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ABSTRACT

In the process of sanitizing drinking water, humic acid present in drinking water sources reacts with chlorine disinfectant and forms muta-
genic, defective, and carcinogenic disinfection byproducts such as trihalomethanes and haloacetic acids. In the present study, the
methanolic extract of Elaeagnus angustifolia tree bark was used for the synthesis of ZnFe,0,@TiO, hanocomposite and then properties
and structural elements and diagnostic features of nanoparticles were analyzed. According to the results, the ZznFe,0,@TiO, nanocomposites
have an average crystalline size of ~65-250 nm. Also, the effects of pH (3-11), nanoparticle dose (0.005-0.1 g/L), and humic acid concen-
tration (2-15 mg/L) were examined up to 120 min of time. From the results, the highest removal percentages achieved about 100% at
optimal conditions (pH =3, nanocomposite dose =0.05g/L and humic acid initial concentration =2 mg/L). The results of this research
showed that the efficiency of hanocomposite at the highest concentration of humic acid that was investigated in this research (15 mg/L)
was about 95.67%. Therefore, it can be concluded that this nanocomposite, while being cost-effective and environmentally friendly, is
also very effective in removing humic acid from an aqueous solution.
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HIGHLIGHTS

® New magnetic ZnFe,0,@TiO, nanocomposite was synthesized and characterized.
® FT-IR, SEM, EDS, and XRD analyses showed the successful synthesis of ZnFe,0,@TiO, hanocomposite.
® |n optimum condition, 100% degradation efficiency of humic acid was observed.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).

Downloaded from http://iwaponline.com/ws/article-pdf/23/8/3486/1280417/ws023083486.pdf
bv auest


https://orcid.org/0000-0002-3015-2609
mailto:al.naghizadeh@yahoo.com
http://orcid.org/
http://orcid.org/0000-0002-3015-2609
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.2166/ws.2023.193&domain=pdf&date_stamp=2023-07-29

Water Supply Vol 23 No 8, 3487

GRAPHICAL ABSTRACT

Elacagnus angustifolia Bark

L ¥“: :_;' >
e 5 -
e TS ) — g
FeCly 6H,0 e =

e —— Centrifuge Oven for 24h Furnace for 3h - b

= - T=600°C -

i -
Distilled water + Ethanol vlnFe:l)‘ = L

- I'Il £ el -

e f‘ 1

o o i ] .

Titanium isopropoxide + Ethanol ,‘7:i71‘ Srg g E = —=
A h .

I T o R — §
Z:_\\ Methylamine . - N |
Y _A sm— - o
Acetonitrile  L— Stirrer for 4h Centrifuge Oven for 24h Furnace for 3h
= v 400°C - l {
| A ,,Amj Mhgh ol
INTRODUCTION

Among the natural organic polyelectrolytes, humic and fulvic acids (HA and FA) can be mentioned, which constitute the lar-
gest proportion of naturally soluble organic substances in water systems (Thurman ef al. 1982; Buffle 1990). They can
generally be considered as belonging to three parts, HA, which precipitates at pH equal to or less than 2.0 but is soluble
in alkaline to weakly acidic solutions (Naghizadeh ef al. 2013a); Humin, which is insoluble in all pH values, and FA,
which is soluble in water in all pH values (Katsumata et al. 2008). The color of humic substances is yellow to black and
they have a high molecular weight (100 to several thousand daltons) (Palmer ef al. 2002). Removing them from drinking
water resources is of great importance because they can have a negative effect on the appearance and taste of water, and
if they react with chlorine, they can cause the production of chlorinated organic compounds that have the potential to
cause cancer. In addition, the presence of dissolved organic substances may reduce the performance of water purification
processes in which microporous absorbents or membranes are used (Summers ef al. 1989; Katsumata ef al. 2008). Humic
substances make up approximately 50% of natural organic substances in water (Katsumata et al. 2008).

