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Abstract

In this work, nanoparticles zerovalent iron (NFe®) and silty clay supported nano zerovalent iron (SC-NFe®) were utilized
as a granular third electrode (3D) in the electrochemical technique. The two electrodes (2D) with aluminum plates as anode
and cathode) and 3D electrochemical cells were utilized to remove aqueous phenol. For 2D electrochemical system, the
optimal operating conditions were as follows: time =0.5 h, pH=4, current density =50 mA/cm?, distance between electrodes
plates=4 cm, and phenol concentration =500 mg/L, and the highest removal rate of phenol was 82%. The results demon-
strated the considerable efficiency of the 3D electrochemical process (with NFe® and SC-NFe® as a granular third electrode)
in treating phenolic wastewater. For 3D electrochemical process, the optimal operating conditions were as follows: pH=2,
operation time =0.5 h, current density = 50 mA/cm?, electrode distance =4 cm, and phenol concentration = 500 mg/L. The
highest removal rates of phenol in 3D electrochemical technique with NFe® or SC-NFe® were 96.1 and 97.8%, respectively.
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Introduction

Phenol and its compounds exist in the wastewater of vari-
ous industries, including petroleum refineries, petrochemical
industries, coking operations, pharmaceutical production,
and phenolic resins industries (Laura et al. 2016). Accord-
ing to the US Environmental Protection Agency (EPA) and
the National Pollutant Release Inventory (NPRI) of Can-
ada, phenol is classified as a priority pollutant (Albayati
and Doyle 2014; Albayati et al. 2019). People exposed to
phenol acutely or chronically may suffer adverse health con-
sequences, which may be quite serious depending on the
degree of exposure (Mohammadi et al. (2014)). Polluted
phenolic wastewater were treated using various processes
such as chemical oxidation (Yavuz and Koparal 2006; Wang
and Gu 2009), biological degradation (Shourian et al. 2009;
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EL-Naas et al. 2010), membranes (Albayati 2019), photo-
catalysts (Busca et al. 2008), solvent extraction (Agrios et al.
2003), ultrasonic technique (Yang et al. 2006), enzymatic
polymerization (Pandit et al. 2001), Fenton-like reactions
(Buchanan and Micell 1997), adsorption (Kumar et al. 2011;
Valente Nabais et al. 2009), and electrochemical oxidation
(Britto-Costa and Ruotolo 2012; Pillai and Gupta 2015).

In general, an electro-oxidation system includes an oxi-
dation process at the anode and a reduction process at the
cathode (redox reaction). Additionally, the electro-oxida-
tion processes used for removing organic materials from
wastewater depend upon the potential of gaining partial
degradation or full mineralization by using anodic oxida-
tion (Garcia-Segura et al. 2018). Electrooxidation processes
can be divided into direct (anodic oxidation) and indirect
(using intermediary redox reagents) pathways (Brillas and
Martinez-Huitle 2015). In recent years, the green synthe-
sis of nano zerovalent iron (NFe®) and its potential as an
adsorbent have gained considerable attention. This interest is
due to their natural, eco-friendly, low cost, and efficiency as
an adsorbent. Also, there is a great interest in nanomaterial
synthesis from biowaste and use it in wastewater remedia-
tion (Faisal et al. 2020). The high conductivity, high surface
energy, and large specific surface area of nano zerovalent
iron make it a useful alternative as a granulated electrode in
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wastewater treatment. Regrettably, iron nanoparticles subject
to magnetic attraction and van der Waals forces which cause
aggregation and oxidation (which decrease their efficiency)
unless it modified (Yang et al. 2015). Also, employing bare
NFe° in the wastewater treatment process will likely cause a
rapid loss of nano zerovalent iron as well as a high concen-
tration of iron ions (Zhang et al. 2014). So, supporting NFe®
by applying it on a material that can decrease iron leaching
and elongate the lifespan of the NFe® became an important
process (Bang et al. 2005).

Recently, the electrochemical technique has gained con-
siderable attention in wastewater remediation as a result
of its quality, simplicity, and eco-friendly character in the
removal of persistent organic contaminants (Yang and Tang
2018). However, the conventional electrochemical technique
is considered unworkable because of its low current density.
Therefore, the addition of a granular electrode to the tradi-
tional electrochemical unit is deemed an excellent improve-
ment to increase the activity and raise the current density of
the electrochemical technique (Yan et al. 2011). The space
between the granular electrodes in the electrochemical pro-
cess that employed granular electrodes (3-D) systems was
shorter, which allowed for more rapid electron transfer and
treatment (Yang and Tang 2018). For these reasons, many
researchers have been reporting excellent results using a 3-D
electrochemical technique as a tertiary process in wastewater
treatment (Canizares et al. 2004; Singh et al. 2019; Meng
et al. 2020).

