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g r a p h i c a l a b s t r a c t
� Zinc curcumin oxide nanoparticles
were prepared via a green synthesis
method.

� Effect of flow rate of KOH, pH, tem-
perature and polymer addition were
optimized.

� Adsorption of congo red organic dye
was studied using Zn(Cur)O and ZnO
NPs.

� The adsorption process was found to
follow a pseudo-second order kinetic
model.

� The highest adsorption capacity was
obtained for Zn(Cur)O nanoparticles.
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a b s t r a c t

Congo red is one of the common organic dyes that is found in water as waste of the industrial work. The
use of congo red has long been of great concern, primarily because of its carcinogenic properties. Congo
red can be isolated and removed fromwater by adsorption using nanoparticles. The use of zinc curcumin
oxide, also known as curcumin conjugated zinc oxide, nanoparticles was elaborated for the first time in
this work for this purpose. The optimization of the synthesis reaction of zinc curcumin oxide nano-
particles was established by modifying the flow rate of KOH, pH of the medium, different temperature,
and in the presence or absence of chitosan polymer. These nanoparticles were characterized through
SEM, UVeVisible absorption Spectroscopy, fluorescence spectroscopy, TGA, and XRD. It is found that
during synthesis, addition of KOH dropwise in alkaline media improved the stability of the formed
nanoparticles. Similarly, addition of chitosan has further increased their stability with only 10% mass loss.
The importance of the formed nanoparticles was investigated by analyzing their efficiency in the
adsorption of congo red where Zn(Cur)O had an adsorption capacity equal to 89.85 mg/g, which is one of
the highest reported in literature, following the pseudo second order model. Nevertheless, negative
surface charge of congo red and positive surface charge of Zn(Cur)O may also get supported by p�p
interaction between curcumin and congo red that encourages adsorption in zinc curcumin oxide which is
obstructed in the presence of chitosan.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Nanoparticles (NPs) have several exciting and different physical,
chemical and biological properties compared to the bulk materials
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(Siddiqi et al., 2018) which make them applicable in differenet
fields (Ealias& Saravanakumar, 2017). Amongmetal oxide NPs, zinc
oxide (ZnO) NPs arewidely investigated and developed (Czy _zowska
and Barbasz, 2020; Ealias& Saravanakumar, 2017). The synthesis of
ZnO NPs could be done through several chemical, physical and
biological reaction (Kr�ol et al., 2017) resulting from the large ratio of
the NPs surface to its volume (Czy _zowska and Barbasz, 2020). The
structure, morphology and the size of ZnO NPs depends strongly on
the synthesis process, salt precursor used, additive reagents, pH,
temperature and surface modification (Siddiqi et al., 2018). ZnO
may be formed in nanorods shape (Wang and Lou, 2008), nano-
plates (Jang et al., 2008), nanospheres and nanosheets (Kakiuchi
et al., 2006), nanowires (Ding and Wang, 2009), etc. and these
shapes and sizes can influence its properties. ZnO has many char-
acteristics (McClements et al., 2015) which make them useful for
application in degradation of environmental pollutants (Cristina
Yeber et al., 2000), chemical and biological sensor (Omichi et al.,
2001), gas sensors (Xu et al., 2000), solar cells (Jeong et al., 2006),
antibacterial devices and medical uses (Rekha et al., 2010).