There are different ways to remove HA in treatment plants, which can be done by filtration, ion-exchange, coagulation,
precipitation, using activated carbon. activated carbon), or biological treatment as common methods of humic acid removal
(Alborzfar et al. 1998; Ruohoméki ef al. 1998; Naghizadeh ef al. 2017). One of the problems of using the coagulation process
to remove humic acid is the high consumption of coagulant materials and the production of high sludge, which increases the
operating and maintenance costs in the water treatment process, and is one of the unfavorable features of the ion-exchange
method for removing Natural organic compounds are slow reaction speed or process kinetics (Naghizadeh et al. 2015;
Derakhshani ef al. 2023). Also, studies indicate that the decomposition of humic acid can be occurred with different methods
such as photochemical (Hustert ef al. 1999), electrochemical (Motheo & Pinhedo 2000), photoelectrocatalytic (Selcuk ef al.
2004), and heterogeneous photocatalysis (Wiszniowski ef al. 2002).
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Irradiation is one of the most efficient methods for removing pollutants from water and sewage, which is capable of remov-
ing non-biodegradable organic pollution and removing microbial pollution caused by viruses, bacteria, etc. Ionizing
radiations such as UV rays, X-rays, gamma rays, and high-speed electrons are effective forms of energy that can remove
organic pollutants from water and wastewater (Behjat ef al. 2007). Photocatalytic oxidation is known as a successful purifi-
cation process for the degradation of pollutants in water systems. One of the important features of this process is its
effectiveness for the mineralization of the target compound, which is done by the mechanism of non-selective oxidation of
hydroxyl radicals. So far, it has been proven that TiO, is the strongest photocatalyst (Linsebigler ef al. 1995; Di Paola
et al. 2012). TiO, is a nanostructured semiconductor whose very good photocatalytic activity is widely used (Bu et al.
2015; Wu et al. 2015; Zhang et al. 2015) and because of its non-toxicity, high stability, and low cost, it is one of the most
promising catalytic materials under ultraviolet rays (Xu et al. 2015). Doping TiO, with metal ions leads to an increase in
the rate of formation of OH radicals (Iwasaki et al. 2000). For this reason, in recent years, TiO, doping technique by
metal ion has been widely studied (Ohno et al. 2004; Vargas et al. 2012; Hossein Panahi ef al. 2020).

Among the investigated transition metal ions, Fe™> can be a favorable case for doubling due to its radius similar to that of
Ti**. In addition, the energy level of Fe*"/Fe>" is close to the energy level of Ti>*/Ti*" (Birben et al. 2017). In recent years,
physicochemical properties and preparation methods of ZnFe,O,/TiO, composite have been taken into consideration in
order to increase its photocatalytic activity. Methods, such as solution combustion method (Zhu et al. 2014), sol-gel
method (Jiang et al. 2015), hydrothermal deposition method (Wang et al. 2013), and colloid chemical method (Quan
et al. 2014).

Nowadays, due to the increase in environmental pollution and their harmful effects on the life of living organisms, the
development of processes that reduce pollution in chemical synthesis is of great importance. Based on this, the development
of chemical methods using catalysts, chemicals, solvents, and biocompatible processes is considered important in green
chemistry (Maleki ef al. 2018). One of the plant extracts that is important in traditional medicine in the world is Elaeagracea
extract, which exists in the regions of North Asia to the Himalayas and Europe. Traditionally, its various species are used as
therapeutic agents. For example, the ripe fruits of Elaeagnus philippinensis are used in the treatment of amoebic dysentery
(Perry & Metzger 1980). In traditional Chinese medicine, the leaves of this plant are used to treat asthma, bronchitis, and
other respiratory diseases (Goncharova et al. 1994). Also, in the traditional medicine of Korea, antibacterial, anti-diarrheal
and anti-asthmatic properties are mentioned for it (Nishino et al. 1987).

