB9) adsorption.
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Fig. 12. Isotherm model plot for methylene blue (BB9) adsorption, (a) Langmuir isotherm model and (b) Freundlich isotherm model (c) Nonlinear sorption isotherm

model.

the form of isotherm.

Numerous studies have used different materials to remove methy-
lene blue from aqueous solutions and reported both kinetics and equi-
librium operating parameters and capacities (Table 6). However, our
results showed that the Cu-BTC had higher adsorption capacity than
those materials, suggesting that it is a promising adsorbent that can be
used to effectively remove methylene blue from aqueous solutions.

After experimental data are applied to the kinetic models, the speed
constant of the most suitable model is considered to be the adsorption
rate constant (k,q). Activation energy is achieved by establishing a re-
lationship between k.4 values and temperature at different concentra-
tions and temperatures. To that end, the logarithm of the two lines is
calculated (Eq. 8), and activation energy is obtained from the slope of
the line drawn between Ink and 1/T.

ko = A(e™PA/RT) ®

where k,q is the adsorption rate constant, A is the frequency factor, and
E, is the activation energy. For these parameters, units depend on the
unit of the rate constant. Finally, activation energy can be calculated as
kJ/mol.

E, magnitude may provide a clue as to whether adsorption is of
physical or chemical type. The former does not require a considerable
amount of E5 because Van Der Waals forces, which are not higher than
1 kcal/mol (4.18kJ/mol), are involved in the process. The latter,
however, requires higher forces than does the former. Adsorption is of
chemical type if the values of E, are between 2 and 20 kcal/mol (8.4
and 83.7 kJ/mol) [35,40].

The experimental data fitted well to the simple II order kinetic
model. The activation energy calculated from the Arrhenius equation
for 50 — 200 mg/Lmethylene blue solutions was 18.03 = 0.2kj/mol.

3.6. Thermodynamic studies

The three thermodynamic parameters, the Gibbs energy change

Table 6

Comparison of methylene blue (BB9) adsorption amounts in various adsorbents.
Adsorbent q (mg/g) References
Crystalline porous materials 315.2 [45]
MIL-100(Cr) 645.3 [46]
MOEF-235 252.0 [47]
Papaya seeds 555.5 [48]
Activated carbon 400.0 [49]
Teak tree bark powder 333.3 [50]
Chitosan flakes 143.5 [51]
MOF compound 139.6 [52]
Hazelnut shell 38.2 [53]
CCuBTC composite MOF 288.72 This work

Table 7
Thermodynamic equations.
Isotherm Equations No
models
0 o
Enthalpy (AH®) Inb = Inby — AR_I; ©
Plot: Inb vs. 1/T
Free energy 1\ _ AG (10)
(AG?) n(3) =S

Entropy (AS°) AS° = (AH — AG)/ T an

AG®, free energy exchange (kJ/mol); T is the absolute temperature
(K) and R is the universal gas constant (8.314 J/molK). b can also
be expressed in the following equation, including the terms AH®
(kJ/mol) and AS°® (kJ/molK), as a function of T

Table 8
Thermodynamic parameters for methylene blue (BB9) sorption by Cu-BTC.

Temperature AH (kj/mol) AG (kj/mol) AS (kj/mol.K)
°C

20 9.12 —8.47 0.06001

40 -9.71 0.06015

60 —10.86 0.06000

(AG®), enthalpy change (AH®), and entropy change (AS®), were calcu-
lated using equations 9, 10, and 11 (Table 7). The value of AG® plays a
key role in the spontaneity of adsorption. The AG® values decreased
with an increase in temperature and were negative at all temperatures
(Table 8), indicating that the adsorption process was favorable at 20 °C,
40°C, and 60 °C. The values of AS°® were positive at 20 °C, 40 °C, and
60 °C, suggesting increasing disorder of the interface during adsorption.
The positive AS® values can be explained as follows: One adsorbate
molecule is displaced by more than one water molecules during ad-
sorption of dye, resulting in an increase in entropy [39-41]. The AH®
values were positive at 20 °C, 40 °C, and 60 °C, meaning that the ad-
sorption process was endothermic. Entropy, that is, irregularity de-
creased. This is because it becomes more regular with adsorbed agent
accumulation/adhesion during adsorption.

3.7. Regeneration studies

It is not environmentally safe to dispose of adsorbents saturated
with methylene blue. Therefore, different methods should be developed
to regenerate and reuse adsorbents to reduce their environmental
burden. This study investigated the regeneration performance of the
Cu-BTC. The result of dilute acid (0.001 N HC]) regeneration is given in
Table 9, indicating that the regenerated Cu-BTC had high adsorption
capacity (about 159.48 + 2.2 mg/g) after three consecutive dilute acid



M.S.A. Eren, et al.

