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ARTICLE INFO ABSTRACT

Keywords: Wastewater treatment as well as biological activities require efficient and cost-effective alternative materials
Multifunctional metal nanoparticles which motivates the interest of scientists for different types of nanomaterials. Nanomaterials are the best class of
Tartrazine

materials which can be used as adsorbents to treat wastewater and equally can be utilized as antioxidant,
antimicrobial agents. The present study involves the synthesis of metal oxide nanoparticles (Co304, CuO and
Mny03 NPs) by hydrothermal approach followed by thermal decomposition of their respective metal carbonates
at their scrupulous decomposition temperature. The prepared NPs were characterized using scanning electron
microscopy (SEM), thermogravimetric analysis (TGA) and X-ray diffraction (XRD). The porous, spherical/
irregular texture of prepared NPs was confirmed by SEM. Further, XRD analysis validated the formation of
smaller size crystals of pure Coz04, CuO and MnyO3 NPs. Thermal stability of as prepared Co304, CuO and Mn03
NPs was investigated by TGA. The adsorptive behaviour of all the three NPs was investigated against the removal
of an azo dye tartrazine (TZ). The optimum conditions for TZ removal were investigated using well established
adsorption parameter like pH, shaking speed, temperature, initial TZ concentration and contact time. The
maximum Langmuir adsorption capacity of TZ onto Co304, CuO and MnyO3 NPs was found to be 204.3, 184.7
and 177.6 mg/g respectively. Langmuir, Freundlich and Temkin adsorption isotherms were applied to TZ
adsorption data and results indicated that the Freundlich model was best fitted having higher correlation factor
(r?) indicating multilayer adsorption. Kinetic studies revealed that TZ adsorption onto all three NPs was better
descried by pseudo-second-order (PSO) kinetic model. Antimicrobial nature of Co304, CuO and MnyO3 NPs was
studied against fungal and bacterial strains via disk diffusion method and CuO NPs were found with highest
inhibition (31 mm and 20 mm) against Staphylococcus aureus and Candida albicans. Antioxidant behaviour of
Co304, CuO and MnyO3 NPs was observed against DPPH (2, 2-diphenyl-1-picrylhydrazyl) radical and highest
inhibition (66%) of Co304 was observed as compared to MnyO3, CuO. In short, these multifunctional NPs can be
used for pollutant removal and equally can be utilised for biological activities.

Adsorption, Antioxidant activity
Antimicrobial activity

1. Introduction living beings, whereas the discovery of ideal water treatment technology
and antimicrobial agents is still a challenge to the scientists [1,2]. Azo
Urbanization and industrial development have greatly affected the dyes containing (-N—N-) functional group are widely used in textile,
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food processing and drug industries, when released in water cause water
pollution. Azo dyes have complex aromatic structure and are generally
resistant to light, temperature, and oxidizers. These characteristic fea-
tures make these dyes non-degradable and therefore causes bio-
accumulation in living organisms, leading to severe diseases and
disorders. Tartrazine (TZ) is an acidic azo dye (Fig. S1) and a
well-known food colorant present in drinks and jellies. Tartrazine has
some toxic effects and is life-threatening as it can cause cancer and
respiratory problems including asthma, so such pollutants must be
removed from the water to reduce the pollution of water [3,4].

The removal of the toxic dyes from wastewaters is an essential aspect
and has drawn the attention of many research groups globally. Various
physical and chemical approaches have been solely or synergistically
employed for wastewater treatment such as sedimentation [5], coagu-
lation [6], ultrasonication [7], ozonation [8], membrane separation [9],
photocatalysis [10], and adsorption [11] etc. Nevertheless, adsorption
route is the most essential technique for the removal of persistent and
non-degradable pollutants from wastewater as it is more ecological and
economically superior over other techniques [12]. Among various ad-
sorbents, nanomaterials had gained much attention in the field of
adsorption due to their exceptional characteristics of small size,
enhanced surface area and improved porosity [13]. Many researchers
have reported widespread applications of metallic oxide nanoparticles
(NPs) in the fields of adsorption, antimicrobial activities [14], bio
sensing [15], optical [16] and catalysis [17]. Among various approaches
employed to prepare metal oxide NPs, the hydrothermal/thermal
decomposition process is more desirable. This method is simple, requires
inexpensive materials and has control over the crystallite size and the
morphology of NPs. Various metal nanoparticles have been reported
using these methods [18-20]. It is worth mentioning that the hydro-
thermal route assists the formation of metal carbonates leading to the
thermal decomposition of carbonates with evolution of CO5 gas result-
ing in the formation of porous metal oxide NPs [21]. With the evolution
of nanotechnology, metal oxide NPs have also gained consideration as
antimicrobial agents due to their broad inhibitory spectrum against
bacteria, fungi, and virus [22]. Metal oxide NPs can put forth their
impact on microbial cells by causing membrane damage, and injury to
proteins and DNA [23]. NPs have also been reported as antioxidant
agents; they scavenge the free radicals and provide evidence for the
generation of free radicals in the human body by chemiluminescence
method [24]. Various nanomaterials have been utilized as adsorbents to
remove dyes from contaminated water [25-29] as well as anti-
oxidant/antimicrobial agents [30-32]. Regardless of extensive research
on nanomaterials for pollutants removal and biological activities, still
researchers are in hunt of highly efficient, low cost, versatile, and novel
nanomaterials for the said applications.

In the present study, NaHCO3 assisted Co304, CuO and MnyO3 NPs
were synthesized via hydrothermal route. These prepared NPs were
further used as adsorbents for the removal of yellow coloured TZ dye
from aqueous media as well as their antimicrobial and antioxidant ac-
tivities were tested against bacterial/fungal strains and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) respectively. The adsorption process was opti-
mized by applying well established adsorption parameters. Experi-
mental data obtained during adsorption process were used to investigate
the adsorption process by studying reaction kinetics and adsorption
isotherms along with the antioxidant and antimicrobial studies of
Co304, CuO and Mny03 NPs.