In another interesting properties, ZnO can be sensitized towards
the visible light and can act as a good adsorbent. Doping with
organic system or modifying its surface can further improve the
adsorption properties of ZnO, which can be carried out by several
methods. Surface modification of ZnO by incorporation of fuller-
enes (Liao et al., 2013), polymers (Hariharan et al., 2012) and
organic materials (Qiu et al., 2008) has been reported. Curcumin
has been added to the ZnO NPs to form zinc curcumin oxide
nanoparticles (Zn(Cur)O NPs) (Moussawi and Patra, 2016b). Cur-
cumin is used as a reducing agent for preparation of metallic NPs (El
Kurdi and Patra, 2018; Sreelakshmi et al., 2013) and as a conju-
gating agent for metal oxide NPs (Haneefa et al., 2017; Moussawi
and Patra, 2016a). Zn(Cur)O NPs have been used as antimicrobial
probe (Soumya et al., 2017), antimicrobial and antioxidant agent
(Jacob and Rajiv, 2019) and for scavenging activity (Nasrallah et al.,
2018). Anticancer effect of Zn(Cur)O NPs and their efficiency on
cancerous cell have been tested (Perera et al., 2020). Zn(Cur)O has
also been used for environmenral applications, such as for
adsorption of arsenite (Moussawi and Patra, 2016a) and removal of
perylene, fluoranthene, and chrysene (Moussawi and Patra, 2016b).
Curcumin also helps in the reduction of organic dye when com-
bined to metal oxide NPs (Abou-Gamra and Ahmed, 2016; Qasem
et al., 2020), thus, its conjugation with ZnO NPs could enhance its
adsorption activity.

Organic dyes are one of themajor concerns as organic pollutants
in water. Congo red is one of the relevant organic dyes that is found
in water. It is a secondary diazo dye with a complex aromatic
Scheme 1. Adsorption of congo red using zinc c
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structure that makes it non-biodegradable and fairly stable. Congo
red can be easily dissolved in water, inducing several difficulties
when removing from contaminated water. It is toxic and carcino-
genic, and it affects the eyes, skin, respiratory, and reproductive
systems. Due to the surface area, surface charge and porosity of zinc
oxide, congo red is expected to get adsorbed on its surface. Since
shape, stability and crystallinity of ZnO NPs depends on the reac-
tion factors, the present work is aimed for the development and the
optimization of the synthesis parameters in order to get the most
suitable and efficient Zn(Cur)O NPs. Curcumin at the surface of zinc
oxide may further improve adsorption of congo red. Thus, Zn(Cur)O
NPs were prepared using various synthetic conditions and the
formed nanoparticles were established and elaborated as new
adsorbent for the adsorption of congo red. Further modification of
Zn(Cur)O NPs was made by coating with chitosan oligosaccharide
lactate (chitosan), which were compared with naked ZnO NPs for
the adsorption of congo red.
2. Materials and methods

2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O) and congo red (98%
extra pure) were acquired from Acros Organics. Curcumin was
obtained from Sigma. Potassium hydroxide was received from
AnalaR. Acetone (HPLC grade) and chitosan oligosaccharide lactate
(chitosan) were received from Aldrich.
2.2. Methods

The preparation of zinc curcumin oxide nanoparticles was car-
ried out at the first place in neutral media, as described in
(Moussawi and Patra, 2016a), with somemodifications (see Scheme
1). In the first step, 1.48 g of zinc nitrate hexahydrate
(Concentration ¼ 0.1 M) were dissolved in 50 mL double distilled
water heated at 80 �C. In a second step, 0.18 g of curcumin
(Concentration ¼ 0.1 M) were dissolved in 5 mL acetone. Later on,
the two solutions were mixed and kept under reflux at 80 �C for 1 h
with continuous stirring at 400 rpm. In a next step, 0.11 g of KOH
(Concentration ¼ 0.2 M) dissolved in 10 mL of double distilled
water heated at 80 �C were added to the mixture and kept under
stirring for 5 min. The solution was centrifuged at 4000 rpm and
the precipitate was washed 3 times with double distilled water in
order to get rid of the unreacted curcumin. Finally, the washed
precipitate was kept under freeze dryer for 24 h. The size, shape,
crystallinity, etc. depend strongly on the reaction parameters. For
urcumin oxide nanoparticles as adsorbent.
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this purpose, the reaction parameters were optimized in order to
prepare the suitable Zn(Cur)O NPs. Among these parameters, the
ones that were tested are the following: flow rate of KOH, pH of the
reaction, variation in temperature and addition of a chitosan
polymer.

