Materials Chemistry and Physics 277 (2022) 125504

Contents lists available at ScienceDirect

Materials Chemistry and Physics

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/matchemphys

Check for

Effect of pH on the removal of anionic and cationic dyes using zinc e

curcumin oxide nanoparticles as adsorbent

Celine Arab, Riham El Kurdi, Digambara Patra

Department of Chemistry, American University of Beirut, Beirut, Lebanon

HIGHLIGHTS GRAPHICAL ABSTRACT

e Zinc curcumin oxide nanoparticles were
synthesized and used as adsorbent.

e Congo red had the highest adsorption :: /
capacity in acidic medium. e

e Methylene blue, rhodamine 6G and ]
rhodamine B had highest adsorption d TN cmons

capacity in basic solutions. R U

Methylene blue —————>

Rhodamine 6G——> =

e Even though methyl orange is anionic, it
was adsorbed better in basic medium.

e All the adsorption processes studied
followed a pseudo-second order kinetic
model.

«———— Methyl orange

Rhodamine B—————

ARTICLE INFO ABSTRACT

Keywords:

Anionic dyes
Cationic dyes
Zn(cur)O NPs

Recently, organic dyes are highly found in wastewater because of the plastic, painting, cosmetics, paper, leather,
and food industries. They are dangerous and can affect the environment in addition to the human beings. Many
methods were studied in order to get rid of them. Among all the techniques, adsorption was determined to be a
successful, economic, ecofriendly, and efficient one. Zinc oxide nanoparticles were complexed with curcumin in

Adsorpti

PHsorp on order to generate zinc curcumin oxide nanoparticles that will be used as adsorbent. The efficiency of zinc cur-
Adsorption capacity cumin oxide nanoparticles as adsorbent was investigated for different organic dyes such as congo red (CR),
Kinetics methyl orange (MO), methylene blue (MB), rhodamine 6G (Rh6G), and rhodamine B (RhB). The effect of pH was

investigated in this study for the diverse anionic and cationic dyes. The highest adsorption capacities q. of the
dyes were determined for CR, MO, MB, Rh6G, and RhB to be 94.54, 44.38, 34.71, 38.184, and 28.34 mg/g
respectively. Only congo red had the highest adsorption capacity at an acidic pH while the other dyes had the
highest adsorption capacity at a basic pH. In addition, all the adsorption processes that were studied followed a
pseudo-second order kinetic model.

1. Introduction

Nowadays, organic dyes have gained much importance due to their
usage in different types of industries such as leather, plastic, textile,
paints, cosmetics, paper, and food production [1,2]. These dyes are
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significantly present in wastewater and can cause a danger to human
beings [2]. They are considered as pollutants that can bring out a risk to
the environment. By breakdown and decomposition, they are prone to
form carcinogenic and mutagenic compounds due to their high toxicity
[1]. Numerous techniques have been applied until now, such as
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Fig. 1. Chemical structure of (A) Congo red, (B) Methyl ornage, (C) Methylene Blue, (D) Rhodamine 6g, (E) Rhodamine B and F curcumin.

photo-catalysis, advanced oxidation, coagulation, membrane filtration,
flocculation-solidification, electrochemical practices, and adsorption.
Among them all, adsorption is the most suitable one in terms of cost,
simplicity, ecofriendliness, and efficiency [2,3,41].

Congo red (CR) is one of the anionic dyes with a pKa equal to 4.5.
When it breaks down, it develops carcinogenic properties and mutagenic
activities in aquatic ecosystems [4]. Methyl orange (MO) is a different
anionic azo dye. It is also carcinogenic, toxic and mutagenic, and it lasts
for a long time in the environment [5].