2. Materials and methods
2.1. Materials

Analytical grade cobalt chloride (CoCl30.6 H30), copper chloride
(CuCl20.2 H30), manganese chloride (MnCl»0.6 H20), and sodium bi-

carbonate (NaHCOj3) were supplied by Sigma Aldrich. Pure TZ dye for
adsorption studies was received as gift from University of Agriculture
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Faisalabad, Pakistan. Methanol, ammonium sulphate (NH4SO4),
glucose, calcium sulphate (CuSO4) magnesium sulphate (MgS0O4), po-
tassium dihydrogen phosphate (KH2PO4), and 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) were supplied by Acros Organics. Different bacterial
and fungal strains for antimicrobial activities and antioxidant reagents
for antioxidant activities were used. All the reagents and solvents used in
the present study were pure (99%) and used without any further
purification.

2.2. Preparation of Co304 CuO and MnyO3 NPs

Co304, CuO and MnyO3 NPs were prepared using hydrothermal
approach. Aqueous solution of each metal salt (20.9 mmol) was pre-
pared while stirring at 700 rpm and 69.2 mmol solution of NaHCO3 was
slowly added to each metal solution separately [2]. The solutions were
transferred into autoclave for sterilisation and were placed in electric
oven for 30 min at 200°C. The metal carbonate solutions were centri-
fuged to get rid of water and then dried overnight at 60°C. The dried
metal carbonates were heated to decompose at their decomposition
temperatures, 550°C for Mn,03, 335°C for Co304 and 290°C for CuO in
the muffle furnace for 1 h. Metal oxide NPs (Co304, CuO and Mn503)
were obtained with the emission of CO, gas. The synthesis of these NPs
have been reported through thermal decompositions [18,20] and here
we used a different strategy to synthesize the NPs with NaHCOs as the
precursor.

2.3. Characterization of Cos04, CuO and MnzO3 NPs

The particles size and morphology of Co304, CuO and MnyO3 NPs
were examined using SEM micrographs obtained from JSM-5910 scan-
ning electron microscope (JEOL, Tokyo, Japan). Crystallite sizes of
Co304, CuO and MnyO3 NPs were investigated by X-ray diffraction
(XRD) patterns obtained using PANalytical X' Pert PRO 3040/60 x-ray
diffractometer (Almelo, The Netherland) containing CuKa source at 45
kV and 40 mA. Weight loss patterns of Co304, CuO and MnyO3 were
observed by TGA curves obtained from Universal V4.7 A TA instrument
using temperature range from 0 °C to 1000 °C at a heating rate of 10 °C/
min for 40 min. InoLab pH 720 (WTW, Weilheim, Germany) was used
for pH measurements. UV/Vis spectrophotometer (UV 4000 MRI, Ger-
many) was used to record the ansorbance of TZ in the media before and
after treatment with adsorbents (Co304, CuO and MnyO3 NPs).

2.4. Batch adsorption studies

Batch adsorption approach was adopted to achieve the optimum
conditions of well-established adsorption parameters for the removal of
TZ from aqueous media. Known quantities of NPs (Co304, CuO and
Mn,03) were added in 100 ppm solutions of TZ separately. Each mixture
was shaken mechanically at a constant speed of 150 rpm using an
incubator shaker (Heidolph Duomax 1000, USA). The samples were
withdrawn after the establishment of equilibrium and thereafter the
solutions were centrifuged to separate adsorbents (CozO4, CuO and
Mny03 NPs). The residual amount of TZ in the supernatant was recorded
at 425 nm with a double beam spectrophotometer.

The factors like initial TZ concentration (20-120 mg/L), contact time
(5-90 min), pH change (2—12), shaking speed (25-200 rpm), and
temperature (30-60°C) were studied. The adsorption capacity (the
quantity of TZ dye adsorbed on NPs was calculated using equation 1:

G- C

Adsorption Capacity(Qrz) = — X \% (€D)]

where C; is the initial TZ concentration, C is the equilibrium TZ
concentration, V is the volume of TZ solution, and m is the mass of NPs.

Percentage (%) removal of TZ removal was calculated using equation
2:
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100 2
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Percentage removal (RETZ (%)) =

2.5. Protocol of antimicrobial activity

The antimicrobial activities of as prepared metallic oxide NPs
(Co304, CuO and Mn,03) were evaluated against bacterial and fungal
strains using disc diffusion protocol. For antibacterial activity, Staphy-
lococcus. Aureus, Pseudomonas syringae, Streptococcus pyogenes and
Escherichia coli and for antifungal activity, Candida albicans, Aspergillus
niger and Aspergillus fumigatus were selected. Broth for antibacterial ac-
tivities was prepared using 5.0 g peptone, 3.0 g yeast, and 1000 mL
distilled HO. Solutions of HCl/NaOH were used to adjust pH value at 7.
The prepared solutions were autoclaved and transferred into petri dishes
and allowed to set. The bacterial strains were inoculated and then NPs as
well as reference standard drug ‘ampicillin’ were loaded on paper discs
and placed on the inoculum. The Petri dishes were wrapped and incu-
bated at 37°C for 48 h. After 48 h the zones of inhibition were measured
to check the antibacterial behaviour of Co304, CuO and Mn,O3 NPs [33].

The media for antifungal activity were prepared using 0.02 g
ammonium sulphate, 2.0 g glucose, 0.005 g calcium sulphate, 0.005 g
magnesium sulphate, 0.02 g potassium dihydrogen phosphate, and 2.0 g
agar per 100 mL of distilled water. The prepared media were autoclaved
and then poured into petri dishes to solidify. The fungal strains were
spread onto the media and NPs samples along with standard drug were
added on paper discs set on the media. The petri dishes were wrapped
and incubated at 37°C for 48 h. After 48 h, the zones of inhibition were
measured to check the antifungal behaviour of NPs [34].