2.2.1. Effect of the flow rate of KOH
A solution of KOH (Concentration ¼ 0.2 M) was prepared by

dissolving 0.11 g of KOH in 10 mL double distilled water. It was
added to the final solution obtained after reflux by 4 different ways.
Accordingly, 4 final solutions were prepared. The first way was the
addition of 10mL KOH directly. In the second solution, this quantity
was divided into two part: 5 mL were added using a graduated
pipet and the solutionwas kept under stirring for 2e3min, then the
other 5 mL were added and stirred for the same time interval. The
third waywas similar to the second one but with the division of the
10 mL into 3 parts (3.33 mL in each step, separated with 30 s of
stirring). The last one refers to the addition of the 10 mL KOH drop
by drop using a burette while stirring the solution.

2.2.2. Effect of pH
The preparations are similar to the previous ones mentioned

above with slightly small changes. After choosing the best way to
add KOH, the study of the variation in pHwas done to investigate its
role in the production of Zn(Cur)O NPs. In this case, the zinc nitrate
and the KOH solutions were both prepared in different solutions of
pHs equal to 4, 7, 10, and 13 consecutively instead of using double
distilled water.

2.2.3. Effect of temperature
After the adoption of the suitable pH, Zn(Cur)O NPs were pre-

pared similarly with variation in temperature, since this parameter
is essential and could affect the results in a considerable way. The
temperatures used were 40, 60, 80, and 95�C.

2.2.4. Effect of polymer addition
Moreover, coating with a polymer was necessary since it im-

proves the results significantly. Chitosan polymer was used for this
purpose. Hence, 10 mg of it was added in 3 ways. The first one was
its addition directly before reflux. The second way refers to its
addition before KOH and the last one was adding chitosan at the
end, meaning after adding KOH.

2.3. Characterization technique

The absorption spectra were recorded using a JASCOV-570
UVeviseNIR Spectrophotometer at room temperature in the
range 200e800 nm. The emission fluorescence spectra were
recorded at room temperature using Jobin-Yvon-Horiba Fluorolog
III fluorometer and the FluorEssence programwhere the excitation
and emission slits width were 5 nm. The source of excitation was a
100W Xenon lamp, and the used detector was R-928 operating at a
voltage of 950 V. For the absorption and fluorescence studies 1 mg
of the material were weighed and dissolved in 5 mL of double
distilled water heated at 30 �C, which made a dispersion solution.
The X-ray diffraction (XRD) data were recorded using a Bruker d8
discover X-ray diffractometer equipped with Cu-Ka radiation
(l ¼ 1.5405 Å). The monochromator used was Johansson type. The
step size was 0.02 s and the scan rate was 20 s per step. The
Thermogravimetric Analysis (TGA) measurements were done using
a Netzsch TGA 209 in the temperature range 0e1000 �C with an
increment of 30 K/10 min in a N2 atmosphere. Scanning electron
microscopy (SEM) analysis was done using Tescan, Vega 3 LMU
with Oxford EDX detector (Inca XmaW20). In short, Zn(Cur)O
powder were deposited on an aluminum stub and coated with
3

carbon conductive adhesive tape.

2.4. Adsorption of Congo red

The experiments were done by dissolving 1 mg of ZnO, Zn(Cur)
O, and Zn(Cur)O-Chitosan NPs separately in 1 mL of heated double
distilled water using a sonicator, and dissolving 3.48 mg of congo
red organic dye in 5 mL double distilled water
(Concentration ¼ 1 mM). At the beginning, 50 mL
(Concentration ¼ 16.5 mM) of the congo red solution was taken and
added to 150 mL (150 mg/mL) of ZnO, Zn(Cur)O, and Zn(Cur)O-
Chitosan NPs consecutively with 2.8 mL of double distilled water
in order to have a total volume equal to 3 mL. The absorbance was
measured using UVeVisible spectrophotometer to compare the
efficiency of the three types of nanoparticles for intervals of time
(t ¼ 0, 5, 10, 20, 30, 40, 60, 80, 110 min, and after 24 h).