In this study, the synthesis and characterization of the
bare nanoparticles zerovalent iron (NFe®) and the supported
with silty clay (SC-NFe®) are reported. Due to their large
specific surface area, both silty clays supported and unsup-
ported NFe® have proved to be highly reactive and efficient
adsorbents, which makes them both excellent candidates for
use as a third electrode. Furthermore, the efficiency of NFe®
and SC-NFe°® as granular third electrodes for the removal of
aqueous phenol was examined. Various significant operating
conditions were optimized, such as pH, electrolysis time,
current density, electrode plate distance, granular electrode
dose, and phenol concentration.

Materials and Methods
Materials

The green tea (biomaterial waste) that used in synthesis of
NFe® and SC-NFe® was the commercial type Ahmed brand.
The chemicals that have been used consist of phenol crys-
tal (C4Hs;OH) with 99.5% purity, ferric chloride anhydrous
(FeCl;), sodium sulfate (Na,SO,), 0.01 M NaOH, 0.01 M
H,SO,, and deionized H,O. These chemicals were bought
from India (Thomas Baker Chemicals). The origin of the
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natural clay utilized in this work was Mosul, (Smehlla 36°
31'25 N, 43° 53" 52E), in the north of Iraq.

Synthesis of NFe° and SC-NFe°

In this study, NFe® and SC-NFe® were synthesized accord-
ing to the method used in our previous study (Kadhum et al.
2020). The synthesis methods are demonstrated in Fig. 1.

Characterization of NFe®° and SC-NFe°

The characterization of the prepared adsorbents NFe® and
SC-NFe® was achieved using the following: X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), zeta potential (L),
and Brunauer—-Emmett-Teller (BET). A detailed characteri-
zation of NFe® and SC—NFe® is given in our previous study
(Kadhum et al. 2020).

Electrolytic cell

The electrolytic cell used in this work is illustrated in Fig. 2.
A reaction tank was made of a glass box, with dimen-
sions 10X 6X5 cm. The two parallel aluminum plates
(2.5%3%0.1 cm) were used as anode and cathode elec-
trodes. This study also used a 60 V 5SA DC power supply
(Maisheng MS-605D) and magnetic stirrer.

Batch experiments

The efficiency of the NFe® and SC—NFe® as granulated elec-
trodes in an electrochemical reactor to remove an aqueous
phenol was evaluated by two groups of batch experiments.
The first group researched the electrochemical processes
without any modification. The second group studied the
electrochemical processes in the presence of a granulated
electrode (i.e., NFe® or SC-NFe®). All experiments were
performed with 250 ml of deionized water and 0.25 g/l
of the electrolyte (Na,SO,). Experimental solutions were
made by dissolving a specific weight of phenol in deion-
ized water. The pH values were regulated utilizing 0.1 N
NaOH and 0.1 N H,SO, solutions. For the second set of
experiments, certain weights of NFe® or SC-NFe® were
added to the synthesized solution of the certain concentra-
tion of phenol (CcHsOH) along with (Na,SO,) and deion-
ized water. A magnetic stirrer with 250 rpm was used for
solution agitation. Samples were filtered using a 0.45-um
syringe filter. A calibration curve of the phenol was made
by UV 9200 Biotech Engineering as shown in Fig. S1, with
a Apax Of 268 nm and Fig. S2. Depending on the absorbance
(measured by UV spectroscopy) and calibration curve, the
concentration of phenol was determined. The removal rate
of phenol was computed using Eq. (1).
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Removal rate % =

S =Gy 100 (1
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where C,, and C, are the concentration of phenol (mg/L) at
times zero and t, respectively.