Moving on to another type of dyes, the cationic organic dyes,
methylene blue (MB) is highly important because it can initiate vomit-
ing, diarrhea, nausea, and breathing difficulties. It blocks the passage of
solar radiations into water affecting by that the amount of oxygen
necessary for the aquatic life [6]. Rhodamine 6G (Rh6G) is one more
toxic cationic organic dye that has bad consequences related to the eyes
and respiratory system. If rhodamine 6G contaminated water is drunk, it
can provoke skin irradiation as well as cancer [7]. Likewise, rhodamine
B (RhB) is a basic cationic dye utilized as a water tracer fluorescent
molecule. It can cause irritation of skin and eyes as well as respiratory
problems [8]. Therefore, developing an efficient complex for the
adsorption process was taken into consideration. The structures of CR,
MO, MB, Rh6G, and RhB are depicted in Fig. 1A-E respectively. Several
materials were used for the treatment of wastewater and the adsorption
of organic pollutants such as carbon nitride C3N4 photocalyst [9];
granular sludge [10], perovskites [11]; metal organic frameworks [12];
amidoxime/carbon nitride (AO/g-C3Ny4) [13]; fibrous adsorbent (PAN-
F-TETA-PT) [14]; etc.

Lately, nanoscience has grown and been applied in many areas such
as agriculture, cancer, environmental science, engineering, and drug

delivery. Metal oxide nanoparticles have been considered as nutrition
supplements that have the ability to go directly into the digestive sys-
tem. They are capable of absorbing UV light and possess antimicrobial
properties that permit their usage in food packaging [15]. Moreover,
they are widely used in solar cells, sensing, photocatalytic applications,
and electronics due to their vast surface area [16]. Their size ranges
between 1 and 100 nm [17].

In this study, zinc oxide nanoparticles (ZnO NPs) were selected
because of their varied biomedical applications. They are non-toxic in
addition to exhibiting antimicrobial and anticancer activities [16]. ZnO
NPs are as well determined to be semiconductors having their own and
unique optical and electronic properties with a high exciton binding
energy (60 meV) and a wide band gap (3.37 eV) [18]. These nano-
particles were chosen to be complexed with curcumin in order to
enhance their activity. Curcumin is a bright yellow compound extracted
from Curcuma Longa plant also called “turmeric” [19]. Methoxy and
phenolic hydroxyl groups, double conjugated bonds, and bis-a,p-unsat-
urated B-diketone, are present in curcumin’s molecular structure and are
responsible for its medicinal and therapeutic potential (See Fig. 1F). This
polyphenolic compound exhibits hydrophobic properties [20]. Lately,
curcumin has been used as reducing agent and conjugating agent for
metallic nanoparticles and metal oxide nanoparticles [21,22].

For this reason, in this word curcumin was used as a conjugated
agent with zinc oxide nanoparticles to form a complex in order to obtain
zinc curcumin oxide nanoparticles (Zn(Cur)O NPs) that will be used as
adsorbent with a large and efficient surface area for the adsorption
process of organic dyes. The pH of the solution will be varied to study its
effect on the adsorption of different dyes onto the surface of the adsor-
bent nanoparticles.
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Fig. 2. Adsorption capacity of zinc curcumin oxide nanoparticles for (A) congo red removal; (B) methyl orange removal at different pH and (C) aspects of methyl
orange in basic media. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2. Materials and methods
2.1. Materials

All the chemicals were used as received without any further purifi-
cation. As for the source of the chemicals congo red, methyl orange,
methylene blue, rhodamine 6G, rhodamine B and zinc nitrate hexahy-
drate (Zn(NO3)2.6H20) (98% extra pure) were purchased from Acros
Organics. Curcumin was obtained from Sigma. Potassium hydroxide was
gotten from AnalaR. Acetone (HPLC grade) was received from Aldrich.
Sodium hydroxide and hydrochloric acid were acquired from Sigma
Aldrich. The different organic dyes were dissolved in double distilled
water while curcumin was dissolved in acetone obtained from Sigma
Aldrich.

2.2. Methods

2.2.1. Zinc curcumin oxide nanoparticles synthesis

The synthesis of Zn(Cur)O NPs was done based on our previous
optimized synthesis [23]. An amount of 1.48 g of zinc nitrate hexahy-
drate was dissolved in 50 mL pH = 13 solution heated at 80 °C (C = 0.1
M). In a separate tube 0.18 g of curcumin were dissolved in 5 mL of
acetone (C = 0.1 M). The two solutions were mixed and set under reflux
at 80 °C with constant stirring for 1 h. A solution of potassium hydroxide
(C = 0.2 M) was prepared by dissolving 0.11 g of KOH in 10 mL (pH =
13) solution heated at 80 °C. It was added to the mixture after reflux
drop by drop using a burette with constant stirring as well. Finally the
solution was centrifuged at 4000 rpm for 10 min and the precipitate was
washed 3 times with distilled water in order to get rid of the unreacted
curcumin. The precipitate was freeze dried for 24 h to get a water soluble
powder.