3. Results and discussion

3.1. Optimization of the reaction parameters

Since synthetic conditions can change properties of Zn(Cur)O
NPs by varying its shape, size, crystalinity and defects, the reaction
parameters were optimized in order to prepare the suitable Zn(Cur)
O NPs. As described in section 2.2, different optimizations were
established and the obtained Zn(Cur)O were compared and char-
acterized through UVeVisible absorption spectroscopy, fluores-
cence spectroscopy, TGA and XRD.

3.2. Effect of the flow rate of KOH

UVeVisible absorption spectroscopy was used initially in order
to characterize the obtained products from the four different trials
at 80 �C. Generally, ZnO absorbs at ~360e370 nm and curcumin
strongly absorbs at ~425 nm. In case of Zn(Cur)O nanoparticles, as
shown in Figure S1A (see Supporting Information, SI), no major
peak was observed at ~360e370 nm indicating weak absorption in
this region compared to other predominant peak at > 420 nm,
which is due to Zn-curcumin interaction or one can say due to
defects in ZnO. Interestingly, the curcumin peak was red shifted to
higher wavelength when Zn(Cur)O nanoparticles were formed af-
ter the addition of KOH solution in 2 steps, 5 mL each, or 3 steps,
3.33 mL each. No remarkable change was observed when adding
KOH in one step, 10 mL directly using a pipet. Addition of KOH
solution drop by drop using a burette caused the occurrence of a
slight blue shift relieving the formation of smaller NPs. This
observation could be due to fact that when KOHwas added in 2 or 3
steps, the pH of the solution changes to basic medium in the first
step and makes free curcumin deprotonated (curcumin has 3 pKa’s
at pH > 8), in the second and third steps these deprotonated form of
curcumin reacts with available Zn2þ ions during nucleation process
for the further growth of Zn(Cur)O nanoparticles, whereas when
KOH was added drop wise or in one step Zn2þ reacts with neutral
form of curcumin during formation as well as further growth of
Zn(Cur)O nanoparticles. The slight blue shift when KOH was added
drop wise compared to in one step could be due to difference de-
fects created in Zn(Cur)O nanoparticles during nucleation process
because of slower reaction while adding KOH drop wise, this may
also encourage more curcumin to get conjugated with ZnO.

As for the fluorescence study, free curcumin exhibits an emis-
sion wavelength maximum at around 550 nm (Figure S1B, See SI).
This wavelength was red shifted to higher wavelength when cur-
cumin is complexed to ZnO NPs. When adding directly 10 mL of
KOH in one step, this peak was slightly shifted to 540 nm with a
decrease in the emission intensity. Similalry, when adding the KOH
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in 2 or 3 steps, or drop wise this peak red shifted to ~600 nm. This
variation is due to different kinds of defects created in ZnO during
synthesis of Zn(Cur)O nanoparticles. When KOH was added drop
wise, the fluorescence emission maximum shifted to blue slightly
compared to when KOH was added in 2 or 3 steps. This is similar to
what was found in UVevisible absorption spectrum. The variation
of fluorescene intensity suggests greater number of defects when
KOH was added drop wise as the reaction process was slower. This
can also suggest greater amount of curcumin conjugation as found
later on in TGA.

The X-Ray Diffraction (XRD) analysis was also done and the
results are depicted in Figure S2A (see SI). The characteristic peaks
of curcumin alone appeared at diffraction angles of 2q equal to
8.06�, 9.14�, 12.37�, 15.06� and 17.75� indicating that curcumin is
present in the crystalline form. Curcumin characteristic peaks were
slightly present in the Zn(Cur)O NPs X-Ray pattern in the four
different cases, meaning that curcumin is conjugated or complexed
with ZnO nanoparticles in their crystalline form. As for the exper-
iments where the flow rate of KOH was added using burette (drop
wise) or in direct way 10 mL instantly, Zn(Cur)O peaks were
somehow observed better than the other two cases. To sum up,
curcumin peaks were less prominent in all cases, but new peaks
were noticed at 2q equal to 33� and 34.9� and 58� when adding
KOH drop by drop. These new peaks correspond to different kinds
of defects generated in Zn(Cur)O nanoparticles.