2.6. Protocol of antioxidant activity

The antioxidant potential (% scavenging) of prepared CozO4, CuO
and MnyO3 NPs was evaluated against methanolic 2, 2-diphenyl-1-
hydrazyl (DPPH) radical, and concentration of 2000 pM [35]. Five
different volume (50-250 pL) of each Co304, CuO and MnyO3 NPs were
prepared separately. The sizeable amount of DPPH solution was added,
and solutions were kept in darkness for 30 min. The change in colour of
solutions from purple to yellowish after incubating for 30 min was
measured using UV/VIS spectrophotometer at 520 nm [36]. Butyl hy-
droxyl Toluene (BHT) was used as reference standard to compare the
radical scavenging. All the tests were performed in triplicate and results
obtained were interpreted as percentage scavenging according to
equation 3:

AbsC — AbsS

Percentage scavenging = e % 100 3

where AbsC and AbsS are the absorbance of control and sample
respectively.

3. Results and discussion
3.1. Characterization of Co304, CuO and Mny03 NPs

The crystal structures of Co304, CuO and MnyO3 NPs were investi-
gated by XRD spectroscopy and results are presented in Fig. 1. The mean
crystallite size of Co304, CuO and MnyO3 NPs was computed using
Debye-Scherrer equation. XRD pattern of as prepared MnyO3 NPs was
matched with orthorhombic MnyO3 (JCPDS card 73-1826) [37] having
mean crystallite size 31.90 nm. The peaks in XRD analysis of Co304 NPs
prepared by thermal decomposition of CoCO3 were in complete agree-
ment with the standard patterns matches of cubic Coz04 (JCPDS
42-1467) [38] having the average crystallite size of 18.27 nm. All re-
flections in XRD spectrum of CuO NPs readily indexed to monoclinic
CuO (JCPDS 48-1548) [39] and the crystallite size calculated was found
to be 27.36 nm. No reflections related to any impurities were observed
in XRD patterns of Co304, CuO and MnyO3 NPs. The XRD analysis
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Fig. 1. XRD analysis of Co304, CuO, and Mn,03 NPs.

confirms the formation of Co304, CuO and MnyO3 NPs predominantly
having smaller sized crystals. In general smaller size material has high
surface area which can be suitable for adsorptive studies and antimi-
crobial applications [40,41].

The morphology and size of as prepared NPs was determined using
SEM images shown in Fig. 2. The SEM micrograph of MnyO3 NPs
(Fig. 2C) demonstrated that aggregation of considerable number of
spherical NPs in the form of big globular submicron’s. The porous
spherical morphology of the Mn,O3 NPs may be attributed to the release
of a large amount of CO3 from MnCOs3 resulting in pores development in
the sample [37]. Most of the particles of Co304 (Fig. 2A) were distrib-
uted in nano and micro sizes and were interlinked to form an irregular
arrangement. The particles were nearly spheroids and were not very
compactly packed with each other. There were visible spaces in the
arrangement of particles and morphology was somehow an irregular
array of nano and lots of microparticles. Some of the particles acquired
the shape of flowers which may be attributed to the partial calcination of
Co304, [42]. The SEM image of CuO NPs (Fig. 2B) exhibited a large
interparticle porosity and form large agglomerates of NPs. It can be
observed that CuO NPs formed have an irregular planar structure with
no distinct morphology [43]. Further particle size distribution histo-
grams for Co304, CuO and Mny03 NPs were constructed from SEM im-
ages and presented in Fig. S2. From the Fig. S2, it can be observed that
most of the particles for all NPs were of smaller size and less than
300 nm.

The thermal stability of as-prepared Co304, CuO and Mn,O3 NPs was
determined by TGA using temperature range from 0 °C to 1000 °C at a
heating rate of 10 °C/min for 40 min. The TGA curve of Mny,O3 NPs
(Fig. 3a) revealed a very small weight loss and MnyO3 was stable up to
895°C. A further rise in the temperature over 900°C converted MnyO3 to
Mn3O4 with gradual weight loss from 99.9% to 91.84% and this
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Fig. 2. SEM images of (A) Co304, (B) CuO, and (C) Mn;O3 NPs.

observation agreed well with the literature [44]. TGA curve for Co304
(Fig. 3b) exhibited a prominent weight loss (6.6%) below 100 °C. This
weight loss may be attributed to removal of adsorbed solvent/moisture.
From 100 °C onwards, the sample had a high stability of the speel

structure with a very small weight loss up to 917 °C. However, between
917 °C and 925 °C there was a weight loss of 28.07%, related to the
phase transition of Coz04 to CoO [38]. Fig. 3c shows the TGA curves of
CuO NPs. The TGA curve of CuO depicted that 14% weight loss was
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Fig. 3. TGA and DSC analysis of (a) Mn3Os3, (b) Co304, and (c) CuO NPs.

observed between 30 and 250 °C, due to water evaporation and nearly
34.80% weight loss was observed at 250-900 °C corresponding to phase
transition [45]. The results obtained from TGA confirms that CuO-NPs
decomposed more prominently as compared to MnyO3-NPsand Co304
NPs.

DSC is particularly used as a tool to observe phase transition of
materials with variation in temperature. The area of the peak in DSC
curve is proportional to the enthalpy and DCS curves of Co304, CuO and
Mn,O3 NPs are presented in Fig. 3. An endothermic peak below 100 °C
observed in case of MnyO3 was related to the evaporation of moisture as
well as solvents. Another endothermic curve at 900 °C attributed to the
conversion of MnyO3 to Mn304 [44]. DSC curve of Co304 exhibited an
endothermic peak below 100 °C which was attributed to the evapora-
tion phenomenon. An endothermic peak observed at 860 °C was evi-
dence towards the formation of crystalline particles and an exothermic
peak at 917 °C supported the crystallinity with phase-chemical purity.
DSC curve of CuO exhibited two endothermic peaks between 200 and
400 °C, which were attributed to the effect of evaporation and one peak
between 900 and 1000 °C confirming the formation of crystalline par-
ticles [46].