2.2.2. Preparation for the adsorption of organic dyes experiments
Organic dyes solutions (C = 1 mM) were prepared as follows:
Different amounts of 3.48 mg congo red, 1.64 mg methyl orange, 1.6

mg methylene blue, 2.36 mg rhodamine 6G, and 2.4 mg rhodamine B

were dissolved each in 5 mL double distilled water.

For each adsorption experiment, 1 mL of double distilled water was
heated and 1 mg of Zn(Cur)O NPs was dissolved in it using a sonicator to
guarantee a complete dissolution of Zn(Cur)O NPs.

The organic dyes concentrations and the adsorbent dose were fixed
to be 50 pM (150 pL) and 0.9 mg/mL (900 pL) respectively. The solu-
tions of different pH were prepared using 0.1 M NaOH and 0.1 M HCl
solutions. For each dye, the experiments were performed at four
different pH. For the anionic dyes, pH = 2, 4, 7, and 9 were considered.
As for the cationic dyes, the adsorption study was done at pH =4, 7, 9,
and 11.

2.3. Spectroscopic analysis and characterization techniques

The adsorption experiment was studied by measuring the absorbance
of the solution within time. The absorption spectra were collected at
room temperature utilizing a JASCOV-570 UV-vis-NIR Spectropho-
tometer in a range of 250-800 nm.

3. Results and discussion
3.1. Effect of pH on the adsorption

The pH of the solution is an important parameter that affects the
whole adsorption process. It can modify the surface charge of the

adsorbent. By doing that, the interactions between the organic dye and
the adsorbent nanoparticles will vary between attraction and repulsion.
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Fig. 3. Adsorption capacity of zinc curcumin oxide nanoparticles for (A) methylene blue removal; (B) for Rhodamine 6G removal and (C) for Rhodamine B removal
at different pH. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Consequently, the adsorption capacity will decrease or increase with
increasing the pH, depending on the nature of the organic dye, being
anionic or cationic, and its interaction with Zn(Cur)O NPs [24,25].

3.1.1. Anionic dyes

3.1.1.1. Congo red. Anionic congo red is a di-azo organic dye, con-
taining two N—=N groups, having a molecular weight of 696.68 g/mol
and a chemical formula of C3yH3oNgNayOgSo. The two UV-Visible
absoprtion peaks obtained at 344 nm and 497 nm correspond to the
naphthalene ring and azo groups respectively [26]. The structure of
congo red is characterized by the presence of two sulfonate functional
groups R-SO3 . At highly acidic pH (pH = 2), the color of the solution
turns from dark red into dark blue. In addition, the surface charge of Zn
(Cur)O NPs becomes positively charged. Therefore, the negatively
charged sulfonate group of congo red could be complexed with the
positively charged adsorbent molecule by the zinc due to the high
electrostatic attraction forces between them. This will make the
adsorption capacity high. It will decrease with increasing the pH
because of the repulsive interactions between the negative sulfonate
groups and the negatively charged nanoparticles at high basic pH. This
was proven in Fig. 2A where the adsorption capacity decreases with the
increasing of the pH from qe = 94.54 mg/g at pH = 2 to qe = 70.86 mg/g
atpH = 9.

3.1.2. Methyl orange
Another anionic organic dye is methyl orange. Its chemical formula

is C14H74N3NaO3S and molecular weight 327.33 g/mol. It is a part of the
azo dyes family due to the presence of an azo group N=N in its chemical
structure. Since it is an anionic dye also, it should be expected to behave
like congo red organic dye at acidic and basic pH. From the structure of
MO, there is a sulfonate group R-SO3 in addition to an amine group
R-N(CH3),. Logically, the negatively charged sulfonate should be
attracted to the positively charged Zn(Cur)O NPs at acidic pH, and this
attraction should decrease gradually at higher pH, leading to a decrease
in the adsorption capacity.