In addition, based on the thermogravimetric analysis TGA, the
percentage of the mass loss with increasing temperaturewas found
lesser for the NPs formedwhen the burettewas used than the other
experiments (Figure S2B, see SI). The TGA analysis showed aweight
loss in two steps at 210 �C and 430�C. The weight loss is attributed
Fig. 1. (A) UVeVisible absorption spectra, (B) fluorescence spectra, (C) X-Ray Diffractogram
different pH.
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to the decomposition of curcumin. We assume that the difference
percentage of mass loss of free curcumin and Zn(Cur)O is due to the
degradation path of free curcumin compared to when it is conju-
gated with ZnO nanoparticles as observed earlier (Nata et al., 2014).
Approximatively, Zn(Cur)O NPs prepared in all cases undergo the
same degradation. The TGA results indicate that a mass loss of ~80%
happened during the thermal breakdown of Zn(Cur)O NPs pre-
pared using a burette for the addition of KOH, and a mass loss of
~85% occurred during the thermal decomposition of the other
nanoparticles. The lowest mass loss occurred when using the
burette (dropwise) suggests greater amount of curcumin present in
this case which is consistent with higher fluorescence intensity
observed earlier. Therefore, this condition where KOH is added
drop by drop using a burette was used for further study.

3.3. Effect of pH

It is known that curcumin is slightly soluble in water and acidic
media but soluble in basic media (at higher pH). Earlier studies
have shown that curcumin complexation to ZnO NPs is more stable
at higher pH, in alkaline solution, where less than 6% of curcumin
was lost after incubation (Peng et al., 2018). For this reason, zinc
nitrate was dissolved in different solutions of curcumin in various
pHs (4, 7, 10 and 13) and heated at 80�C. The solutions were kept
under reflux for 1 h at 80�C and 10 mL of KOH were added drop by
drop using a burette. As it is shown in Fig. 1A, the highest absor-
bancewas obtained at pH¼ 10 and pH¼ 13with a slight red shift of
the wavelength maximum. However, at pH ¼ 4 and pH ¼ 7, the
maximum wavelength did not change compared to the curcumin
peak.
pattern and (D) Thermogravimetric analysis of curcumin and Zn(Cur)O prepared at
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Moreover, the fluorescence spectrum was recorded and illus-
trated in Fig. 1B. As it is shown, Zn(Cur)O NPs prepared at pH ¼ 4
have the lowest fluorescence intensity. The fluorescence intensity
increased with the increase of the solution pH during preparation,
but the fluorescence maximum showed a blue shift to 500 nm at
pH ¼ 13. This difference could be due to a defect site that is
completely different from the one made in neutral or acidic con-
ditions. The highest fluorescence intensity for this case also sug-
gests greater number of curcumin conjugation. More number of
hydrophobic curcumin around each other changes the microenvi-
ronment from completely polar/aqueous to less polar environment,
which may shift the fluorescence maximum to lower wavelength,
which is in consistent with earlier shift in Figure S2B (see SI).

These samples were further verified by XRD diffractogram,
where the characteristic peak of Zn(Cur)O NPs were remarkably
observed only at pH ¼ 13 at 2q values equal to 31.63� (hkl, 100),
34.45� (hkl, 002), 36.32� (hkl, 101), 47.45� (hkl, 102), 56.66� (hkl,
110), 63.02� (hkl, 103), 67.87� (hkl, 112) and 69.25� (hkl, 201). These
diffraction peaks indicate the formation of a hexagonal wurtzite
structure. These results were similarly obtained with Nasrallah
et al. and Soumya et al. (Nasrallah et al., 2018; Soumya et al., 2017).
Interestingly, curcumin diffraction peak were totally disappeared
indicating that curcumin has been complexed to ZnO completely
(Fig. 1C). In contrast, curcumin XRD peaks were obtained for sam-
ples prepared at pHs 4, 7 and 10, meaning that all the curcumin
molecules did not react to form Zn(Cur)O NPs. Finally, looking at the
results of the TGA illustrated in Fig. 1D, no degradation of curcumin
Fig. 2. (A) UVeVisible absorption spectra, (B) fluorescence spectra, (C) X-Ray Diffractog
temperature.
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was observed and a high stability for the Zn(Cur)O was obtained
with < 20% loss in mass at pH¼ 13. The highest percentage of mass
loss was observed for pH ¼ 4 (the most acidic) and it is approxi-
mately equal to 70%. In addition, Zn(Cur)O NPs prepared at pH ¼ 7
and pH ¼ 10 had a mass loss of about 45%. This is also consistent
with our earlier TGA results that higher curcumin conjugation gives
less mass loss. In conclusion, based on the analysis done above,
pH ¼ 13 was found to be the most suitable for the formation of zinc
curcumin oxide nanoparticles.
3.4. Effect of temperature