Results and discussion
Characterization

The SEM images demonstrated that the manufactured NFe®
particles seemed as cubic, and a lot of them were about
100 nm in diameter Fig. S3. Also, SC-NFe®° appeared with
a high degree of dispersion. XRD spectra of NFe® and
SC-NFe® proved the existence of the organics Fe, O3, Fe;0,
and Fe° (Fig. S4). The source of these organic materials,
which act as capping/stabilizing agent, is the green tea waste
extract. For NFe® and SC-NFe®, FTIR data revealed the
existence of functional polyphenols Fig. S5. Zeta potential
results proved that the stability of SC—NFe® is higher than
that for NFe® Fig. S6. Also, the high specific surface area of
SC-NFe® was detected by BET analysis Table S1.
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Electrochemical experiments
Effect of pH

The initial pH value has a considerable influence on the
removal rate of phenol (Abdelwahab et al. 2009). The
removal rates of phenol were determined in the pH range
from 2 to 6 and at an initial phenol concentration of
500 mg/L and 250 mg/L (Na,S0O,), temperature of 45 °C,
current density (CD) of 40 mA/cm?, and plate distance
of 4 cm. Figure 3 demonstrates the influence of the phe-
nolic solution pH on the efficiency of phenol removal. The
removal rates of phenol had their lower value at both low and
high pH values, while the highest removal rate was at a pH
of 4. These results occurred because at the lower pH value,
Al (OH); does not precipitate due to its amphoteric property
(Adhoum and Monser 2004). Additionally, at the higher pH
value, Al (OH), forms, and this compound is ineffective for
phenol adsorption (Zhu et al. 2007).

Effect of electrolysis time

The impact of the electrolysis time on the removal rate of
phenol was investigated over 1.5 h and at an initial phenol
concentration of 500 mg/L and 250 mg/L (Na,SO,), tem-
perature of 45 °C, pH of 4, CD of 40 mA/cm?, and plate
distance of 4 cm as initial conditions, as illustrated in Fig. 4.
The removal rates of phenol increased with the elongation
of the electrolysis time until 0.5 h. However, there was no
significant rise in the removal efficiency of phenol after this
time. After a specific time within the electrochemical pro-
cess, the reduction in the concentration of pollutants leads
to a decrease in the chance of contact with the electrode,
which reduces the removal rate. Another potential cause is
the formation of intermediate recalcitrant compounds due
to the insufficient oxidation of organics (Chi et al. 2018;
Sharma et al. 2019).
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Fig.4 Effect of electrolysis time on removal rate of phenol
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Effect of current density

The experiments were conducted with a current density
(CD) from 20 to 60 mA/cm? and with an initial phenol
concentration of 500 mg/L and 250 mg/L Na,SO,, temper-
ature of 45 °C, pH of 4, electrolysis time of 0.5 h, and plate
distance of 4 cm. As displayed in Fig. 5, the removal rate
of phenol increased with the increase in CD. The growing
in CD value meant an increase in the transmission of elec-
trons, which promoted the redox reactions of the pollut-
ants on the electrodes (Faisal et al. 2020). However, when
the CD surpassed 40 mA/cm?, the increase in the removal
rate of phenol was slight and insignificant. These results
occurred because the increase in CD generated additional
oxygen and hydrogen bubbles, which limited the contact
of the pollutants with the electrodes (Wang et al. 2014).
For maximal energy savings and an appropriate removal
rate of phenol, the optimum current density was 50 mA/
cm?®. The consumption of electrical energy is represented
in the following:
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Fig. 6 Effect of electrode plates distance on phenol removal

where EC is the energy consumption (kWh/m?), V is the
voltage (V), I is the applied current (A), t is the electrolysis
time (min), and v is the volume of wastewater (m?). For a CD
of 50 mA/cm? and an electrolysis time of 30 min, the energy
consumption was 6.34 KW.h/m>.

Influence of electrode plate distance

The effect of the electrode plate distance was investi-
gated using a 3—6-cm plate distance, phenol concentra-
tion=>500 mg/L, Na,SO, =250 mg/L, temperature =45 °C,
pH=4, CD=50 mA/cm?, and electrolysis time=0.5 h, as
illustrated in Fig. 6. The phenol removal rate increased when
the distance between the plates was less than 4 cm. When
the electrode distance exceeded 4 cm, the removal rate of
phenol decreased slightly. This decrease was perhaps due
to the decline in the formation of aluminum cations, which
resulted from the increment in the ohmic potential. Hence,
there was a decline in the effectiveness of the electrochemi-
cal technique (Sahu 2019). The maximum phenol removal
rate was 82% at the optimum electrode distance of 4 cm.