Surprisingly, this was not determined experimentally in that case. As
we can notice in Fig. 2B, the adsorption capacity interestingly increases
with the pH from 16.41 mg/g at pH = 2-44.38 mg/g at pH = 9. This is
due to the presence of the amine group having a lone pair on the ni-
trogen atom that is able to be delocalized at basic pH on two N atoms as
shown in the in Fig. 2C, hence increasing the probability of binding
between the lone pair on the two nitrogen atoms and the zinc of the
nanoparticles adsorbent. Further, Na® is present in methyl orange. In
acidic medium, in competes with H' ions and the positively charged
surface of the adsorbent, leading to a decrease in the adsorption capacity
[27].

3.1.3. Cationic dyes

3.1.3.1. Methylene blue. Moving on to the cationic organic dyes,
methylene blue having a chemical formula of C;6H;gCIN3S, its molec-
ular weight is 319.86 g/mol. It absorbs at Anax = 664 nm. Since meth-
ylene blue is a cationic dye, it is predictable that the adsorption capacity
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Fig. 4. Kinetics study (A) pseudo first order and (B) pseudo second
order model.

should increase with increasing the pH. The results obtained prove the
presence of higher interactions between the positively charged dye and
the negatively charged adsorbent at basic pH. The adsorption capacity
qe improved from 18.02 to 34.71 mg/g when the pH changed from 4 to
11 as depicted in Fig. 3A. This is explained by the fact that the attraction
forces increase between the two opposing charges of the dye and the
adsorbent, enhancing by that the adsorption. In fact, another factor
should also be taken into consideration, which is the presence of the n-n
interactions between the nanoparticles and the aromatic ring of the
organic dye. At acidic pH, there is less adsorption only due to the n-n
interactions with the absence of the attraction and the presence of
repulsion between two positively charged species [28].

3.1.3.2. Rhodamine 6G. Furthermore, rhodamine 6G is also a cationic
dye. It is called also “rhodamine 590" and has a chemical formula of
CogH31N203Cl with a molecular weight of 479.02 g/mol. The maximum
absorption peak is located at a maximum wavelength of around 530 nm
[29]. The adsorption capacity increased from 23.99 mg/g to 38.184
mg/g when the pH varied from 4 to 11 (Fig. 3B). This is true due to the
fact that the electrostatic attractions increased between the negative
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Table 1A
pseudo first order kinetics and the relative K; and adsorption capacity value.

Organic Dye Pseudo-first order

Qe (exp) (mg/g)  ky (min™")  R? Qe (calc) (mg/g)

Congo Red 102.3297 0.01181 0.9495 94.4428
Methyl Orange 43.4851 0.00733 0.9752 44.3828
Methylene Blue 30.3328 0.00919 0.9660 34.7153
Rhodamine 6G 37.1788 0.00613 0.9851 40.3032
Rhodamine B 25.6286 0.00544 0.9890 28.3449

Table 1B
pseudo second order kinetics and the relative K, and adsorption capacity value.

Organic Dye Pseudo-second order

Qe (exp) (mg/ ko (g.mg . R? Qe (calc) (mg/
2) min~1) 2)
Congo Red 94.5179 1.05237*10~* 0.99517 94.4428
Methyl 44.6627 2.02129*10*4 0.99863 44,3828
Orange
Methylene 35.8937 5.47555*10"* 0.99928 34.7153
Blue
Rhodamine 40.8163 1.43262*10~* 0.99986 40.3032
6G
Rhodamine B 28.5796 2.13981*10°* 0.99832 28.3449

surface charge of zinc curcumin oxide nanoparticles and the cationic
dye, allowing more adsorption onto the surface of the adsorbent.

3.1.3.3. Rhodamine B. The chemical formula of Rhodamine B is
CogH31CIN2Os3. Its molecular weight is 479.02 g/mol. The absorption
peak is attained at A, around 543 nm [30]. Being as well cationic, it is
expected to achieve higher adsorption at basic pH. This was demon-
strated experimentally where the adsorption capacity qe increased from
22.4 mg/g at pH = 4-28.34 mg/g at pH = 11 (Fig. 3C). This is not a very
noticeable difference in the adsorption capacity between acidic and
basic pH media compared to the previous organic dyes but it could be
considered fine. Same as the other cationic organic dyes, the adsorption
increases because of the attractive interactions between the negative
surface charge of the adsorbent and the positive organic dye rhodamine
B.