The reaction temperature was varied from 40 to 95�C. When the
temperature was increased from 40 to 80�C, more curcumin has
reacted allowing the formation of more Zn(Cur)O NPs, as shown in
Fig. 2A where the absorbance increases. The same applies for the
fluorescence intensity that increases with the temperature as well
(Fig. 2B), except for the highest temperature, 95�C, where both the
absorbance and emission intensities decreased with slight red shift
in the UVeVisible absorption peak, this small change could be new
defect site at higher temperature due to less amount of curcumin
conjugation. As for the X-Ray Diffraction analysis (Fig. 2C), the
patterns for the lowest two temperatures 40 and 60 �C indicate the
presence of only two characteristic peaks for Zn(Cur)O NPs
implying the occurrence of an incomplete reaction inhibiting the
formation of Zn(Cur)O NPs. However, the XRD patterns of 80 and
95�C represent the characteristic peaks of Zn(Cur)O nanoparticles,
ram pattern and (D) Thermogravimetric analysis of Zn(Cur)O prepared at different
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meaning that at high temperature curcumin can be easily com-
plexed to ZnO NPs. TGA results (see Fig. 2D) indicate a significant
mass loss of around 70% and 65% at 40 and 60�C respectively, which
suggests the presence of free curcuminwith no complete formation
of Zn(Cur)O NPs confirming the XRD results. However, at 80 and
95�C, the mass loss is around 15% indicating a better interaction
and complexation of curcumin with ZnO NPs, which further con-
firms results obtained from XRD. As a result, 80�C is the most
appropriate temperature to be used according to the optimization
studies, preventing furthermore the boiling of water during the
reflux at higher temperatures.
3.5. Effect of polymer addition

Coating Zn(Cur)O NPs may prevent the formation of clusters
(Nasrallah et al., 2018; Peng et al., 2018; Soumya et al., 2017). It will
be proven that it also increases the stability of Zn(Cur)O NPs. The
addition of chitosan was monitored in 3 different ways, after or
before the addition of KOH, or before the start of the reflux. As it is
noticed from the UVeVisible absorption and fluorescence spectra
presented in Figures S3A and S3B (see SI), the UVevisible absorp-
tion peak at 360e370 nm became prominent when adding chitosan
compared to the Zn(Cur)O NPs prepared without coating suggest-
ing chistoan directly gets involved during the formation of ZnO and
creates different defect sites than Zn(Cur)O but similar to naked
ZnO. Though curcumin absorption peak is weak, the fluorescence
spectra confirm curcumin conjugation. The highest fluorescence
intensity was obtained for the case when chitosan was added after
KOH compare to when chitosan was added before KOH. This sug-
gests chitosan competes with curcumin for conjugation during the
formation of Zn(Cur)O when chitosan is added before KOH by
forming particles which are similar to naked ZnO. At the same time
when chitosan is added after KOH some curcumin are already
conjugated with Zn(Cur)O.