3.2. Adsorption studies of TZ onto Co304, CuO and Mny03 NPs

3.2.1. Effect of pH

The PZC values of Co304, CuO and Mny0O3 NPs were found in the
range of 6.5-7.0, which indicated that NPs are positively charged at
pH<pHpzc and negatively charged at pH>pHpzc. Adsorption rate is
greatly affected by pH due to its influence on the binding sites of the ad-
sorbent (NPs) and the adsorbate (TZ). The pH affects the apparent
charge of the adsorbent surface and extent of adsorption of adsorbate
onto adsorbent based on intermolecular attraction between NPs and TZ

molecules. The influence of pH change on adsorption ability of Co30Os4,
CuO and MnyO3 NPs was scrutinized by changing the pH from 2 to 12
and the results are depicted in Fig. 4a. It was observed that the TZ
removal efficiency was maximum under acidic conditions. The
maximum TZ removal percentage onto Co304 and Mny03 was found to
be 98% at pH = 2 and 77% at pH = 4 respectively whereas the per-
centage removal of TZ onto CuO was found to be 88% at pH = 6. It can
be noticed from Fig. 4a that the removal efficiency of TZ onto Co304 not
much affected till pH 4. Afterwards, on increasing the initial pH towards
basic pH, the removal efficiency of TZ decreased and reached at mini-
mum level at pH = 12. Hence the further adsorption study was evalu-
ated at pH = 4 for Mny03-NPs, and Co304-NPs and at pH = 6 for CuO-
NPs.

The pH effect can be explained in terms of PZC values of Co304, CuO
and Mny03 NPs. The PZC values were in the range of 6.5-7.0 and TZ was
converted to its corresponding anionic form in aqueous media (Equation
4) [47]. Under acidic pH conditions, (i) Co304, CuO and Mny03 NPs got
protonated to develop positive charges on the surface (Equation 5) [48]
and (ii) at pH < 6.5-7, the Co304, CuO and Mn,03 NPs were positively
charged (pHpzc = 6.5-7.0). So, an effective and strong force of attraction
developed between anionic TZ™ and positively charged Co304, CuO and
Mny03 NPs, which was responsible for high adsorption of TZ at acidic
pH (Scheme 1). The decline in adsorption at alkaline pH might be related
to the following reasons: (i) as the pH increased, the positive sites on the
surface of Co3z04, CuO and MnyO3 NPs decreased and further at pH
> 6.5-7, the Co304, CuO and MnyO3 NPs became negatively charged
(pHpzc = 6.5-7.0). So, a strong repulsive force developed between
negatively charged Co304, CuO and MnyOs NPs (Equation 6) and
anionic TZ", which resulted in sharp decrease in adsorption efficiency
(Scheme 1). (ii) at high basic pH, the hydroxyl ions (OH") present in
abundance, which could compete for active sites on Co304, CuO and



B. Zafar et al.

100 4
80
60 1
40 1
20 1

0

—O0— C0304
—4—CuO
—D—Mn203

RE, (%)

pH
1004
80
60
40 1
20 1 b

0 1 1 ) 1 1 ) 1 1 I )
20 40 60 80 100 120 140 160 180 20

Shaking speed (RPM)

REq, (%)

100 o

RE, (%)
H N
oS O O

N
(=]

C

T T T T T T T

30 35 40 45 50 55 60
Temperature o)

(=]
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TZ onto Co304, CuO and Mn,O3 NPs.
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Mny03 NPs [48] with the anionic TZ and the rate of adsorption of TZ
droped as can be observed from Fig. 4a.

TZNa;(S)—3Na* (aq) + TZ* (aq) 4
For pH < 6.5—7 NPs-OH + H;0"->NPs-OHJ + H,O (5)
For pH > 6.5—7 NPs-OH + OH -»NPs-O™ + H,0 6)

3.2.2. Effect of shaking speed

Shaking speed is an imperative factor during adsorption process
progression and it helps the TZ molecules to cover up binding sites of
NPs for effective adsorption of TZ onto the NPs surface. The influence of
shaking speed on uptake of TZ onto NPs (0.4 g/L) was studied using pH 4
for Co304 and Mny03 whereas pH 6 for CuO separately, varying shaking
speed from 25 to 200 RPM. The results in Fig. 4b showed that percentage
removal of TZ onto Mn;Os3 increased from 55% to 97% when shaking
speed increased from 25 to 150 rpm. Similarly, percentage removal of
TZ on Co304 increased from 88% to 99% at speed range from 25 to 150
RPM. Likewise, a similar trend was observed in case of CuO, where
percentage removal increased from 88% to 97% when shaking speed
increased from 25 to 175 rpm. The increase in percentage removal with
increase in shaking speed may be linked to increased collision between
TZ molecules and NPs surface resulted in fast electrostatic interactions
between NPs and TZ. As clear from the Fig. 4b, at extreme high shaking
speeds, a little decrease in percentage removal of TZ on Co304, CuO and
Mn;03 NPs was observed. The possible explanation of this decrease in
percentage removal of TZ with increasing shaking speed might be due to
desorption of TZ molecules from the surface of at higher RPM.

3.2.3. Effect of temperature

Temperature is an essential factor that assists the binding of adsor-
bate onto adsorbent as temperature helps to overcome the activation
energy barrier for a particular reaction. The effect of temperature on

QGQOQ/'
— @ e

Scheme 1. Possible mechanism and relation of pH with the electrostatic interaction responsible for TZ adsorption onto Co304, CuO and Mn,0O3 NPs.
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percentage removal of TZ was studied under optimum conditions
varying the temperature from 30° to 60 °C. The obtained data (Fig. 4c)
revealed that the increase in the temperature of the solutions of TZ from
30° to 50 °C leads to an increase in the adsorption efficiency of TZ onto
Co304, CuO and Mny03 NPs, which illustrated that the adsorption pro-
cess is endothermic and chemical in nature. Further increase in tem-
perature till 60 °C, no increase in TZ adsorption efficiency is observed.
The increase in removal of TZ onto Co304, CuO and Mny0O3 NPs at higher
temperature is due to increasing the number of TZ molecules acquiring
sufficient energy to overcome of activation energy, which resulted in
availability of more active sites and adsorption process became more
favourable. It could also be linked to the increased diffusion and
mobility of TZ ions from the bulk solution toward the NPs surface,
thereby increasing the number of TZ molecules acquiring sufficient
energy to undergo chemical reaction with NPs at higher temperature.