3.2. Kinetic studies

Kinetic studies of the adsorption of the different organic dyes onto
the surface of zinc curcumin oxide nanoparticles were conducted. The
results were plotted using the pseudo-first order and pseudo-second
order kinetic model equations at a constant dye concentration of 50
pM and nanoparticles adsorbent amount of 0.9 mg:

Pseudo — first order: In(q, —q,) = In(q,) — kit 1)

t 1 1
Pseudo — second order: — =

= + — (2)
e k2 qu 9e

Knowing that q. and q; are the adsorption capacity at equilibrium
and the adsorption capacity at time t respectively (mg/g), k; represents
the rate constant of the pseudo-first order model (min’l), ko indicates
the rate constant of the pseudo-second order model (g.mg~.min"1), and
t signifies the time (min).

The plots of the pseudo-first and pseudo-second kinetic models that
are used to study the adsorption process of the various dyes are
demonstrated in Fig. 4A&B.

For the pseudo-first order, the values of the rate constant k; and the
adsorption capacity at equilibrium q. are calculated from the slope and
the intercept, respectively (See Table 1A). Similarly, for the pseudo-
second order, the rate constant ky is calculated from the intercept
while the adsorption capacity at equilibrium qe is calculated from the
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Table 2
Different adsorbent use for the removal of the organic dyes.
Organic dye Type and amount Concentration of Qe References
of adsorbent the dye (mg/mL) (mg/g)
Congo red 10 g/L of Pinus 5 0.47 [33]
Pinaster Bark
0.015 g of 100 79.11 [34]
Fez.95La0,0504
0.9 mg of Zn(cur)O0 16 94.54 Our work
NPs
Methyl 50 mg of the p-CD/ 13 47.62 [35]
orange Fe304,@PVP
microspheres
2g of chitosan/ 50 35.12 [3]
diatomite complex
0.9 mg of Zn(cur)O0 16 44.38 Our work
NPs
Methylene 0.1 g of carbonized 2.5 5.34 [36]
blue peanut shell
0.2 g/L of biochar 50 20 [37]1
0.9 mg of Zn(cur)O 16 34.71 Our work
NPs
Rhodamine 10 mg/L of Fe304 6 150 [38]
6G 1 g/L of activated 50 44.7 [39]
carbon
0.9 mg of Zn(cur)O0 16 38.184 Our work
NPs
Rhodamine 50 mg of seeds of 50 101 [40]
B Aleurites Moluccana
0.9 mg of Zn(cur)O 16 28.34 Our work
NPs

slope (See Table 1B). According to the obtained data, a remarkable
difference was observed in the R? values of the two kinetic models of all
the dyes, with the pseudo-second order having the greater values. This
was also proven by Zhu et al. and Madan et al. [31,32].

Moreover, the experimental adsorption capacity values of the
different organic dyes were approximately similar to the calculated
adsorption capacity values in the pseudo-second order kinetic model
with higher value of R2, proving that the adsorption process of these
dyes follows a pseudo-second order kinetic model. This means that the
adsorption is done by chemisorption that requires the share of electrons
between the zinc curcumin oxide nanoparticles adsorbent and the
organic dyes. The efficiency of zinc curcumin oxide nanoparticles
compared to different type of adsorbent is summarized in Table 2. It is
obvious that in the majority of the adsorption experiments a minimum
dose of 10 mg of the adsorbent is needed. Hence, only 0.9 mg of Zn(cur)
O NPs were efficient to enhance the adsorption capacity of the dyes.

4. Conclusion

In conclusion, zinc curcumin oxide nanoparticles were synthesized in
a simple green method. They were used as adsorbent for the adsorption
process of organic dyes. Anionic dyes like congo red and methyl orange,
in addition to cationic dyes such as methylene blue, rhodamine 6G and
rhodamine B, were found to exhibit a successful adsorption process onto
the surface of Zn(Cur)O NPs when using only 0.9 mg. The pH of the
medium affected primarily the results due to the change in the surface
charge of the nanoparticles based on the acidity and basicity. Conse-
quently, the interactions between the organic dyes and the adsorbent
were varied accordingly. Congo red was the only dye that has the
highest adsorption capacity at an acidic pH, while the other dyes were
better adsorbed in a basic medium. Finally, the adsorption process of all
the dyes was found to follow a pseudo-second order kinetic model.
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