Furthermore, the XRD pattern was established and shown in
Figure S4A (see SI). Same characteristic peaks were obtained in all
cases compared to the Zn(Cur)O prepared without chitosan. The
relative characteristics peak are 31.63�, 34.45�, 36.32�, 47.45�,
56.66�, 63.02�, 67.87� and 69.25�. This means that the addition of
chitosan did not alter the crystallinity of Zn(Cur)O NPs. As for TGA,
it is well noticed that less than 10% of mass loss was occurred when
adding chitosan, compared to the NPs prepared without chitosan.
Fig. 3. (A) SEM image of Zn(Cur)O NPs and (B) SEM
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This further clarifies less amount of curcumin conjugation in the
presence of chitosan and confirms the role of chitosan as a coating
layer increasing the stability (less mass loss) of the formed nano-
particles (See Figure S4B, see SI). To sum up, since no remarkable
difference was obtained in XRD and UVevisible absoprtion spec-
trum between the three different ways of adding the polymer,
chitosan added after KOH was considered in the applications since
it has greater amount of curcumin conjugation (highest fluores-
cence intensity was obtained). The final zinc curcumin oxide
nanoparticles in absence and presence of chitosan were charac-
terized through SEM to identify their shape. The SEM images are
presented in Fig. 3A&B. Interestingly, in both cases spheres NPs
were obtained verifying the role of chitosan as a stabilizing agent
and do not affect the composition and the shape of Zn(Cur)O NPs.

3.6. Adsorption of Congo red

After mixing 150 mL of ZnO, Zn(Cur)O, and Zn(Cur)O-Chitosan
NPs, with 50 mL of congo red organic dye and 2.8 mL of double
distilled water, the absorbance was measured using UVeVisible
spectrophotometer. The experiment was done at different in-
tervals of time (t ¼ 0, 5, 10, 20, 30, 40, 60, 80, 110 min, and 24 h).
Fig. 4A presents the UVeVisible absorption spectrum of congo red
within time in the presence of Zn(Cur)O. As observed in Fig. 4A, a
decrease in the absorbance was obtained within time. The
adsorption capacity was calculated based on the equation below:

qe ¼
ðC0 � CeÞV

m
(1)

where C0 and Ce are the initial concentration and the equilibrium
concentration of congo red respectively (mg/L), V is the volume of
the solution (mL) and m is the mass of Zn(Cur)O NPs (g). It was
found that the qe in this case was equal to 89.85 mg/g which is
relatively high compared to previous method used in the literature
(See Table 1). The high adsorption capacity was also confirmed
visually, as after 24 h the solution color turned from dark red to
almost transparent, where the congo red and the zinc curcumin
oxide nanoparticles settled down. This precipitation indicates that
all the congo red molecules have been adsorbed. Furthermore, the
effect of stirring was also investigated. For this purpose, in a first
place themixtures were kept under stirring duringmeasurement at
200 rpm and in a 2nd place the experiment was done using water
image of Zn(Cur)O NPs coated with chitosan.



Fig. 4. (A) UVeVisible absorption spectra of Congo red in the presence of Zn(Cur)O, (B) A/A0 of Congo red in the presence of Zn(Cur)O without/with stirring and using shaker, (C)
pseudo first order kinetic model and (D) pseudo second order kinetic model adsorption of Congo red in the presence of Zn(Cur)O. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Table 1
Different methods used to adsorb congo red.

Adsorbent Concentration of adsorbent (g/L) Concentration of Congo Red (mg/L) Kinetic order qe (exp) (mg/g) R2 Reference

Mesoporous a-Fe2O3 nanorods 1 20 Pseudo-second order 18.7 0.99 Maiti et al. (2017)
Porous soybean curd xerogels 1.25 40 Pseudo-second order 27.46 0.99 Zhang et al. (2018)
Activated carbon coffee waste 4 20 Pseudo-second order 9.41 0.99 Lafi et al. (2019)
Zn(Cur)O 0.15 11.15 Pseudo-second order 89.85 0.99 Our work
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bath shaker at 200 rpm also. As depicted in Fig. 4B, A/A0 ratio de-
creases faster. Meaning that, the high adsorption was obtained
when the reaction occurred without stirring. The qe value in the
three cases was equal to 89.85 mg/g, 8.66 mg/g, 5.30 mg/g without
stirring, with stirring and using shaker respectively. Hence, the
adsorption capacity was found to be higher when keeping the so-
lution undisturbed, meaning that congo red molecule can be easily
adsorbed on the surface of Zn(Cur)O.