In this study, the bark of the Elaeagnus angustifolia was used for the production of this nanocomposite for the first time.
Properties and structural elements and diagnostic features of nanoparticles were analyzed by Fourier transform infrared spec-
troscopy (FT-IR), scanning electron microscope (SEM), X-ray diffraction (XRD), dynamic light scattering (DLS), and energy-
dispersive X-ray spectrometry (EDS) analyses. Also, the photocatalytic activity of ZnFe,0,@TiO, nanocomposite made by
the green method was tested with UV-C radiation to remove humic acid, and the optimal limit of factors affecting the process,
including contact time, pH, humic acid concentration, and nanoparticle dose, was also investigated and reported.

MATERIALS AND METHODS
Green extraction and synthesis of magnetic nanocomposite

First, the barks of the E. angustifolia tree were collected. The leaves were dried and then extracted by percolation with metha-
nol. In this way, in the beginning, the desired amount of the dried plant was immersed in the methanol solution and in the
separating funnel. In such a way, that the methanol solution completely covered the dried plant. Then, every 12 h, the metha-
nol solution was emptied and put back into the separating funnel. This operation continued for 3 days and nights. Then, after
3 days, the solution obtained from the plant extract and methanol was placed in the rotary device. By removing methanol
from the solution, the intended extract was obtained from the plant.

Synthesis of ZnFe,0, hanoparticles

First, 10 mL of distilled water was degased then 1 mMol of iron chloride compound FeCls-6 H,O was added at a temperature
of 70-80 °C until it dissolves, and after a minute, 0.5 mMol of the extract obtained from the tree bark was added. The E. angu-
stifolia was dissolved in 5 mL of ethylene glycol with 5 mL of distilled water and 0.5 mMol of metal salt (Zn) was added
which was previously dissolved in 10 mL of distilled water and finally iron salt was added to the aqueous mixture. This reac-
tion should proceed by raising the pH to 14 by adding NaOH 2 M for 3 h under stirrer conditions. Then, the sediments
obtained by the magnet were separated from the solution and washed three times with water and three times with ethanol
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and placed in an oven under a temperature of 80 °C for 24 h. Finally, the obtained powder was calcined at 600 °C for 3 h. The
schematic of the green synthesis of ZnFe,O4 nanoparticles was shown in Figure 1.

Synthesis of ZnFe,0,@TiO, magnetic nhanocomposites

First, in a container, 0.2 g of ZnFe,O, synthesized in the previous step was dispersed in 30 mL of ethanol and distilled water
under ultrasonic bath conditions for 30 min. In a separate container, 0.05 L of ethanol, 0.04 L of acetonitrile, 0.001 mol of
methylamine, and 0.024 mol of distilled water were mixed together completely. Then 0.006 mol of titanium tetraisopropoxide
was dissolved in 0.01 L of ethanol solution and added to the prepared mixture. The resulting product was a white suspension.
After 60 min of vigorous stirring, the product obtained in this step was added to the reaction vessel containing Zn. After 4 h,
the sample was washed and dried. Finally, it was calcined at 400 °C for 3 h (Mohammadi ef al. 2022). The schematic of the
green synthesis of ZnFe,04@ TiO, nanocomposite was shown in Figure 2.
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Figure 1 | Green synthesis of ZnFe,0, nanoparticles.
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Figure 2 | Synthesis of ZnFe,0,@TiO, magnetic nanocomposites.
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Humic acid photocatalytic degradation experiments:

The photocatalytic degradation test of ZnFe,0,@TiO, magnetic nanocomposites was performed in the presence of ultraviolet
light. Different concentrations of humic acid were poured in a certain volume inside the pilot and a specific mass of syn-
thesized ZnFe,04@TiO, nanocomposite was added to this solution. Before turning on the lamp and irradiating UV-C
light, the desired solution is aerated for 30 min in the dark with stirring in order to balance absorption and desorption
with oxygen. Then the UV lamp was turned on and the amount of humic acid removal was measured by changing different
variables. During the photocatalytic process, aeration was performed to mix the contents of the pilot. After a certain period
of time, a sample was taken from the solution inside the pilot and the amount of humic acid degradation was measured by
UV-Vis spectrophotometry device at a wavelength of 254 nm. Then, using the following relationship, the percentage of
humic acid degradation was determined:

Do) = =S 100

Co
where D (%) represents the percentage of humic acid degradation by photocatalytic process; Cy is the initial concentration of
humic acid in mg/L; C; is the final concentration of humic acid sampled from the pilot after UV light irradiation.