Table 9
Regeneration studies for methylene blue (BB9) sorption by Cu-BTC.

Adsorpiton MB (BB9) Removal, % Sorption capcity
mg/g

I 98.95 197.90

I 91.42 182.84

I 83.75 167.50

v 79.74 159.48

treatments despite the reduction in regeneration efficiency from
91.42%-79.74%. This result indicates that dilute acid treatment can be
used to improve the efficient and stable regeneration performance of
the Cu-BTC [54,55].

3.8. Possible adsorption mechanism

A possible mechanism is provided to further explain that the Cu-BTC
exhibits adsorption. The BET results showed that the Cu-BTC was in
accordance with the adsorption event, which was confirmed by the
adsorption application. Therefore, the average diameter of adsorption
pore may also contribute to the adsorption performance of the Cu-BTC.
According to the FTIR results, —OH, C=0 were potential functional
groups for the Cu-BTC interacting with methylene blue. These carboxyl
acid groups were negative, which could combine with methylene blue
dye™ via electrostatic attraction [56,57]. The pH results also confirmed
that the adsorption process was mainly controlled by electrostatic force
and had stable and efficient recycling performance during dilute acid
(0.001 N HCD) treatment (Fig. 13). The methylene blue particles were
decomposed during dilute acid (0.001 N HCl) treatment, resulting in
more adsorption sites on the Cu-BTC surface. The - interactions may
also enhance the regeneration efficiency of the Cu-BTC because it had
unique surface layers interacting with dye molecules [58,59]. The
higher the number of dilute acid (0.001 N HCI) treatments, the more
stable the Cu-BTC structure, and thus, the more stable its regeneration
performance.

3.9. Evaluation in terms of benefit and risk

Adsorption is an advanced physical/physicochemical treatment
method based on the adsorption of pollutants on solids. The advantages
of adsorption are that it is an efficient, easy-to-operate, and simple-
design method that can either be used as a pretreatment or posttreat-
ment for effective removal of pollutants from aqueous solutions.

Physical adsorption
C LIS
Q-[_]Cw"4 l = 5 o, 2+ CH;,
CHy ol CHy
us 3 OC
Hydrogen

Functional groups

complexation f.l"—

MB'
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Adsorption is much easier and better at removing toxic pollutants from
aqueous solutions than conventional biological wastewater treatments
[60,61]. The Cu-BTC is an effective adsorbent used for removal of a
wide range of pollutants (inorganic, organic, taste, odor, color, etc.)
because it has high specific surface area, wide usability, and structural
stability under acidic or basic conditions and at high temperatures [62].
Adsorption does not require too much effort. The disadvantages of
adsorption are that it is disposable and sometimes causes turbidity [63],
which we actually overcame by using it many times. Operating cost
depends on how much the adsorbent and its regeneration cost. The
disposal of adsorbents at their end of operational life also increases the
cost. However, every treatment results in waste that should be disposed
of. All these disadvantages can be done away with by imparting mag-
netic properties to the Cu-BTC. Adsorption be a very cost-effective
method if the adsorbent is magnetized (no need for regeneration) or if
new cost-effective adsorbents with active carbon properties (surface
area, pore diameter, high stability, etc.) are manufactured. Adsorption
does not pose a great risk because it is simple and requires no extreme
operating conditions. However, operational accidents (spills and
leakage of hazardous chemicals during disposal of adsorbents) may
cause environmental and health problems. Landfill and incineration
also increase the environmental burden of the disposal of adsorbents
[64,65]. Every treatment results in waste that should be treated.
Therefore, the key point is generating as little waste as possible after
treatment. To achieve that, active adsorbents or magnetic adsorbents
should be used.

4. Conclusion

The textile industry generates a large amount of cellulosic textile
waste. In this study, a metal-organic framework Cu-doped BTC (Cu-
BTC) was obtained from cellulosic textile waste and then used to re-
move methylene blue (BB9) from aqueous solutions. The equilibrium
data agreed well with the Langmuir isotherm model. The Cu-BTC had a
maximum monolayer adsorption capacity 189.12 + 1.1 mg/g, 231.19
+ 0.9mg/g, and 288.72 * 1.4 at 20 °C, 40 °C, and 60 °C, respectively.
The potential functional groups were mainly —OH and C=O0, and
electrostatic attraction played a key role in adsorption. The Cu-BTC
regenerated by a dilute acid (0.001 N HC]) regeneration method per-
formed well in three successive cycles without considerable loss of ef-
ficacy. Overall, the results indicate that the Cu-BTC is an effective ad-
sorbent that can be used for dye removal from industrial wastewater
and that repeated dilute acid (0.001 N HCI) regeneration methods can
be used to regenerate adsorbents.

MB*

Fig. 13. Possible adsorption mechanism.
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