Third granulated electrode experiments
pH effect

The phenolic solution pH effect on the removal efficiency
of phenol in the electrochemical cell in the presence of
NFe° and SC-NFe® as granulated electrodes was inves-
tigated at a plate distance =4 cm, CD =50 mA/cm?, phe-
nol concentration =500 mg/L, Na,SO, =250 mg/L, NZVI
or SC-NZVI=1 g/L, temperature =45 °C, and operating
time=0.5 h. The pH was adjusted from 2 to 5, as shown in
Fig. 7. The maximum removal rates of phenol decreased at
a lower pH value (i.e., 2.5) and with the increment of pH for
both NFe® and SC-NFe°. During the electrolysis process,
H,0, was produced by the reduction of oxygen at a low pH.
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Fig. 7 Effect of pH on removal rate of phenol

* @ Springer



1388 International Journal of Environmental Science and Technology (2022) 19:1383-1392

An indirect Fenton reaction will occur between NFe°and
hydrogen peroxide, producing OH radicals (Thi et al. 2015).
In addition, a reduction of Fe>* to Fe?* on the cathode elec-
trode will occur. The OH will combine with the organic pol-
lutants, thereby degrading them. At a very low pH (i.e., <2),
the removal rate of phenol will decline because the saturated
hydrogen ions will supply a proton for hydrogen peroxide to
form hydroxonium ions (Eq. 3), thus decreasing the activity
of the hydrogen peroxide (Faisal et al. 2020). Furthermore,
the strong scavenging action of H+to OH (Eq. 4) will be
evident (Shemer and Linden 2006). Thus, the optimum pH
value is 2 for NFe® and SC-NFe°.

H,0, + H* - H,;0} 3)

‘OH+H* +e” - H,0 )

Impact of granular electrode dose

The impact of the granular electrode dose was inves-
tigated using 0.75-2 g/L of NFe° or SC-NFe®, plate
distance =4 c¢cm, CD =50 mA/cm?, phenol concentra-
tion =500 mg/L, Na,SO,=250 mg/L, pH=2, tem-
perature =45 °C, operating time =0.5 h, along with a
magnetic stirrer. As illustrated in Fig. 8, the removal
efficiency increased when the dose of NFe® was less
than 1 g/L and the dose of SC-NFe® was below 1.25 g/L.
However, a declined line took place when the doses were
greater. The growing in NFe® and SC-NFe® doses led
to an increase in the contact chance between the granu-
lar electrodes and the phenol molecule, which enhanced
the adsorption and reduction of the latter. In addition,
this increase in granular electrode doses can support a
Fenton reaction. The possible cause of this phenomena
is the aggregation of the granular electrodes due to the
increase in their doses and that minimize the specific
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Fig. 8 Effect of granular electrode dose on removal rate of phenol
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surface area and elongate diffusion pathway of phe-
nols molecules. The second probable cause is the high
doses of granulated electrodes which lead to unsaturated
adsorption sites and oxidation of the excessive doses of
NFe® or SC-NFe® to Fe,0; and Fe;0,. So, when the
granulated electrodes (NFe® and SC—NFe°) reached spe-
cific values, the equilibrium adsorption and reduction
capacity is decreased (Basha Allabaksh et al. 2010). The
maximum phenol removal rates using NFe® and SC-NFe®
were 96.1% and 97.8%, respectively.

Phenol concentration effect

The initial phenol concentration effect was studied utilizing
phenol concentrations ranging from 500 to 1500 mg/L. The
electrolysis process was conducted with a magnetic stir-
rer under the following conditions: plate distance =4 cm,
NFe°=1 g/L, SC-NFe°=1.25 g/L, Na,SO, =250 mg/L,
pH =2, temperature =45 °C, and operating time =0.5 h. As
illustrated in Fig. 9, the removal rate of phenol decreased
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Fig.9 Effect of phenol concentration on removal rate of phenol
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gradually as the phenol concentration increased. A possible
explanation for this result is that the aluminum oxides that
formed during the electrolysis process were insufficient to
oxidize all of the additional amounts of the phenol mol-
ecules (Abdelwahab et al. 2009).