Determining the effect of pH

In this step, in order to determine the optimal pH, the pH of the acidic solution was adjusted to 3, 5, 7, 9, and 11 using a pH
meter using HCl and NaOH (0.1 N). Then, by keeping other parameters affecting the analysis constant (nanoparticle dose,
contact time and humic acid concentration), a certain amount of ZnFe,0,4@TiO, nanocomposite was weighed and added to
the solution and exposed to UV rays in the reactor. After the specified contact time, sampling was done from the pilot valve
and after separating the nanocomposite from the solution, the humic acid concentration was measured by a spectropho-
tometer. The highest amount of humic acid decomposition (the lowest residual concentration of humic acid in the
solution leaving the pilot) at any pH that occurs was selected as the optimum pH.

Determining the effect of contact time

After determining the optimum pH, the amount of decomposition was determined for each contact time of 5, 10, 20, 40, 60,
and 90 min while keeping other parameters constant by adding 0.05 mg of ZnFe,O,@TiO,.

Determining the effect of nanoparticle dose

After determining the optimal pH and contact time from the previous steps, acidomic decomposition by adding specific doses
of ZnFe,04@TiO, nanocomposite (0.005, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.1 g/L) was measured in the humic acid solution
inside the pilot. Any dose of nanocomposite that had the highest degradation of humic acid was selected as the optimal dose.

Determining the characteristics of ZnFe,0,@TiO, nanocomposite

In order to determine the characteristics of the synthesized nanocomposite and ensure its effective synthesis, various tech-
niques such as FESEM (Tescan Mira3 FESEM, Czech Republic), XRD (Philips, PW1730, Holland) device with Cu
Karadiation (K = 1.5406 A°), DLS (NanoBrook 90Plus Pals), EDS and FT-IR (JASCO, FT/IR-4600, Japan) were performed.

RESULTS AND DISCUSSION
Structural analysis
Scanning electron microscope

An SEM was used to determine the surface structure of the sample. The SEM image of ZnFe,O,@TiO, in Figure 3 shows that
the synthesized products of nanocrystals of spherical shape particles and oval morphology are well crystallized, which have
accumulated together due to the presence of magnetic interactions between the particles. When TiO, nanoparticles were
placed on ZnFe,O, surface, the size of nanoparticles increased. As shown in the picture, the nanoparticles have a spherical
morphology and are strongly accumulated. On the other hand, in the study of Mirzaei ef al., the ZnFe,04@TiO,/Cu particles
were somewhat aggregated, and one of the reasons for that was the strong magnetic property between the ZnFe,O, particles
and their magnetic dipole interaction (Mirzaee et al. 2008).
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Figure 3 | The SEM image of ZnFe,0,@TiO, hanocomposite.

X-ray diffraction

The crystal structure of the synthesized materials was determined by XRD analysis. The XRD pattern of the ZnFe,O,@TiO,
nanoparticle in Figure 4 shows that in addition to the diffraction peaks caused by the ZnFe,O4 component, additional diffrac-
tion peaks are observed at 26.2°, 38.1°, 48.5°, 54.3°, 55.7° (26) pages (1) 0 1), (00 4), (20 0), (1 0 5), and (2 1 1) of TiO, with
anatase structure (JCPDS: 004-004-0477). All the diffraction peaks of ZnFe,O, nanoparticles match the pattern of JCPDS
database number: 1150-79 (Zhang et al. 2012). The XRD peaks of TiO, nanobelts correspond to the anatase phase and cor-
respond well with the JCPDS standard pattern number: 1272-21 (Zhou et al. 2010).
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Figure 4 | The XRD pattern of ZnFe,04@TiO, hanocomposite.
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Dynamic light scattering