3.2.4. Equilibrium study and modelling of TZ onto Co304, CuO and Mnz03
NPs

The effect of initial TZ concentration was examined at three different
temperatures (30, 40 and 50 °C) for Co304, CuO and MnyO3 NPs. TZ
concentration was varied from 20 to 120 ppm using the following
experimental conditions (NPs dose 0.4 g/L, pH 4 for Co304 and Mn,03,
pH 6 for CuO). The results shown in Fig. S3 indicated that the retention
of TZ increased as the initial TZ concentration increased. Adsorption
isotherms were used to show the level of interaction between adsorbents
(NPs) and adsorbate (TZ). Langmuir, Freundlich and Temkin models
were employed for studying adsorption behaviour at the initial con-
centration of TZ (20-120 mg/L) at 30,40, and 50 °C temperature.

Langmuir adsorption model explains the monolayer coverage of TZ
molecules onto NPs surface leading to homogenous adsorption over the
adsorbent surface and Freundlich model explains the multilayer
coverage of adsorbent sites by adsorbate, leading to heterogeneous
adsorption on the surface of the adsorbent whereas Temkin model also
explains the multilayer coverage of the adsorption surface. The non-
linear equations of Langmuir, Freundlich and Temkin isotherms
[49-51] are provided in supplementary data (Section S1).

The coefficient of determination (r%) for Langmuir, Freundlich and
Temkin isotherms were estimated using non-linear fitting of these
models. The Langmuir model rate constant (related to binding sites and
affinity of adsorption energy), by, (L/g) and theoretical adsorption ca-
pacity, Qr (mg/g) were calculated using non-linear fitting of Langmuir
model (Fig. S4-56), the Freundlich constant, Kg ((mg/g)(mg/L)l/ ™ and
adsorption intensity, 1/n were estimated from non-linear fitting of
Freundlich model (Fig. S4-S6) whereas Temkin constants, by and Kt (L/
mg) (belongs to equilibrium binding constant and heat of adsorption
respectively) were calculated from non-linear fitting of Temkin model
(Fig. S4-S6).

The values of all isotherm’s parameters and r? are tabulated in
Table 1. The r? values obtained from all three models reflected that the
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adsorption of TZ onto Co304, CuO and Mny03 NPs at 30, 40 and 50 °C
was fitted with these models in the following order, Freundlich
(0.941-0.977) > Langmuir (0.884-0.922) > Temkin (0.779-0.866).
The greater r? values obtained by fitting the Freundlich model revealed
that this model was best fitted to describe the mechanism of TZ
adsorption onto Co304, CuO and Mn,03 NPs at 30, 40, and 50 °C. These
findings proved a multilayer adsorption of TZ onto heterogeneous sur-
face of NPs. Further the estimated values of adsorption intensity
(n = 2.937 - 3.420) were less than 10 indicating the suitable adsorption
of TZ onto Co304, CuO and MnyO3 NPs (favourable if n is less than 10).
Besides, the experimental adsorption capacity (Q) and Langmuir theo-
retical adsorption capacity (Qr) were in close agreement demonstrating
suitable adsorption of TZ. Further the higher values of by obtained from
Temkin model validated a strong interactive force between TZ and
Co304, CuO and MnyO3 NPs whereas positive values of by revealed
endothermic nature of adsorption process of TZ onto NPs.

A comparative study for the Langmuir adsorption capacities (Qr) of
Co304, CuO and MnyO3 NPs with other reported adsorbent nano-
materials for TZ was also executed and presented din Table 2. The Qr for
TZ was 204.3, 184.7 and 177.6 mg/g for Co304, CuO and MnyO3 NPs
respectively. It can be observed that adsorption capacity of these NPs for
TZ is quite comparable with other available nanomaterials in shorter
equilibrium time. The rapid uptake and quick establishment of equi-
librium show the efficiency of these NPs for dyes contaminated waste-
water treatment.

3.2.5. Kinetic study of TZ onto Co30y4 CuO and MnyOs NPs

The TZ adsorption rate onto Co304, CuO and MnyO3 NPs was studied
by observing the influence of contact time from 5 to 90 min under
optimized conditions and results are presented in Fig. S7. Fig. S7 illus-
trated that there was linear increase in adsorption capacity of TZ onto
CuO and Mny03 NPs in first 30 min as 89 and 85 mg/g for CuO and
Mn,O3 respectively. In contract there was slow rate of adsorption in first
20 min and then a sharp increase in rate of adsorption of TZ onto Co304
was observed. In first 20 min, the adsorption capacity of TZ onto Co304

Table 2

Comparison for TZ adsorption by different nanomaterials.
Adsorbent Qr (mg/g) Reference
NPsFeOB 59.79 [25]
Ni-Ag NPs/rGO 26.31 [26]
PLL-Fe304-(GO-MWCNTSs) 775.2 [52]
Fe30,4/C/CoAl-LDH 52.30 [53]
PPy/StM/GO 123.5 [54]
PPy@TN 42.50 [55]
ZnS/CuO-CNT 183.5 [56]
Co304 NP 204.3 Present study
CuO NP 184.7
Mn,O3NP 177.6