Perfect experimental conditions

The perfect experimental conditions for different stud-
ied variables were gained for highest removal rate of
phenol in two cases, as shown in Fig. 10. First, when
using only the electrolysis process, where pH =4, elec-
trolysis time =0.5 h, CD =50 mA/cm?, and distance
between electrodes plates =4 cm, the removal rate of
phenol was 82%. Second, when using the electroly-
sis process in the presence of granular electrodes (i.e.,
NFe° or SC-NFe®), the perfect operating conditions were
pH=(2), operating time=0.5 h, CD=50 mA/cm?, dis-
tance between electrodes plates =4 cm, granular electrode
doses (NFe®=1 g/L and SC-NFe°®=1.25 g/L), and phe-
nol =500 mg/L. The second case provided removal rates
of 96.1 and 97.8% using NFe® and SC—NFe®, respectively.

Three-dimensional electrochemical mechanism

The three-dimensional electrochemical process for organic
materials removal is dependent on several parameters,

such as the electrode material, current density, proper-
ties and concentrations of the pollutant, granular electrode
type, and pH value. Figure 11 demonstrates a generalized
mechanism of the processes (i.e., electrolysis, adsorption,
and reduction) that occur in a hybrid system and that assist
NFe° and SC—NFe® as granular electrodes in an electro-
chemical reactor for phenol removal.

Due to the low pH value, the possible reason for phenol
degradation was a Fenton-like reaction. The addition of a
granular third electrode (i.e., NFe® or SC-NFe®) of a high
specific surface area provides an excellent adsorbent for
the organic pollutant (i.e., phenol). In addition to adsorp-
tion, NFe® or SC-NFe° will reduce the organic pollutant,
and mineralization of organics to CO, and H,O will occur.

Oxidation of NFe® or SC-NFe® by O, and the formation
of Fe?* will take place (Eq. 5) (Shimizu et al. 2012). At
strong acidic conditions, a Fenton reaction between either
NFe® or SC-NFe® and hydrogen peroxide will occur. Gen-
eration of H,0, due to the reduction of O, by H* will take
place near the cathode (Eq. 6). Therefore, as a result of the
Fenton reaction of H,0, with Fe’*, an abundance of «OH
with a high oxidation capability is formed (Eq. 7) (Brillas
et al. 2009). Also, the immediate reduction of the generated
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Fig. 11 Mechanism of electrochemical processes for organics removal in 3-dimensional electrochemical reactor
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Table 1 Removal rate of

. N Granular electrode Maximum removal rate of References

phenol by th'ree-dlmenswr?al phenol %

electrochemical system using

various granular electrodes Activated carbon 91.2 Xia et al. (2010)
Granular activated carbon (GAC) 90 Zhigang et al. (2011)
Self-made metal oxide 97 Song and Zhaoxi (2011)
Fe°-Bent 92.48 Qiao et al. (2015)
Sn—Sb-Ce modified granular activated carbon  88.93 Ping et al. (2017)

(SCG)

NFe° 96.1 This study
SC-NFe® 97.8 This study

Fe’* to Fe?* creates a cycle of iron ion transformations that
decrease NFe® or SC-NFe° exhaustion and oxidize organic
pollutants effectively (Chi et al. 2018).

2Fe” + 0, 4+ 2H,0 — 2Fe** + 40H"~ 6))
0, + 2H* +2¢~ - H,0, (6)
Fe’* + H,0, » OH + OH™ + Fe** (7
Comparative study

A comparative study between this research and the lit-
erature can be done by assessing the derived results of
the removal rate of phenol using different granular elec-
trodes in hybrid 3-D electrochemical systems, as shown
in Table 1. This table illustrates that using nanoparticle
zerovalent iron manufactured from adjusted green tea
biowaste and supported on silty clay provides the high-
est removal rate of aqueous phenol as well as providing
the benefit of using eco-friendly materials as a granular
third electrode.

Conclusion

In this study, synthesized NFe® and SC-NFe® were suc-
cessfully used as granular electrodes in an electrochemi-
cal reactor. This work revealed that the electrochemi-
cal treatment of aqueous phenol using aluminum as the
anode and cathode electrodes is an effective method,
which produces a maximum phenol removal rate of
82%. The following perfect conditions were determined:
pH =2, operating time = 0.5 h, current density =50 mA/
cm?, distance between electrodes plates =4 cm, and
phenol concentration =500 mg/L. It was proved that

]
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either NFe° or SC-NFe® improve the treatment process
when they are employed as efficient and effective granu-
lar electrodes in hybrid systems. In the hybrid system,
the removal rate of phenol increased to 96.1 and 97.8%
using NFe° and SC-NFe®, respectively. This study dem-
onstrated that a 3-D electrode process was an effective
technique for the remediation of phenolic wastewater in
an electrochemical reactor.
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