Surface charge and size distribution of ZnFe,O,@TiO, nanocomposite were calculated through zeta potential and DLS
analysis, respectively. The histogram of DLS analysis for the particle size distribution of the prepared ZnFe,O,@TiO, is
shown in Figure 5. DLS analysis showed that the average size of ZnFe,O,@TiO, was approximately 65-250 nm. Also, the
zeta potential of the synthesized magnetic ZnFe,O4@TiO, was —30.7 mV (Figure 5). Uniformity of size distribution is an
excellent characteristic of composites because it can be directly related to the properties and reactivity of nanocomposite
(Ahmadpour et al. 2020).

Energy-dispersive X-ray spectrometry

EDS is a method to determine the percentage of elements in a sample (Ahmadpour et al. 2020). As seen in Figure 6, EDS
analysis was performed to determine the elemental composition of ZnFe,O,@TiO, and check the obtained spectrum for
the presence of zinc (Zn), iron (Fe), titanium (Ti) elements, and confirmed oxygen (O). In addition, EDS elemental mapping
of ZnFe,O,@TiO, nanoparticles shows that the elements are evenly distributed.

FT-IR

Infrared spectroscopy (FT-IR) of ZnFe,0,@TiO, nanocomposite is presented in Figure 7. The broad peaks at about 3,400 cm
and the compact peak at about 1,600 cm are related to the stretching and bending vibration of water molecules, respectively.
In addition, an obvious peak around 760 cm ™! is attributed to the vibration of the Zn-O bond (Figure 7). Also, in his study,
Zang found the bond vibrations in the range of 550-415 cm ™! to be related to Zn-O and Fe-O stretching vibrations, which
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Figure 5 | The DLS analysis of ZnFe,0,@TiO, hanocomposite.
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Figure 6 | The EDS and mapping analysis of ZnFe,04@TiO, hanocomposite.
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Figure 7 | The FT-IR spectrum of ZnFe,0,@TiO, nanocomposite.
shows the structure of zinc ferrite (Zhang et al. 2014). Also, the 3,400 cm ™' peak is related to O-H stretching vibrations

(Khashan et al. 2017).

FT-IR spectrum of ZnFe,O4@TiO, nanocomposites is shown in Figure 7. In this spectrum, the bonding of magnetic
materials is observed at the peak of 900-400 cm ™! (Ti-O, Zn-O, and Fe-O bonds). The band at 1451 is assigned to C-H bend-
ing modes. Also, the general schematic green synthesis and structural properties of ZnFe,0,@TiO, nanocomposite was

shown in Figure 8.
Effect of variable parameters on HA degradation

PHpzc

The point of zero charge (PZC) is the pH of the suspension at which the net charge on the surface of an insoluble oxide/
hydroxide is zero. PZC plays an important role in surface characterization of metal oxides/hydroxides. When the pH of
the solution is higher than pHp,. (PZC), the negative charge on the surface provides electrostatic interactions that are favor-
able for adsorbing cationic species (Naghizadeh et al. 2013b). As shown in Figure 9, the pHzpc of ZnFe,0,@TiO,
nanocomposite was about 7. Therefore the surface of nanocomposite is negatively charged when exposed to pH > 7.

Effect of reaction time and pH
The initial pH is one of the most effective parameters in the photocatalytic process, so that by affecting the surface charge

characteristics of the photocatalyst, it determines the state of ionization of the catalyst surface and affects the adsorption/des-
orption capacity of the target organic compounds (Safari ef al. 2015). The removal of humic acids is pH-dependent because
they contain both hydrophilic and hydrophobic functional groups (eg, carboxyl, carbonyl, phenolic, and alcohol forms)
(Ashrafi et al. 2021). As shown in the figure, the removal efficiency of nanocomposite is higher at acidic pH and the highest

is related to pH = 3.