Table 1
Adsorption isotherms parameters using nonlinear fitting of Langmuir, Freundlich, and Temkin models for Co304, CuO and Mn,O3.
Temperature Langmuir Freundlich Temkin
Q Qr by, 2 Kg n 2 Kr br 2
Co304
30°C 171.5 186.5 0.103 0.902 48.93 3.304 0.959 15.78 117.8 0.809
40 °C 178.0 204.3 0.101 0.914 52.79 3.256 0.967 20.11 113.6 0.821
50 °C 176.5 196.8 0.115 0.906 55.04 3.420 0.958 23.80 121.2 0.811
CuO
30°C 168.8 176.7 0.110 0.898 41.63 2.960 0.952 5.807 98.40 0.813
40 °C 173.8 184.7 0.117 0.906 45.90 3.048 0.964 8.046 102.4 0.833
50 °C 178.8 188.1 0.103 0.884 43.62 2.937 0.941 8.281 107.2 0.779
Mn,03
30°C 158.8 162.7 0.112 0.896 40.54 3.118 0.953 6.145 107.2 0.814
40 °C 163.8 177.6 0.107 0.922 42.26 3.007 0.977 5.505 101.0 0.866
50 °C 165.2 175.9 0.112 0.904 44.57 3.149 0.961 8.019 111.7 0.828

Q (Experimental adsorption capacity) = mg g-1; QT (Theoretical adsorption capacity) = mg g-1; KF = [(mg g-1)(mg L-1)1/n]; bL = L mg-1; KT = L g-1; bT = J mol-1
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NPs was 55 mg/g, which was increased up to 98 mg/g after 30 min
Fig. 5 showed the visual indication of maximum removal of TZ when
Co304 NPs were used under optimization conditions. The colour of TZ
solution was yellow before adsorption, changed to almost black after
adding Co304 NPs. The TZ+NPs mixture was stirred for 90 min to ensure
equilibrium. It was noted that after adsorption the solution was col-
ourless meaning TZ was almost 95-98% adsorbed by Co304 NPs.

To further get insights from time vs adsorption capacity experiments,
the kinetic models were applied to predict the rate of the adsorption
process. For this purpose, two most conventional models pseudo-first
order (PFO) and pseudo-second-order (PSO) were applied on kinetics
data of TZ adsorption onto Co304, CuO and MnyO3 NPs [57,58]. The
linear forms of both PFO and PSO models are presented in Section S2,
which were used to calculate the r? values for both PFO and PSO models.
The PFO rate constant (K;) and theoretical adsorption capacity (Qy;)
were determined using slope and intercept of linear fitting of PFO model
respectively (Fig. 6a) whereas PSO rate constant (K3) and theoretical
adsorption capacity (Qi2) were estimated from intercept and slope of
linear fitting of PSO model respectively (Fig. 6b). The calculated pa-
rameters from both models are depicted in Table 3.

The most fitted model was chosen based on the values of r%. From the
values given in Table 3, it can be observed that the values of r? obtained
from PFO model (0.8338, 0.9784 and 0.9048 for Co304, CuO and Mny03
NPs respectively) were lower compared to r* values obtained from PSO
model (0.9615, 0.9990 and 0.9954 for Co304, CuO and MnyO3 NPs
respectively). Further the values of theoretical, Q¢ calculated from PFO
model were significantly different from the experimental Q. values
whereas the theoretical, Qiy values calculated from PSO model were
closer to the experiment obtained values, Q;. Both these observations
suggested that the PFO model did not clarify the kinetics of TZ
adsorption instead PSO model displayed a good fit to the experimental
data collected for TZ adsorption onto Co304, CuO and MnyO3 NPs. The
dependence of TZ adsorption with PSO model indicated that the rate
limiting step for TZ adsorption onto Co304, CuO and MnyO3 NPs was
chemical adsorption. Moreover, the PSO rate constants values were
lower (K3 = 0.0006, 0.0029 and 0.0015 for Co304, CuO and Mn,O3 NPs
respectively), which suggested that there was lesser competition of
surface sites for adsorption at lower TZ concentration.

The diffusion mechanism cannot be explained well with PFO and
PSO models. So, to understand the adsorption mechanism, the intra-
particle diffusion model (IpD) was applied to experimental data of TZ
adsorption onto Co304, CuO and MnyO3 NPs. The equation of this IpD
model is presented in Section S2. The values of IpD rate constant, K; and
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Fig. 6. PFO (a) and PSO (b) models applied on TZ adsorption data using Co304,
CuO and Mn,O3 NPs.

Z were estimated from the slope and intercept of the plot between Q and
172 (Fig. 7) and summarized in Table 3. The higher values of Z for all
NPs indicated the predominant effect of boundary layer. The IpD model
plot shown in Fig. 7 indicated multi linearity, two linear regions for CuO
and MnyO3 whereas three linear regions for Co3O4. This multi linearity
suggested that the adsorption process of TZ was governed by more than
one process. The 1st region in plot for CuO and MnyO3 indicated prompt
diffusion stage/external surface adsorption where a huge amount of TZ
was swiftly adsorbed on the exterior surface of CuO and MnyO3 NPs. The
2nd region in plot for CuO and Mny03 represented a slow adsorption

Before adsorption

Adsorption

After adsorption

Fig. 5. Visual observation of TZ removal using Co304 NPs under optimized conditions.
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Table 3
Pseudo first and second order kinetic model’s parameters for TZ dye adsorption
onto Co304, CuO and Mn,0s.