Moreover to establish the efficiency of Zn(Cur)O NPs as adsor-
bent of congo red, the adsoption study was done using ZnO NPs and
Zn(Cur)O-Chitosan. In order to understand the adsorption kinetics
of the three adsorbents, the pseudo-first order and pseudo-second
order kinetic models were plotted using the following equations
respectively:

lnðqe �qtÞ¼ lnðqeÞ � k1t (2)

t
qt

¼ 1
k2q2e

þ 1
qe

t (3)
7

where qt and qe are the adsorption capacity at time t and at equi-
librium respectively (mg/g), t is the time (min), k1 is the rate con-
stant of the pseudo-first order model (min�1), and k2 is the rate
constant of the pseudo-second order model (g.mg�1.min�1).

Congo red adsorption was presented for the pseudo-first order
and pseudo-second order in Fig. 4C&D respectively. A linear curve
was obtained for the pseudo-first order model where the values of
qe and k1 are calculated from the intercept and slope, respectively.
Similarly, a linear curve was obtained for the pseudo-second order
model where qe is calculated from the slope and k2 from the
intercept (See Table 2). Based on the collected information, a
remarkable difference in the R2 values was obtained for both orders
where the R2 valuewas higher when fitting with the pseudo second
order. Furthermore, the experimental adsorption capacity values of
the pseudo-second order kinetic model were closer to the calcu-
lated value of qe for the three types of adsorbents, confirming that
the process follows second order kinetics (Madan et al., 2019;
Pratiwi et al., 2018).

After choosing the pseudo-second order model as the most
suitable one, the best adsorbent could be selected. Comparing the
values of qe, the adsorption capacity, it could be noticed that the



Table 2
Kinetic parameters of the pseudo-first order and pseudo-second order models.

Adsorbent Pseudo-first order Pseudo-second order qe (calc)

qe (exp) k1 R2 qe (exp) k2 R2

ZnO 35.56 0.0062 0.74 47.78 0.00043 0.99 46.35
Zn(Cur)O 68.26 0.0088 0.86 89.85 0.00039 0.99 87.70
Zn(Cur)O-Chitosan 77.60 0.0311 0.96 73.96 0.00080 0.99 72.94

C. Arab, R. El Kurdi and D. Patra Chemosphere 276 (2021) 130158
best adsorbent is Zn(Cur)O, followed by Zn(Cur)O-Chitosan, then
ZnO nanoparticles. This could be explained by the interaction be-
tween congo red and curcumin as negative surface charge of congo
red and positive surface charge of Zn(Cur)O may also get supported
by p�p interaction between curcumin and congo red, however,
this interaction is masked by chitosan polymer in Zn(Cur)O-
Chitosan NPs, and not present at all in ZnO NPs.

4. Conclusion

In conclusion, Zn(Cur)O NPs were synthesized through a simple
method in the presence of curcumin. It was found that the flow rate
of KOH has a significant effect on the formation of Zn(Cur)O NPs. In
addition, during the formation of Zn(Cur)O NPs, curcumin conju-
gation increased at pH ¼ 13 and at 80�C. Furthermore, the stability
of these NPs was increased when coating the formed NPs with
chitosan. The obtained Zn(Cur)O NPs nanoparticles showed a high
adsorption capacity of congo red organic dye onto their surface
following the pseudo second order model and using only 0.15 g/L of
Zn(Cur)O NPs compared to ZnO and Zn(Cur)O-Chitosan. Intrest-
ingly, negative surface charge of congo red and positive surface
charge of Zn(Cur)O is supported by p�p interaction between cur-
cumin and congo red, however, this interaction is masked by chi-
tosan in Zn(Cur)O-Chitosan NPs, and not present at all in ZnO NPs
that decreased adsorption of congo red.
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