The increased removal of humic acid at acidic pH (3) is in response to the presence of acidic ions of H + (hydrogen) that
increased the formation of *H radicals, it can be generated in three ways: (1) when cavities react with water molecules in pairs
of electron-holes to form «OH and <H; (2) when -OH attacks the aromatic ring and breaks apart the bonded carbon-hydrogen
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Figure 8 | The schematic green synthesis and structural properties of ZnFe,0,@TiO, hanocomposite.
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Figure 9 | The pH,,. of ZnFe,0,@Ti0, nanocomposite.

so that hydrogen forms «OH and -H; UV light is required to supply the energy to break the covalent bonds; (3) when H and -H
form HO2 radicals using the oxygen present in solution to eventually form OH radicals (Oskoei et al. 2016).

Effect of dose of ZnFe,0,@TiO, nanocomposite

In order to find the optimal concentration of nanocomposite and its highest decontamination efficiency, different concen-
trations of nanocomposite to remove the fixed amount of humic acid soluble in water and the optimal pH selected in the
previous step (pH = 3) were tested and investigated, in the meantime, according to Figure 10, Nanocomposite with a concen-
tration of 0.05 g/L showed the highest removal efficiency. Regarding the reaction time, according to the Figure 11, it can be
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Figure 10 | Effect of dose of ZnFe,0,@TiO, nanocomposite in photocatalytic degradation of HA by ZnFe,0,@TiO, hanocomposite.
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Figure 11 | Effect of reaction time and pH in photocatalytic degradation of HA by ZnFe,0,@TiO, hanocomposite.

concluded that humic acid degrades at a faster rate during the initial reaction time, especially the first 20 min, and the rate of
degradation is close to constant from the 30th minute onwards.

As can be seen, according to the concentration of the catalyst, the removal efficiency increases up to a certain level, and
after that, the removal efficiency occurs at a slower rate which indicates saturated photon absorption (Kamani et al. 2017;
Mugunthan et al. 2018).

Effect of humic acid concentration

After conducting experiments and finding the optimal pH value and nanoparticle dose, different concentrations of humic acid
to find the highest degradation rate in the time intervals specified in Figure 12, was tested and investigated. The

100

Removal Efficiency, %
ul
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Figure 12 | Effect of humic acid concentration in photocatalytic degradation of HA by ZnFe,0,@TiO, nanocomposite.
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nanocomposite dose and the tested pH are the same as the optimal value determined in the previous steps. As it is clear in
Figure 12 generally, the removal process improves with the decrease of the concentration. Concentrations of 7 and 10 mg/L
behaved like the above sentence. In general, the concentration of 2 mg/L was chosen as the optimal concentration of the
pollutant. In their study, Kim ef al. (2016) report that increasing the amount of humic acid molecules may also stop some
of the light from reaching the photocatalyst surface, which can be seen from the results of this experiment. ZnFe,Oy, a
narrow band gap semiconductor (1.9 eV) has been used as a catalyst in the photocatalytic degradation of pollutants. Consid-
ering the relatively small band gap, ZnFe,O,4 can be a good candidate for the photocatalytic degradation of organic pollutants
in water (Valenzuela et al. 2002; Nikoli¢ ef al. 2012).

CONCLUSION

Magnetic ZnFe,0,@TiO, was synthesized by the green method using E. angustifolia tree bark methanolic extract. The green
synthesized ZnFe,04@TiO, nanocomposite was synthesis and characterized with different analyses. Also, the effects of
different parameters on the photocatalytic degradation process were investigated under UV-C Light. The results of humic
acid degradation by the ZnFe,0,@TiO, nanocomposite showed that this nanocomposite has a very good catalytic activity
in the presence of UV light even at high HA concentrations. Therefore this nanocomposite can be used as a suitable catalyst
in the removal and degradation of humic acid from aqueous solution.
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