Models Parameters Values
Adsorbents — Co304 CuO Mn,03
Pseudo 1st order Qt; (mg g B 129.4 60.48 61.18
K; (min™') 0.0875  0.0967  0.0735
r? 0.8338 0.9784  0.9048
Experimental Qt(mgg™) 98.00 91.20 88.00
Pseudo 2nd order Qty (mg g B 114.9 96.15 100.0
Ko (g mg! 0.0006  0.0029  0.0015
min’l)
r? 0.9615  0.9990  0.9954
Intraparticle Region I K; (mg g~! 2.768 11.05 12.95
diffusion min~ %)
C 42.24 30.72 13.46
RegionIl  K; (mgg~* -124.1 0.565 0.755
min’o's)
C 39.56 86.12 80.95
Region K; (mg g~ ! 0.763 - -
11 min~%%)
C 91.02 - -
100

90

\
3rd region

& 704 2nd region
60
501
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Fig. 7. IpD model applied on TZ adsorption data using Co304, CuO and Mn,03
NPs as adsorbents.

stage which was related to IpD of TZ within the pores of CuO and Mn,03
adsorbents. In contrast, the movement of TZ from bulk to Co304 surface
can be described in three consecutive steps: (a) external surface/diffu-
sion, shipping TZ to the external Co304 surface, (b) intraparticle/inter-
nal diffusion, transporting TZ to the interior portion of Co304, (c) the TZ
adsorbed onto active sites of Co304. Three processes were involved in
adsorption of TZ onto Co3z04 and that might be the reason of higher
adsorption of TZ onto Co304. Additionally, the linear lines in IpD plots of
Co304, CuO and Mny03 NPs did not pass through the origin. This
observation revealed that the IpD control step was not the only rate
controlling step but other mechanism pathways were also involved
during TZ adsorption process onto Co304, CuO and Mn303 NPs [59,60].

3.2.6. Thermodynamic study

To observe the effect of temperature on removal of TZ onto Co30y4,
CuO and Mny03 NPs while increasing the TZ initial concentration, the
experiments were performed at three temperatures viz 30, 40 and 50 °C.
Results shown in Fig. S3 revealed that the adsorption capacity for TZ
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increased with the increase of TZ initial concentration and became
slightly higher at higher temperature from 30° to 50 °C. These obser-
vations indicated that adsorption of TZ on Co304, CuO and Mny03 NPs
was an endothermic chemisorption process.

To confirm above process and to endorse the nature and feasibility of
adsorption process of TZ, thermodynamic parameters [free energy
change (AG®), enthalpy (AH) and entropy (AS)] were important to es-
timate. The equations used to calculate these parameters are presented
in Section S3. The values of AS and AH were estimated from the inter-
cept and slope of the plot between K4 and 1/T (Fig. S8) whereas the
values of AG°® were determined by equation 7 (Section 3). The dimen-
sionless K4 values were estimated using the method described in [61],
first by converting the Langmuir constant (L mg™') into L mol~! and
then using the following equation 7.

Kq =55.51(mol L") x b x 1000 x molecular weight of TZ ()]

The calculated values of parameters are summarised in Table 4. The
negative values of AG® on all temperature revealed a spontaneous nature
of adsorption process of TZ onto Co304, CuO and MnyO3 NPs whereas
positive values of AS and AH for all Co304, CuO and Mn2O3 NPs indi-
cated that the adsorption of TZ is dominant by chemical sorption and
endothermic in nature. Furthermore, AG° values were increased as the
temperature increases reflecting TZ adsorption process was more
promising at higher temperature.

3.3. Biological activities of Co304, CuO and Mn;0O3 NPs

3.3.1. Antioxidant activity

The prepared Co304, CuO and MnyO3 NPs were screened for anti-
oxidant potential against methanolic DPPH radical (2000 pM) in-vitro
assay. Evaluation of results revealed that the percentage of radical in-
hibition was observed 66%, 27% and 11% against Co3O4, CuO and
Mn,0s3, respectively (Fig. 8) when a NPs concentration of 250 uL was
used. The maximum radical inhibition potential shown by Co304 was
66% at 250 uL concentration whereas remaining concentrations
(<250 pL) showed less inhibition of DPPH radical. In comparison of all
three NPs, the minimum radical scavenging activity was shown by
Mny03 as 1.05% at 50 uL. Butyl hydoxy toluene (BHT), a synthetic
antioxidant with best approved scavenging was used as reference stan-
dard to compare the activities of NPs. In comparison of NPs and BHT, the
later showed almost 100% scavenging with all the equivalent concen-
trations employed for evaluation of antioxidant potential. These results
confirmed that Co304, CuO and Mny0O3 NPs has the antioxidant activity
potential and further work needed to make efficient NPs that can be
actively used as antioxidant agents in accordance with the previous
studies [36]. Further, the modified metal NPs can immobilize some
functional groups, which can be beneficial to provide better antioxidant
activity [62]. In a study, CeOs, TiO, and Fe304 NPs have been found for
their excellent antioxidant effect. Transition metals could exhibit a high
tolerance for reversible oxidation/reduction due to the oxidation states
therefore, metal-based NPs, could offer the exceptional antioxidant ef-
fects [63]. In another research the antioxidant activity of silver NPs with
DPPH scavenging was reported as 29.55% [64]. Results of present
research are reasonably attractive in respect of antioxidant potential of
NPs preferably Co304 with better activity among the constructed NPs.

Table 4
Thermodynamics parameters for TZ dye onto Co304, CuO and MnOs.
Parameters Temperature Co304 CuO Mn,03
AH (kJ mol ™) 1.419 3.312 1.414
AS (I mol 'K 132.9 137.7 131.4
AG® (kJ mol™1) 30°C -37.62 -37.78 -37.83
40 °C -38.81 -39.19 -38.96
50 °C -40.40 -40.10 -40.32
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Fig. 8. Antioxidant assay ((% DDPH radical scavenging) of Co304, CuO and
Mn,03 NPs using various concentrations.

3.3.2. Antibacterial activity

The antibacterial potential of NaHCOs3 assisted Co3O4, CuO and
Mn;03 NPs was determined by applying well reported and certified disk
diffusion method. Four different bacterial strains named as E. Coli, S.
Aureus, P. Syringae, and S. Pyogenes were used whereas ampicillin was
used as positive control against the bacterial strains. The results of NPs
antibacterial activity are shown in Fig. 9a, and disc diffusion experi-
ments are shown in Fig. S9. The results indicated that although all three
Co304, CuO and Mny03 NPs were found to have less antibacterial ac-
tivity compared to the positive control ampicillin, but it is apparent from
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the results that these NPs have the potential of antibacterial activity
against bacterial strains used in this study. Comparison of antibacterial
activity of MnyOs, Co304, and CuO NPs showed that CuO NPs had
relatively better antibacterial activity against bacterial strains E. Coli, S.
Aureus, and S. Pyogenes and maximum activity (31 mm) was observed
against bacterial strain, S. Aureus in accordance with previous studies
[33]. Mnz03 NPs displayed a similar trend of inhibitory activity (23, 25,
27 mm for E. Coli, P. Syringae, and S. Aureus respectively) but did not
develop any inhibition against S. Pyogenes. Co3O4 NPs also inhibited all
the bacterial strains with a moderate inhibition activity against E. Coli, S.
Aureus, and S. Pyogenes but the high activity (26 mm) against the
P. Syringae strain compared to Co304, and MnyO3 NPs. Overall, the re-
sults suggest that CuO NPs behave with stronger antimicrobial impact
against the bacterial strains than Co3O4, and MnyO3 NPs.

Metal-based NPs have non-specific bacterial toxicity mechanisms
and usually they have no binding relation to a specific receptor in the
bacterial cell, which develop the resistance difficulty in bacteria to
improve the antibacterial activity of NPs. Many types of metal-based
NPs (Ag, Au, CuO, ZnO) were evaluated against gram-positive and
gram-negative bacteria, which had shown promising results [65]. In the
present research, CuO NPs has shown the comparable potential of
antibacterial activity in comparison to the nanomaterials reported in
literature. Shankar et al., synthesized ZnO, CuO, and Ag NPs to evaluate
their efficacy against the bacterial strains and their results showed a
significant antibacterial potential especially CuO NPs against bacterial
strains [66]. In another research, the antimicrobial property of CuO NPs
was applied against gram negative E. coli and P. vulgaris and gram
positive S. aureus pathogens, which has revealed interesting results of
inhibition at different concentrations of CuO NPs [67].

3.3.3. Antifungal activity
In parallel to evaluation of antibacterial activity, Co3O4, CuO and
Mn,03 NPs were also tested against the fungal strains named C. albicans,
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Fig. 9. Antibacterial (a) and antifungal (b) activities of Co304, CuO and Mn,O3 NPs using different bacterial and fungal strains.
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A. niger, and A. fumigatus. The antifungal activity results are depicted in
Fig. 9b, and disc diffusion experiments are shown in Fig. S10. From the
results it can be clearly observed that Co304, CuO and MnyO3 NPs had
not shown very high activity against all fungal strains as compared to
positive control. However, the small antifungal activity shown by
Co304, CuO and Mny03 NPs is providing a hypothesis that NPs can be an
alternate if their activity can be enhanced by different means such as
modification with different moieties or synthesis through greener
approach etc. Among the Co304, CuO and MnyO3 NPs, the high activity
was observed against C. albicans (20 mm) with CuO NPs. Additionally,
CuO had shown inhibition activity against C. albicans, and A. fumigatus
and zero activity towards A. niger. Co3O4 NPs had shown activity only
against C. albicans whereas MnyO3 had shown activity against fungal
strains A. niger, and A. fumigatus and no activity against C. albicans. CuO
had shown maximum antifungal activity among the prepared NPs and
the results were compared and found in accordance with literature [68,
69]. Based on activity shown by Co304, CuO and MnyO3 NPs against
fungal species it may be suggested that more work is needed to improve
the activity of metal oxide for real applications.

Many metal NPs have been investigated as antifungal agents, such as
Se, Ni, Mg, Pd, and Fe and different methods of synthesis have been used
to produce these NPs with different shapes and sizes, which may
enhance antifungal activities. As aforementioned, shape, structure, and
size of the NPs play an important role in antifungal activity. On the other
hand, it has been reported that the concentration of NPs can play an
important role in antifungal activity. Further the greener approach to
synthesis NPs is better option than chemical methodology [70]. Con-
trary activities observed for Co304, CuO and Mn;O3 NPs against fungal
species in comparison to literature reported activities of NPs of metals, it
may be improved by changing method of synthesis, size, shape, con-
centration in future study.

4. Conclusions

In the current work, NaHCOj assisted multifunctional Co304, CuO
and Mny03 NPs were successfully prepared using hydrothermal method,
characterized using applicable analytical techniques (XRD, TGA and
SEM) and used effectively as adsorbent to remove TZ as well as for
antimicrobial and antioxidant activities. XRD analysis revealed the
formation of smaller size crystallites metal oxide NPs with high surface
area. The SEM images showed the existence of metal oxide NPs in the
form large agglomerates having porous spherical/irregular morphology.
Among the Co304, CuO and MnyOs3 NPs, the maximum Langmuir
adsorption capacity (204.3 mg/g) for TZ was shown by Co3O4 NPs under
optimum adsorption parameters. The adsorption data was fitted very
appropriately with Freundlich model implying the heterogenous nature
of adsorption process. The kinetics studies revealed that adsorption
processes in case of all the three metallic oxide NPs was followed by PSO
model. The antibacterial behaviour of prepared Co304, CuO and Mny03
NPs was examined against the pathogenic species E. coli, S. aureus, P.
syringae, and S. pyogenes, and all the NPs showed a considerable po-
tential as antibacterial nano-moieties with CuO having better antibac-
terial activity. Similarly, antifungal behaviour of Co304, CuO and Mny03
NPs was evaluated using fungal strains C. albicans, A. niger and
A. fumigatus. Among the Co304, CuO and MnyO3 NPs, the high activity
was observed against C. albicans (20 mm) with CuO NPs. Overall,
research study revealed that Co3O4, CuO and MnyO3 NPs had multi-
functional properties that they not only removed TZ from wastewater
but also equally useful for biological activities like antioxidant and
antimicrobial which was an additional silver lining of the NPs.
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